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75 State Street, Suite 701 

Boston, Massachusetts 02109 

tel: 617 452-6000 

 

November 13, 2015 

 

Ms. Robin Johnson 

U.S. Environmental Protection Agency – Region 1 

5 Post Office Square, Suite 100 (OEP06-1) 

Boston, MA 02109-3192 

 

Subject: Additional Comments on Marion’s Draft NPDES Permit 

 

Dear Ms. Johnson: 

On behalf of the Town of Marion (Town), this letter contains supplemental comments relating to 

Marion’s draft National Pollution Discharge Elimination System (NPDES) permit (Draft Permit) 

issued on November 28, 2014. The Town requests that the information in this letter be considered 

as additional comments to the Town’s original response, submitted on February 13, 2015, as well as 

supplemental comments submitted on September 16, 2015 and on September 23, 2015. The letter 

also includes some initial information to begin the affordability analysis, a proposed total 

phosphorus compliance schedule and an update on the activities currently underway on the 

lagoons, eelgrass, watershed nitrogen loads, and potential outfall discharges. 

Additional Comments on Draft Permit 

Seasonal Average Nutrient Limits 

The proposed nutrient limits in the Draft Permit are on an average monthly basis. The Town notes 

that the recently issued Taunton Wastewater Treatment Plant permit (MA0100030) uses a rolling 

seasonal average nutrient limit, recognizing that the nitrogen load over the entire growing season is 

more important than the nitrogen load in any given month. Marion requests that the permit limits 

in its permit be changed to a rolling seasonal average basis.  

The Draft Permit states that the total nitrogen, total phosphorus, and dissolved oxygen seasonal 

limits will be in effect from April 1 – October 31. We request that the basis for the seasonal limit be 

changed to be in effect between May 1 – October 31. This is consistent with the recently issued 

Taunton Wastewater Treatment Plant permit, and is also consistent with the seasonal ammonia 

nitrogen limits in the Marion Draft Permit.  

Attenuation of Nitrogen in Groundwater 

The Draft Permit, relying in part on the study Environmental Assessment of the Marion Wastewater 

Treatment Plant Sewage Lagoons prepared by the Horsley Witten Group, states that the unlined 

lagoons are the largest contributor of nitrogen load to Aucoot Cove. The Town’s comment letter 

dated February 13, 2015 discussed a myriad of fundamental flaws in the Horsley Witten Group’s 
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estimates of flow and nitrogen transport from the lagoons into the groundwater and ultimately into 

Aucoot Cove, but may have not adequately emphasize all the pathways to reduction of nitrogen 

available to any nitrogen that may emanate from the lagoons. 

The analysis in the Draft Permit erroneously assumes that all nitrogen discharged from the lagoons 

ultimately makes it into Aucoot Cove without any attenuation. This is an overly conservative 

assumption, as significant attenuation of bioavailable nitrogen in groundwater will occur as:  

• Impounded water in the lagoons will undergo transformations as influent is aerated (TKN --

> ammonia ---> nitrate) and interacts with the low to no oxygen waters at the bottom of the 

lagoons (denitrification); and 

• Groundwater flows through the salt marsh into Aucoot Cove (see attached Valiela and Teal, 

1979).  Similarly, attenuation will also occur as groundwater passes through shallow 

marine sediments in Inner Aucoot Cove (see, e.g., Seitzinger, 1988, attached).  

Therefore, it is inappropriate to use the estimated load rate to set the allowable nitrogen load to 

Aucoot Cove necessary to prevent impairment.  

Affordability 

The proposed conditions in the Draft Permit – especially those relating to the lagoon provisions and 

the more stringent nutrient limitations – will require significant capital expenditure to be in 

compliance.  With only  1,646 sewer ratepayers who would need to bear the costs associated with 

these upgrades and significant projected costs of improvements to meet the requirements of the 

draft NPDES permit, Marion believes the improvements will place the Town above the affordability 

threshold, and thus subject to regulatory relief as allowed under the Clean Water Act.  The Town 

has not yet completed a detailed affordability analysis but provides the following high-level 

information to demonstrate the high probability of exceeding the affordability threshold.  The Town 

is undertaking a more detailed affordability analysis and will forward the results when this is 

completed.  

The median household income (MHI) in Marion is $80,456 (see Attachment 3) based on 2013 

census data. This MHI is based on all residents within the community; however, it should be noted 

that not all residents in Marion are connected to the sewer system.  Based on the location of the 

sewered parcels within Town, many of the more affluent portions of Town that drive up the MHI 

are not connected to the sewer system.  As such, it is expected that the MHI of the Town’s sewer 

ratepayers is much less than the Census Bureau’s estimated $80,456.  Unfortunately, Marion has 

only one census tract, and we are currently exploring other analyses to determine if it will be 

possible to refine the MHI to reflect (or at least better reflect) that of the sewer ratepayers.  
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The Town of Marion estimates that the average household sewer bill is currently about $997 per 

year, based on a fixed quarterly fee of $104.55 and a tiered billing system based on water 

consumption.  The estimated average bill was developed from actual metered water use data (AMR 

data) from the Town’s MUNIS billing system. Using an existing rate model that accounts for existing 

debt service, expenditures, O&M and staffing costs, the estimated costs of projects required to meet 

the conditions in the Draft Permit and other required MS4 expenses, the Town projects that sewer 

rates will increase by 269%. This increase would mean that the average household sewer bill is 

projected to increase to $2,683, which is approximately 3.3% of the MHI; significantly above the 2% 

EPA screening criteria 

Total Phosphorus Compliance Schedule 

During a November 4, 2015 meeting with EPA and DEP, the regulatory agencies requested that the 

Town provide further input on the compliance schedule for meeting the total phosphorus limits in 

the Draft Permit.  Our comments start with a copy of the comments on the proposed phosphorus 

limit related to needed facilities to comply with the limit included in the Town’s original letter 

(page 24) to EPA/DEP (February 13, 2015) on the Draft Permit, and then address potential 

compliance schedule milestones. 

Footnote 9 (Page 4 of the Draft Permit) references the compliance schedule for meeting the 

proposed total phosphorus (TP) limit of 0.2 mg/l and establishes an interim limit from April to 

October of 1 mg/l. The logic provided in the Fact Sheet for the duration of the compliance 

schedule is flawed. The schedule assumes that the only WWTF upgrade needed to meet the 

proposed total phosphorus limit is the addition of chemical storage and dosing facilities. EPA 

believes 24 months allows sufficient time to evaluate, jar test, and pilot these facilities.  

Additional upgrades will be needed to meet this limit and include:  rapid-mix facilities 

(potentially, if testing indicates rapid mixing is required), some modification to the filters 

themselves, and new sludge handling facilities.  The need for the sludge handling facilities arises 

because use of a chemical for phosphorus precipitation will create a chemically-laden (non-

biodegradable) sludge that will need to be processed on site and held for off-site disposal.  

Phosphorus levels in the treated effluent from September 2010 to August 2014 averaged 1.6 

mg/l and ranged from 0.54 to 3.79 mg/l.  The current plant, without chemical addition facilities 

and associated improvements, cannot meet the proposed interim limit of 1 mg/l. Given that the 

Town will be unable to change its treatment processes to reduce phosphorus levels prior to 

constructing any upgrades, it is completely unreasonable to select an interim limit of 1 mg/l 

knowing that this limit could cause the discharge to be immediately out of compliance with the 

permit…. 

On page 36 of the February 13, 2015 letter, the Town provided the following information on the 

proposed compliance schedule.  The information describes the duration of time that the Town 
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anticipates will be required to complete needed work.  Again, text from the February 13, 2015 

letter: 

The Town has reviewed the proposed compliance schedule for actions that the permit mandates 

(and not the alternatives that the Town thinks need to be considered) and requests revisions to 

the compliance schedule for these items as follows: [NB only those related to phosphorus are 

included, which necessarily include sludge facilities as a chemically laden sludge cannot be 

discharged to the lagoons in a sustainable manner] 

Table 3: Suggested NPDES Permit Compliance Schedule  

Permit 

Section 

NPDES Permit Item Draft 

Deadline 

Suggested 

Deadline 

F.1 Report on Lagoon/Aucoot Cove 

Compliance 

12 

months 

18 

months 

F.3 Facilities Plan Amendment 12 

months 

24 

months 

F.3 Evaluation/Facilities Plan on 

TN, TP Limits 

12 

months 

24 

months 

F.4 Comply with TP Limit 

(Design/Construction) 

24 

months 

42 

months 

F.6.a Progress Report on 

Lagoons/Sludge Handling 

24 

months 

42 

months 

F.6.b Complete Lagoon Liner or Alt. 

Sludge Handling 

36 

months 

60 

months 

F.6.b Comply with Lagoon 

Requirements (Sludge 

Management Facilities 

Design/Construction) 

48 

months 

72 

months 

* Notes –The schedule also assumes timely review and approval of documents by the regulatory agencies. 

In the February 13, 2015 letter, the Town indicated that it believed a different plan (page 36-37) 

should be followed.  This plan included: “Subject the planned improvements to EPA’s affordability 

guidelines and then seek agreement on an implementation schedule that matches these guidelines.”  

The compliance schedule described in the Town’s February 13th comments on the Draft Permit 

request a 24- month deadline for the evaluation and facilities plan related to the TP limits, and a 42-
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month deadline to comply with the TP limit. The Town notes that the schedule proposed in its 

comment letter represented the minimum feasible compliance schedule (as understood at that 

time), and that these dates did not take into account additional time that will be needed based on 

the anticipated start date, the need for the Town to vote for funding for design and construction of 

these projects at Town Meeting and State Revolving Fund (SRF) program deadlines. 

A more detailed schedule concerning actions that might be taken to line the existing lagoons was 

developed and submitted to the regulatory agencies on September 23, 2015. The schedule in the 

letter covered 55 months starting with the vote at a Town meeting (no sooner than April 2016) to 

fund design of the lagoon liner through substantial completion.  

With the Town’s affordability constraints (see previous comment), additional time will be required 

to meet the TP conditions described in the Draft Permit.  While the final schedule would be based 

on the forthcoming more detailed affordability analysis, it seems clear at this time that the start of 

facilities related to phosphorus/sludge handling would need to be delayed until after the 

completion of the lagoon lining. We would envision a schedule as follows (again from the date that 

Town Meeting voted affirmatively to support project funding): 

• Month 1 (assumed to be May) – Town Meeting, funds appropriated for planning and design 

• Month 3 (assumed to be July) – Funds available to start work on TP and sludge processing 

facilities planning and design 

• Month 15 – Complete facilities planning on TP and sludge processing facilities 

• Month 21 – Submit draft preliminary design report to EPA/DEP 

• Month 23 – Submit final preliminary design report 

• Month 27 – Submit 60% plans and specifications 

• Month 27 – Begin permitting process 

• Month 28 – Submit PEF for SRF funding for construction 

• Month 31– Begin public hearings leading up to Town Meeting 

• Month 32 – Complete final design, including cost estimate 

• Month 37 (typically May) – Town meeting article to fund construction 

• Month 39 – Submit SRF loan application with Town appropriation for construction 

improvements 
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• Month 40 – DEP issues permission to advertise and project permits in place 

• Month 42 – Open bids 

• Month 43 – Award construction contract 

• Month 45 – Begin construction 

• Month 63 – Substantial completion on construction 

• Month 65 – Start up period for new facilities prior to permit limits being effective 

Update on Planning Activities 

The Town is working towards completion of the studies described in the September 15, 2015 letter. 

The studies include a watershed loading analysis of Aucoot Cove, an analysis of the lagoon water 

budget and lagoon alternatives, eelgrass analysis, and ocean outfall analysis. Work completed since 

the previous update includes:  

���� Completion of 3-months of lagoon depth and flow data collection and refinement of the water 

balance model; though meters remain in place to year end 

���� Approximately 180 sludge depth measurements were taken across the three lagoons. Lagoon 

1 sludge depth ranged from 6 to 42 inches. Lagoon 2 sludge depth ranged from 2 to 19 inches. 

Lagoon 3 sludge depth ranged from 2 to 11 inches. The sludge volume in each lagoon is being 

calculated based on these measurements.  

���� Two sludge samples were collected per lagoon and analyzed for VOCs, SVOCs, PCBs, MCP 

metals, total solids, and hazardous waste characterization. TCLP testing is being conducted 

on some samples.  Some analytical results have not yet been received from the lab.  

���� Issued contract to UMass-Dartmouth to conduct eelgrass field work. 

���� Began data entry of water use data from the Town to use in the watershed loading analysis, 

and possibly affordability analysis.  

���� Continued work on the engineering feasibility of constructing an outfall pipe to the head of 

the salt marsh in Aucoot cove or constructing an ocean outfall discharging to outer Aucoot 

Cove.  

We expect to complete these studies and submit a draft report to the Town describing the results in 

February 2016.   A final report is still anticipated in March 2016. 
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Attachments:  

1. Seitzinger, S. P. (1988). Denitrification in freshwater and coastal marine ecosystems: 

Ecological and geochemical significance. Limnol. Oceanogr. 33(4, part 2), 702-724.  

2. Valiela, I. and Teal, J.M (1979). The nitrogen budget of a salt marsh ecosystem. Nature 280, 

652-656.  

3. U.S. Census Bureau, American Fact Finder. Income in the Past 12 Months from the 2009-

2013 American Community Survey for the Town of Marion.  
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Seitzinger, S. P. (1988). Denitrification in freshwater and coastal marine ecosystems: Ecological and 

geochemical significance. Limnol. Oceanogr. 33(4, part 2), 702-724.  

  



Limnol. Oceanogr., 33(4, part 2), 1988, 702-724 
0 1988, by the Amctican Society of Limnology and Oceanography, Inc. 

Denitrification in freshwater and coastal marine ecosystems: 
Ecological and geochemical significance 

Sybil P. Seitzinger 
Philadelphia Academy of Natural Sciences, Division of Environmental Research, 
Philadelphia, Pennsylvania 19 103 

Abstract 
Denitrification occurs in essentially all river, lake, and coastal marine ecosystems that have been 

studied. In general, the range ofdenitrification rates measured in coastal marine sediments is greater 
than that measured in lake or river sediments. In various estuarine and coastal marine sediments, 
rates commonly range between 50 and 250 pmol N m--:! h-l, with extremes from 0 to 1,067. Rates 
of denitrification in lake sediments measured at near-ambient conditions range from 2 to 17 1 pmol 
N m-2 h-l. Denitrification rates in river and stream sediments range from 0 to 345 pmol N m-2 
h-l. The higher rates are from systems that receive substantial amounts of anthropogenic nutrient 
input. In lakes, denitrification also occurs in low oxygen hypolimnetic waters, where rates generally 
range from 0.2 to 1.9 pmol N liter-’ d-l. In lakes where denitrification rates in both the water and 
sediments have been measured, denitrification is greater in the sediments. 

The major source of nitrate for denitrification in most river, lake, and coastal marine sediments 
underlying an aerobic water column is nitrate produced in the sediments, not nitrate diffusing into 
the sediments from the overlying water. During the mineralization of organic matter in sediments, 
a major portion of the mineralized nitrogen is lost from the ecosystem via denitrification. In 
freshwater sediments, denitrification appears to remove a larger percentage of the mineralized 
nitrogen. N, fluxes accounted for 76-100% of the sediment-water nitrogen flux in rivers and lakes, 
but only 15-70% in estuarine and coastal marine sediments. Benthic N,O fluxes were always small 
compared to N, fluxes. 

The loss of nitrogen via denitrification exceeds the input of nitrogen via N, fixation in almost 
all river, lake, and coastal marine ecosystems in which both processes have been measured. 

Denitrification is also important relative to other inputs of fixed N in both freshwater and coastal 
marine ecosystems. In the two rivers where both denitrification measurements and N input data 
were available, denitrification removed an amount of nitrogen equivalent to 7 and 35% of the 
external nitrogen loading. In six lakes and six estuaries where data are available, denitrification is 
estimated to remove an amount of nitrogen equivalent to between 1 and 36% of the input to the 
lakes and between 20 and 50% of the input to the estuaries. 

Denitrification is carried out by many 
heterotrophic, generally facultative anaer- 
obic bacteria. These bacteria utilize nitrite 
or nitrate as the terminal electron acceptor 
during the oxidation of organic matter and 
produce N2, NO, or N20 (Payne 1973): 

N03- + N02- + NO -+ N,O -+ N2. 

Denitrification has ecological and geo- 
chemical consequences in both freshwater 
and coastal marine systems. Phytoplankton 
production in numerous coastal marine 
areas (Ryther and Dunstan 197 1) as well as 
a number of lakes (Keeney 1973) has been 
identified as limited by nitrogen, or by both 
nitrogen and phosphorus (Gerhart and Li- 
kens 1975). The removal of fixed nitrogen 
can be important, therefore, in regulating 
the amount of primary production in such 
systems. In waters that receive substantial 
amounts of anthropogenic nutrients, deni- 

trification may help control the degree of 
eutrophication. Denitrification is a sink in 
the global marine nitrogen budget, and, as 
discussed below, denitrification in estuaries 
decreases the amount of continentally de- 
rived nitrogen transported to the oceans. 

Several reviews have addressed the bio- 
chemistry and physiology of denitrification 
(Painter 1970; Payne 1973; Focht and Ver- 
straete 1977; Knowles 1982), the rates found 
in marine (Knowles 1982; Hattori 1983) or 
freslhwater systems (Knowles 1982), and de- 
nitrification in general (Delwiche and Bryan 
1976; Delwiche 198 1). In this review, I dis- 
cuss, and compare the rates of denitrification 
reported for streams and rivers, lakes, and 
subtidal coastal marine ecosystems. I then 
compare the magnitude of denitrification to 
other nitrogen processes in those systems, 
including nitrogen mineralization rates in 
the sediments, N,-fixation rates, and exter- 
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nal nitrogen inputs to those systems. The 
effect of denitrification on the N : P ratio in 
those systems and the factors controlling 
denitrification rates also are discussed. 

Methods used to measure denitri&ation 
Various methods are used to measure de- 

nitrification. Most of them are indirect, 
partly due to the large background concen- 
tration of N2 in the atmosphere and dis- 
solved in water which makes it difficult to 
detect an increase in N2 concentration from 
denitrification in a natural system. Several 
detailed reviews of denitrification meth- 
odology are available (Knowles 1982; Tay- 
lor 1983), but a brief discussion of the more 
commonly used methods is necessary since 
interpretation of the rates reported in the 
literature is partly dependent on the meth- 
ods that were used. 

The mass balance approach has frequent- 
ly been used to estimate denitrification rates 
in lakes (Ahlgren 1967; Andersen 197 1; Ser- 
ruya 1975; Likens and Loucks 1978; Messer 
and Brezonik 1983) and rivers (Owens et 
al. 1972; Kaushik and Robinson 1976; 
Thomson 1979; Hill 1979,1981,1983). The 
external inputs of N from sources such as 
streams, seepage, runoff, precipitation, and, 
in some cases, nitrogen fixation are quan- 
tified, and the removal of N by burial in the 
sediments and by washout are determined; 
the difference is attributed to denitrifica- 
tion. While such studies may indicate the 
scale of denitrification, the occurrence and 
magnitude of any process estimated from 
imbalances in whole ecosystem nitrogen 
budgets is subject to considerable error (i.e. 
the combined error in each of the input and 
removal terms). Mass balance studies also 
do not provide information on the site of 
denitrification (sediments or water column), 
spatial variability, or the factors controlling 
the process. However, if carried out over 
one or more annual cycles, this approach 
has the advantage of providing an integrat- 
ed, system-scale estimate of denitrification. 

The rate of decrease in the nitrate or ni- 
trite concentration in water over sediment 
cores has often been used to estimate de- 
nitrification rates (Andersen 1977; Robin- 
son et al. 1979). (Hereafter, nitrate will be 
used to designate both nitrite and nitrate, 

unless otherwise noted.) This approach may 
overestimate denitrification rates because 
nitrate also can be reduced to ammonium 
(Koike and Hattori 1978; Sorensen 1978a) 
or incorporated into organic matter (Chan 
and Campbell 1980). A modification of this 
technique, in which 15N03- is added to the 
water overlying the sediments and the rate 
of 15N2 production is measured, avoids these 
problems (Tiren et al. 1976; Chan and 
Campbell 1980; Nishio et al. 1983). How- 
ever, either approach may underestimate 
denitrification rates since denitrification of 
nitrate produced in the sediments is not 
measured and, as discussed below, this is 
often the major source of nitrate for deni- 
trification. However, by also measuring 15N2 
production from 15NH4+ added to the over- 
lying water, which diffuses into the sedi- 
ments and is nitrified, the total denitrifica- 
tion rates can be measured in relatively 
undisturbed sediments (Nishio et al. 1983; 
Jenkins and Kemp 1984). 

The response of denitrification rates in 
sediment slurries to increasing nitrate con- 
centrations can often be described by Mi- 
chaelis-Menten-type kinetics. When com- 
bined with measurements of the vertical 
distribution of nitrate in pore waters, such 
relationships have been used to estimate in 
situ denitrification rates (Vanderborght and 
Billen 1975; Madsen 1979; Oren and Black- 
burn 1979). However, the use of such a 
relationship to estimate in situ sediment 
denitrification rates in the field is not 
straightforward. For example, laboratory 
measurements indicate that the relationship 
between denitrification rate and nitrate con- 
centration can vary with depth in the sed- 
iment (Kaspar 1983). This was also dem- 
onstrated in Danish coastal sediments where 
maximum denitrification rates with depth 
did not correlate with maximum N03- con- 
centrations (Sorensen 19 7 8 b). In sediments 
from Kenepura Sound, New Zealand, no 
relationship was observed between depth 
profiles of ambient NO,- concentrations and 
denitrification rates (Kaspar et al. 1985b). 
The relationship between denitrification rate 
and N03- concentration has also been found 
to vary between sites. For example, while 
nitrate in the sediments at two different sites 
in Kenepuru Sound was similar, denitrifi- 
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cation rates differed by a factor of seven 
(Kapsar et al. 1985b). Similarly, at nine lo- 
cations off the west coast of New Zealand, 
nitrate concentrations varied by a factor of 
two among sites, while denitrification rates 
varied by over a factor of 10 (Kaspar et al. 
1985a). 

The discrepancy between field and labo- 
ratory measurements may be, in part, one 
of scale. The nitrate concentration in mi- 
croenvironments may be controlling deni- 
trification rates; not the bulk nitrate con- 
centration as measured at l-cm depth 
&.ervals. Additional factors discussed be- 
low may also influence denitrification. 

The finding that acetylene blocks the re- 
duction of N20 to N2 (Balderston et al. 
1976; Yoshinari and Knowles 1976) and the 
availability of sensitive gas chromato- 
graphic methods for measuring N20 have 
led to a relatively easy and rapid technique 
for measuring denitrification rates. In ad- 
dition, depth profiles of denitrification can 
be measured when this technique is used on 
whole cores (e.g. Sorensen 19783; Kaspar 
1982; Oremland et al. 1984). However, 
acetylene also inhibits nitrification (Hynes 
and Knowles 1978). Therefore, in sedi- 
ments where nitrate concentrations are low 
and there is a rapid coupling between de- 
nitrification and nitrification, denitrifica- 
tion rates will likely be underestimated. At 
low nitrate concentrations, acetylene in- 
completely blocks NzO reductase which, in 
some cases, may be countered by using high 
acetylene concentrations (Kaspar 1982; Or- 
emland et al. 1984). Sulfide reverses acct- 
ylene blockage of N20 reductase (Tam and 
Knowles 1979), which may be particularly 
problematic in highly organic marine sed- 
iments. Additional problems associated with 
the rate of diffusion of acetylene into whole 
cores have been discussed by Oremland et 
al. (1984). 

The direct measurement of denitrifica- 
tion as N2 production from intact sediment 
cores incubated in gastight chambers (Seitz- 
inger et al. 1980) has been used in coastal 
marine, lake, and river sediments. The sed- 
iment cores are kept under natural condi- 
tions of nitrate and oxygen concentrations 
in the overlying water. The background Nz 
concentration is reduced by sparging the 

water and gas phase over the sediments with 
a mixture of 21% oxygen, 0.03% C02, and 
the balance helium. Lowering the back- 
ground N:, concentration allows measure- 
ment of N2 increases due to denitrification. 
The advantage of this technique is that it is 
a direct measurement of denitrification and 
does not use inhibitors, or alter the nitrate 
or oxygen concentrations. This technique 
also measures denitrification of nitrate both 
frolm the overlying water and from nitrifi- 
cation in the sediments. One disadvantage 
is that incubation times of about 9 d are 
required to deplete the background N2 con- 
centration in the pore waters. However, re- 
peated measurements of ammonia, nitrate, 
nitrite, and oxygen sediment-water fluxes 
indicate that these parameters do not mark- 
edly change during that time (Seitzinger 
1982), and thus it is likely that denitrifica- 
tion rates also are not markedly changed. 
Although some have speculated that con- 
tamination of samples by atmospheric N2 
may be a problem with this technique, 
blanks are routinely run (by sampling from 
helium-flushed chambers without sedi- 
ments) and demonstrate that, with the sam- 
pling procedures outlined by Seitzinger et 
al. (1980), atmospheric contamination is 
avoidable. 

DenitriJication rates in aquatic 
ecosystems 

Rates of denitrification have now been 
replorted for sediments and water in many 
freshwater and coastal marine ecosystems. 
For the present discussion, unless noted, I 
am including only those rates where actual 
measurements of denitrification were made 
(not rates inferred from mass balance cal- 
culations within an ecosystem) and only 
rates measured at near-,ambient nitrate, or- 
ganic matter, and oxygen concentrations. 
Most of these measurements are confined 
to temperate zones in the northern hemi- 
sphere. 

In rivers and streams, denitrification has 
been recognized as a potential pathway of 
nitrogen loss based on deficiencies in mass 
balance calculations of nitrate and/or total 
nitrogen (Owens et al. 1972; Kaushik and 
Rolbinson 1976; Thomson 1979; Hill 1979, 
19;B 1, 1983). However, few actual measure- 
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ments of denitrification in sediments of 
streams or rivers have been reported. Those 
reported generally range from 54 to 345 
pmol N rnA2 h-l (Table 1). In periphyton 
from a pristine stream, no denitrification 
was found (Duff et al. 1984). The high rates 
are from streams or rivers that receive sub- 
stantial amounts of anthropogenic nutrients 
from land runoff or sewage inputs, including 
Swifts Brook, the Potomac River, and the 
Delaware River. Seasonal measurements of 
denitrification in streams and rivers are 
lacking, and most studies have been made 
in only a limited section of the river or 
stream. 

No measurements of denitrification in 
hypoxic or anoxic river water were found, 
and only one study of denitrification in river 
sediments exposed to low oxygen waters was 
found. Denitrification rates were reduced by 
83-99% in stream periphyt.on under aerobic 
compared to anaerobic conditions (Duff et 
al. 1984). Low-oxygen conditions are com- 
mon in rivers that receive large BOD inputs 
from sewage treatment plant discharges; 
those same rivers also usually receive large 
inputs of N. The effect of low oxygen con- 
ditions on denitrification rates in both river 
waters and sediments should be investigat- 
ed, as well as changes in denitrification rates 
that occur when low-oxygen conditions are 
alleviated. 

The first direct evidence of denitrification 
in lake sediments was based on the pro- 
duction of 15N2 from ’ 5N03- added to water 
from Smith Lake, Alaska, incubated in bot- 
tles with and without sediment (Goering and 
Dugdale 1966). Substantially higher 15N2 
production occurred in the samples with 
sediments. Denitrification rates ranging 
from 2 to 171 bmol N m-2 h-l have been 
measured at near-ambient conditions in 
sediments from a variety of lakes, but all 
except two reported rates are ~65 bmol N 
m-2 h-l (Table 1). There is no obvious re- 
lationship between the rate of denitrifica- 
tion reported and the trophic status of the 
lake. However, this may, in part, be due to 
incomplete measurements. For example, in 
ELA Lake 227, in Bryrup Langso, and in 
Kvind so, only denitrification of nitrate dif- 
fusing into the sediments from the overlying 
water was measured; denitrification of ni- 

trate produced in the sediments was not de- 
tected by the techniques employed. In Lake 
Mendota, only denitrification of nitrate from 
groundwater input was estimated, and not 
measured. As discussed below, nitrification 
in the sediments is often a major source of 
nitrate for denitrification. 

The most extensive measurements of de- 
nitrification in lake sediments are from Lake 
Okeechobee, Florida (Messer and Brezonik 
1983), Lake Michigan (Gardner et al. 1987), 
and Lake Hampen (Christensen and Soren- 
sen 1986). In Lake Okeechobee, denitrifi- 
cation was measured at two locations and 
on three occasions during winter and spring 
using the acetylene inhibition technique with 
sediment slurries. In southeastern Lake 
Michigan, denitrification rates were mea- 
sured over an annual cycle at two locations 
as a flux of N2 from intact sediment cores. 
In Lake Hampen, denitrification rates were 
measured seven times over a 17-month pe- 
riod at one location in vegetated littoral sed- 
iments. Other denitrification studies in lake 
sediments have been made at only one time 
of year, at one location, or with techniques 
that likely measured only a portion of total 
sediment denitrification. 

If sufficient nitrate is available, denitri- 
fication can occur in low oxygen hypolim- 
nctic waters in lakes, as well as in sediments. 
Pelagial denitrification rates for four lakes 
(Table 2) ranged from 0.2 to 1.9 bmol N 
liter-l d-l in lakes Mendota, Smith, and 
ELA 227. Much higher rates were reported 
for Lake Kinneret (3-36 pmol N liter-’ d-l) 
where nitrate concentrations are also high 
(up to 107 PM). 

In lakes where measurements have been 
made in both the water and sediments, sed- 
iment denitrification is a greater sink for 
nitrogen than is denitrification in the water 
column. In Lake Mendota, the amount of 
denitrification in the sediments (Keeney et 
al. 197 1) is about twice as large as that in 
the water (Brezonik and Lee 1968). The im- 
portance of sediment denitrification in Lake 
Mendota may be even greater than current 
data indicate because only nitrate seeping 
into the sediments from groundwater was 
considered. In Lake 227, Chan and Camp- 
bell (1980) concluded that denitrification in 
the water column was not a significant N 
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Table 1. Denitrification rates 
and coastal marine systems. 

measured at near-ambient conditions in sediments from rivers, streams, lakes, 

River/streams 
San Francisquito Creek, California 
Little Lost Man Creek 
Swift Brook, Ontario 
Potomac River 
Delaware River 

L,akes 
Oligotrophic/mesotrophic 

Michigan 
Hampen, Denmark 
Lacawac, Pennsylvania 
Ernest, Pennsylvania 

Moderately eutrophic 
Okeechobee 
Mendota, Wisconsin 
Arress 

Eutrophic 
ELA 227 
Bryrup Langso 
Kvind so 

Coastal marine 
Patuxent R. estuary 
Izembek Lagoon, Alaska 
Delaware Inlet, N.Z. 
Kenepuru Sound, N.Z. 

Tama estuary 
Odawa Bay, Japan 
Tokyo Bay, Japan 
Kysing Fjord, Denmark 
Tejo estuary, Portugal 
Delaware Bay 
Ochlockonee Bay, Florida 
Narragansett Bay, Rhode Island 
Great Bay, Long Island 
Randers Fjord 
Kysing Fjord 
Cosatal North Sea 
Landrup Vig 
Four League Bay 
MERL mesocosms 
West coast, N.Z. 
San Francisco Bay 

54 1 
121-0302t 2 1 

210-235 3 
166-345 4 

12-51 5 
5-50 6 
50 ? 
56 7 

2-25 8 Messer and Brezonik, 1983 
10.1 9 Keeney et al. 197 1 
11 10 Madsen 1979 

42-5 8-f 11 
171-t 12 
102-t 12 

77-89 13 
3.5-34.5 14 

6-12 15 
6-35 16 

28-253 
145-594 17 

37 18 
16-33-t 19 

107: 067 
O-260 

(232) 20 2 1 
(98) 22 

O-210 (75) 23 
39-109 (S!)) 24 

3-16 25 
6-42 26 
l-330 
O-84 (50) 27 

12-213 28 
2-74 29 

305-888 30 
0.4-141 31 
0.8-1.2 32 

Duff et al. 1984 
Duff et al. 1984 
Robinson et al. 1979 
Seitzinger 1987~ 
Seitzinger in press 

Gardner et al. 1987 
Christensen and Sorensen 1986 
Seitzinger unpubl. data 
Seitzinger unpubl. data 

Chan and Campbell 1980 
Andersen 197 7 
Andersen 1977 

Jenkins and Kemp 1984 
Iizumi et al. 1980 
Kaspar 1983 
Kaspar et al. 1985b 

Nishio et al. 1983 
Nishio et al. 1983 
Nishio et al. 1982 
Oren and Blackburn 1979 
Seitzinger unpubl. data 
Seitzinger unpubl. data 
Seitzinger 1987b 
Seitzinger et al. 1984 
Slater and Capone 1987 
Sorensen 1978b; Sorensen 

et al. 1979 
Billen 1978 
Andersen et al. 1984 
Smith et al. 1985 
Seitzinger and Nixon 1985 
Kaspar et al. 1985~ 
Oremland et al. 1984 

* I. Denitrification in undisturbed periphyton communities; acetylene blockage technique; authors reported 651 rmol NZO produced m ’ d-l as 
average light, aerobic plus dark, and anaerobic rates over a 24-h period; summer measurements. 2. Calculated from data derived from authors’ 
figure of rate of decrease in NO, over sediment cores; lower rate at NO9 concentrations 0.5-2.0 mg NO,-N liter-’ and higher rate with NO, 
concentrations 2-4 mg NO, -N liter I, similar to range in ambient stream concentrations; 22OC, role of denitrification confirmed by rSN studies. 
3. Measurements made in September 1985; rates from two locations in tidal freshwater portion of river near and in Gunston Cove; direct NI flux 
measurements from intact cores. 4. Mcasuremcnts made in August 1984; range of rates at five locations in the tidal tieshwater portion of river 
between Trenton and Little Tinicum Is. 

5. Denitrification measured as flux of N2 from intact sediment cores collected from two sites in southeastern portion of lake; range of seasonal 
rates. 6. Range of rates measured over an annual cycle; rates measured as N,O production in presence of acetylene in intact cores of vegetated 
littoral sediment; ambient nitrate concentrations in the sediments ranged from 10 to >200 @M. Lowest rates in winter, highest in summer. 7. 
Mcasuremcnts made in September 1985; direct N, flux measurements from intact cores collected in epilimnion. 

8. Acctylcne inhibition tcchniquc using slurries; range of average annual rates for the whole lake (0.5-l .3 g N m-* yr-‘) reported by authors based 
on measurements made three times during winter and spring. 9. Annual denitrification of groundwater inputs estimated from measurements of 
difference bctwcen rate ofdccrease rn “NO,- in sediment slurries and rate of increase in 15NH,+ and lSN-organic N. 10. Annual average denitrification 
rate calculated according to Vanderborght and Billen 1975 using denitrification rate constant determined from 15N, production in sediment slurries 
incubated with 390 PM j5NOJ-, and NO3 concentration in lake water throughout year. Does not include denitrification of nitrate produced in 
sediment. 
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Table 1. Footnotes continued. 

1 I. Lake artificially enriched with NOa and PO., )- in summer; denitrification measured as r5N1 production from IsNO,- added to water in dome 
over epilimnctic sediments; minimum estimate, as does not include denitrification of any NO,- produced in sediments; range of two measurements 
made in September. 12. Annual denitrification rates (1972-1973) calculated by authors from rate of NO,- decrease over sediment cores collected 
in June (Bryrup Langss) or January (Kvind so) and from NO ) concentration in lakes during the year. 

13. April, 17”C, range and average of upper and lower estuary sediments; denitrification measures as r5N, production from sediment cores 
incubated with “NO,- in overlying water. 14. Range of rates reported for muddy, sandy, and Zosferu bed sediments; 1 I-15°C; denitrification 
measured as r5N2 production from sediments from various depths incubated with r5N0,- and calculated in situ rates based on ambient NO,- 
concentrations; rates reported for top 7 cm as g-atoms N g-’ h-r; converted to rg-atoms mm2 h-’ assuming 1.4 g wet sediment cm-’ over 7 cm 
depth. 15. Avcragc rates reported for top 10.5 cm based on N20 accumulation in undisturbed core segments in presence of acetylene; March and 
April 198 1; rates reported as mg N mm2 d-r; author-corrected data for errors imposed by acetylene technique. 16. Rates reported for top 12 cm 
based on N20 accumulation in undisturbed core segments in presence of acetylene; January, October 1983; rates reported as mmol N m-’ d-‘; 
sediments had cpibcnthic algae. 

17. Muddy fine sand; rates measured as 15N2 produced from IsNO, and rsNH,+ in water flowing over cores; rates reported as ng-atoms cm ml 
h-l. 18. Fine sand rich in carbonate; rates measured as in Tama estuary above; rates reported as ng-atoms crnmz h-r. 19. Measured as rate of r5N2 
from intact sediment cores with IO-20 @M r5N0, in water flowing over cores; rates may be underestimated as only denitritication of NO,- diffusing 
into scdimcnts from overlying water and not of NO, produced in sediments was measured, September. 

20. Rate measured as 15N, production from 15N0,- added to sediment slurries; rates calculated for in situ NO,- concentration; rates at 12°C. 
2 1. Range (average of all but highest rate) of rates measured at eight locations in bay in November 1983; measured as N2 production from intact 

sediment cores. 22. Range of rates measured at eight locations in bay in July and September and average rate for bay during that time; measured 
as N, production from intact sediment cores. 23. Range (annual average) ofratcs throughout bay measured in 1984-1985; measured as N, production 
from intact sediment cores. 24. Range and average annual rate in bay 1980-1981; measured as N2 production from intact sediment cores; silt-clay 
sediments. 25. Range of rates measured throughout year; denitrification measured as rate of N,O accumulation in presence of acetylene in 2-cm 
sections of cores from various depths; sandy sediments with high nitrate groundwater intrusion. 

26. Sandy sediments; lower rate for each ljord is from June measurements (IS’C) and higher rate from January measurements (3°C); rates 
measured as N,O production from intact cores incubated with acetylene; rates reported as mmol N m-z d I. 27. Range of rates calculated from 
mathematical analysis of port-water concentration profiles and measured rate of consumption of NO,- added to sediment samples; average annual 
rate for coastal zone. 28. Soft, muddy scdimcnts covcrcd with benthic microalgae; range of rates over 24-h cycle for April and June measurements; 
measured as N,O production from intact cores incubated with acetylene; rates reported as mmol N m-2 d-r. 

29. Range of rates measured at five sites over an annual cycle; rates measured as N,O production in the presence of acetylene in the top 3 cm 
of a mixed sediment sample; rates reported as ng N g ’ h-r were converted to pmol N m -* h .I assuming 14,789 g dry sediment per m-2 which was 
conversion factor used by authors to calculate annual areal rates. 

30. Range ofrates measured in September in four estuarine mcsocosms receiving a range ofnutrient additions (N, P, and Si); highest denitrification 
rams from sediments in microcosm receiving highest rate of N loading; denitrification rates measured as N, production from intact sediment cores. 

3 I. Range of rates reported for near shore sediments at five locations at room temperature in January; denitrification rates measured as rate of 
N20 accumulation in presence of acetylene in 1.5-cm sections of the top 7 cm of sediment; rates corrected by authors for errors imposed by 
acetylene tcchniquc. 

32. Range of rates for upper 3 cm of intertidal mudflats near sewage treatment discharge site; denitrification measured using acetylene blockage 
technique at 20°C. Authors state probably undcrcstimate because of inhibition of nitrification and diffusion rate of gases in sediments. 

t These rates may be underestimated as technique did not measure dcntrification coupled to sediment nitrification. 

sink. The larger amount of nitrogen re- is not surprising due to the low oxygen con- 
moved by denitrification in sediments rel- ditions, rapid nitrification rates, and abun- 
ative to denitrification in the water column dant supply of organic matter in the sedi- 

Table 2. Denitrification rates in the water column of various lakes and the Baltic Sea under low oxygen or 
anoxic conditions. 

Location 

Rate 
(pm01 N 

liter-’ d-r) Comments Reference 

Lake Mendota 

Lake Kinneret 

ELA Lake 227 

Shallow arctic lake 

Baltic Sea 

0.6-1.9 Measurements in hypolimnion in summer; Brezonik and Lee 1968 
denitrification calculated as difference 
between NO, disappearance in lake and 
15NH, k and 15N-organic N production 
from 15N0 3 ; 7 PM NO,-. 

3-36 Measurements made under anaerobic con- Cavari and Phelps 1977 
ditions; range of NO,- concentrations 7- 
107 PM; denitrification calculated as 
change in total N in water sample with 
time. 

0.2-l .6 Denitrification measured in anoxic hypo- Chan and Campbell 1980 
limnion as 15N2 production from 15N03-; 
summer 1974 rates between 4.0 and 4.5 
m; DO < 0.2 mg liter-‘; 14 PM 15N0,- 

1.1 Denitrification measured in anoxic water Goering and Dugdale 1966 
as 15N, production from 15N0,-; winter 
rates; 36 PM 15N0,-. 

0.10 Denitrification calculated from nitrate Shaffer and Ronner 1984 
anomalies in the low oxygen waters be- 
low the halocline; < 10 PM NO,-. 
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Table 3. N loading rates and calculated denitrification rates from 
lakes. Rates reported as pmol N m-2 h-l for comparison with Table 

annual N mass balance studies in various 

= 

Lake 

-- 

N input 

Calculated Removal by 
denitrification denitrification 

rate P/o) 

---- 

Reference 

Bryrup Langs0 
1972 
1973 

Kvind SP) 
1972 
1973 

Ku1 se, 
1972 
1973 

Salten Langs0 
1972 
1973 

Halle s0 
1972 
1973 

Stigsholm s0 
1972 
1973 

690 326 47 
657 326 50 

Andersen 197 1 

1,427 244 17 
1,215 260 22 

Andersen 19 7 1 

897 163 18 
872 195 22 

Andersen 197 1 

216 0 0 
194 18 10 

Andersen 19 7 1 

703 383 54 
696 359 51 

Andersen 197 1 

650 148 22 
666 171 26 

542 199 37 

Andersen 197 1 

Ahlgren 1967 

62 
58 

Serruya 1975 

3 Likens and Loucks 1978 
26 Likens and Loucks 1978 
18 Messer and Brezonik 1983 

Norrviken 

Kinneret 
1968-1969 
1969-1970 

245 
74 

Mirror 12.3 
Wingra 192 
Okeechobee 46 

152 
43 

0.4 
50 

8.2 

ments. However, additional studies of 
denitrification in lakes arc needed to eval- 
uate further the relative importance of these 
two sites. 

Denitrification rates in several lakes have 
been inferred from the imbalances in whole 
lake N budgets (Ahlgren 1967; Andersen 
1971; Serruya 1975; Likens and Loucks 
1978; Messcr and Brezonik 1983). Many of 
the rates estimated by this technique are 
greater than those measured more directly 
(Table 3). In general, the higher rates appear 
to be from lakes that have high N loading 
rates. 

Direct evidence of denitrification in ma- 
rine sediments was provided by measure- 
ments of 15N2 production from ISNO,- 
added to continental shelf sediments from 
the coast of Peru (Goering and Pamatmat 
1971). Denitrification rates in many estu- 
arine and coastal areas (Table 1) range from 

0 to 1,067 pmol N m-2 h-l, with rates com- 
monly reported between 50 and 250 pmol 
N me2 h-l as estimated with various tech- 
niques. The highest have been found in scd- 
imcnts from eutrophic areas: the Tama es- 
tuary (up to 594 pmol N m-2 h-l), an area 
of the Tejo estuary (1,067 pmol N m-2 h- *) 
that receives large amounts of sewage, and 
a marine mesocosm (888 pmol m--2 h-l) 
that received high nutrient loading. Deni- 
trification measurements over an annual 
cycle have been made in Kysing Fjord (Ssr- 
ensen 1984), Narragansett Bay (Seitzinger 
et al. 1984), Four League Bay (Smith et al. 
198 5), and Ochlockonee Bay (Seitzinger 
1987b). 

Although increasing numbers of estuaries 
may be developing hypoxic or anoxic bot- 
tom waters as a result of increased eutro- 
phication, denitrification rates in oxygen- 
deficient waters have been estimated in only 
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one area. Denitrification rates in the oxy- 
gen-deficient zone of the water column (0, 
- 10 ,umol liter-‘) in the Baltic Sea were 
estimated to be about 3.6 pmol N liter-l 
d-l (Shaffer and Riinner 1984). For the Bal- 
tic as a whole, 80-90% of the denitrification 
was estimated to occur in the sediments and 
only lo-20% in the water. 

Tn general, the range of denitrification rates 
measured in coastal marine sediments is 
greater than in lake or river sediments. 
However, the limited number of total de- 
nitrification rate measurements (i.e. deni- 
trification of nitrate diffusing in from the 
water and that of nitrate produced in the 
sediments) in lake or river sediments makes 
conclusions about the relative magnitude of 
denitrification rates in rivers, lakes, and 
coastal marine systems uncertain. More 
useful, perhaps, is a comparison of denitri- 
fication rates to other nitrogen processes in 
those systems. 

Sources of nitrate for denitriJication 
An adequate supply of nitrate is essential 

to drive the denitrification process. There 
are three sources of nitrate for sediment de- 
nitrification: nitrate diffusing into the sed- 
iments from the water column; nitrate pro- 
duced in the sediments via nitrification of 
ammonia released from benthic oxidation 
of organic matter; and nitrate advected 
through the sediments from groundwater. 
Few studies have addressed the latter, al- 
though it is potentially important, especially 
in areas where groundwaters are contami- 
nated with nitrate from agricultural, feedlot, 
industrial, or sewage sources. In Lake Men- 
dota, 63% of the nitrate advected through 
the sediments in groundwater was estimat- 
ed to be denitrified (Keeney et al. 197 1). In 
Great Bay, Long Island, groundwater is a 
source of N03- for denitrification, espe- 
cially in the 14-40-cm-deep layer of the 
sediments (Slater and Capone 1987). About 
16% of the groundwater NO,- in the deeper 
sandy layers, which are low in organic car- 
bon, is denitrified. 

Nitrate produced in the sediments ap- 
pears to be the major substrate for denitri- 
fication in most river, lake, and coastal ma- 
rine sediments. This conclusion is based on 
concurrent measurements of denitrification 
and sediment-water nitrate flux, which show 

either a net flux of nitrate out of the sedi- 
ments or a flux of nitrate into the sediments 
from the water column that is less than the 
measured denitrification rate (Table 4). For 
instance, in Gunston Cove, located in the 
tidal freshwater portion of the Potomac 
River, the uptake of nitrate from the water 
by sediments was 107+ 18 pmol N m-2 h-’ 
(mean _+ SD), while the denitrification rate 
(N2 production) was about twice as great, 
2 10 13 1 pmol N m-2 h- I (Seitzinger 1987a). 
In the mainstem of the Potomac River and 
in the tidal freshwater portion of the Del- 
aware River, no net uptake of nitrate from 
the water column by the sediments oc- 
curred, although rates of denitrification 
ranged from 166 to 344 pmol N m-2 h-l. 
Thus, although water column nitrate con- 
centrations were quite high (> 70 PM), ni- 
trification in the sediments appears to be 
the major source of nitrate for denitrifica- 
tion. The same pattern-greater denitrifi- 
cation rates compared to nitrate fluxes into 
the sediments from the water column-is 
found in many lake and coastal marine sed- 
iments (Table 4). Of course, a net flux of 
nitrate out of the sediments does not elim- 
inate the possibility that some nitrate from 
the water column enters the sediments by 
mechanisms such as bioturbation, irriga- 
tion, or diffusion, and is subsequently deni- 
trified. A direct demonstration of the tight 
coupling between sediment nitrification and 
denitrification comes from 15N studies us- 
ing intact sediment cores. In Patuxent River 
estuary sediments, over 99% of the 15N03- 
formed from 15NHqf in the sediments was 
reduced to 15N2 during spring experiments 
(Jenkins and Kemp 1984). Those experi- 
ments, however, did not examine the mag- 
nitude of denitrification dependent on ni- 
trate from the overlying water column. In 
contrast to the above studies, nitrate from 
the overlying water is the major source of 
nitrate for denitrification in Tama estuary 
sediments (Nishio et al. 1983). 

The importance of nitrification in sedi- 
ments as a source of nitrate for denitrifi- 
cation is consistent with the high rates of 
nitrification measured in coastal sediments 
(Kaplan 1983). It is interesting to note that 
nitrification rates per unit volume in sedi- 
ments are at least an order of magnitude 
greater than nitrification rates in the water 
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Table 4. Sediment-water fluxes of ammonia, nitrate plus nitrite, and Nz, and percent of N flux due to 
denitrification [N, flux/(NH,+ + NO,- + NO,. + N,)flux] in river, lake, and coastal marine sediments. Units: 
pmol N m-2 h-l. The major or sole source of nitrate for denitrification in all these systems is from nitrification 
in the sediments as indicated by the flux of nitrate out of the sediments. If the water column were the major 
source, there would be a flux of nitrate into the sediments similar in magnitude to the denitrification rate. (Minus 
indicates uptake.) 

Location 

NH,, t NO3 + NO2 

(pmol N m-* h-‘) 

N2 
- N,, “h of 

total N flux Reference* 

Rivers 
Potomac 

Mainstem 15 50 232 78 1 
Gunston Cove 3 -107 210 99 1 

Delaware River 
Philadelphia area 
Near Mud Grass Island (S of Trenton) 

Lakes 
Lacawac 
Ernest 
Kvind sa, 

4 
0 

7 
0 

344 
166 

97 
100 

2 
2 

0 

to 

15 50 77 3 
20 56 74 3 
t 74 100 4 

Michigan 
45-m water depth 
100-m water depth 

Coastal marine 
Ochlockonee Bay 
Narragansett Bay 

North Sea, Belgian coast 
Coastal 
Offshore 

0 
0 

I 
0.3 

35 
22 

97 
99 

5 
5 

26 18 75 63 6 
91 10 59 37 7 

73 
41 

98 49 22 
49 16 15 

100 88 31 
-42 133 20 

8 
8 

9 
10 

11 
11 

12 

13 
13 
13 

North Sea, Belgian coast 92 
Patuxent estuary 467 

Delaware Bay 
Midbay 
Lower bay 

Tejo estuary, Portugal 

15 54 93 57 
11 193 75 27 

Upper bay 28 212 172 42 

S. Island, west coast, N.Z. 
Sta. R200 
Sta. R212 
Sta. 213 

17 17 10 23 
17 8 77 75 
21 25 53 54 

--- -~- -p__1-1___- 

* I. Scitlingcr 1987~; tidal frcshwalcr portion of river mainstem slation near Indian Head, October 1985. 2. Seitzinger in press; tidal freshwater 
portion of river, August 1985. 

3. S&zinger unpubl. data; cpilimnetic sediments. October 1985. 4. Andersen 1971, 1977; rates for October 1973, there was a net uptake of 
ammonia and nitrate from the water column, denitrification for October was calculated from the NO,- concentration in the lake in October and 
the relationship between nitrate uptake by sediments from water and nitrate concentralion. 5. Gardner et al. 1987; annual measurements in 
soulheastcrn portion of lake. 

6. Seitzingcr 1987h, average of mcasurcments from all cores throughout year. 7. Seltzingcr et al. 1984; Nixon et al. 1976; annual average midbay 
data. 8. Billcn 1978; annual avcragc. 9. Vandcrborght et al. 1977. 10. Rcportcd in Hcnriksen and Kemp 1988. 11. Seitringer unpubl. data; July. 
12. Scitzinger unpubl. data; Novcmbcr. muddy scdlmcnts from inlcrtidal oyster reef. 13. Kaspar et al. 1985~; ammonia and nitrate fluxes calculated 
from concentration gradient bctwecn top I .5 cm of scdimenl port water and overlying water. 

t Reported a combined flux of NH,’ t NO1 + NO1 into the sediment of 36-45 rmol N nlm2 h-‘. 

column. For example, nitrification rates in 
coastal sediments are often 20 pmol liter __ 1 

Factors controlling denitrification rates 

h-l, whereas in coastal waters rates range Factors that influence denitrification in 
from only -0.00 I to 0.1 pmol liter-’ h-l aquatic systems include tern perature, the 
(Kaplan 1983). Of course, the volume of supply of nitrate and organic matter, and 
sediments in which nitrification occurs is oxygen concentration. Further studies are 
much less than the volume of water with required to make an accurate comparison 
active nitrification. of the relative importance of these in con- 
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trolling denitrification rates in streams vs. 
rivers, lakes, and coastal marine systems. 

Only a few studies have considered the 
effects of temperature on denitrification rates 
in aquatic systems. The data available gen- 
erally show increasing rates with increasing 
temperature. However, because other fac- 
tors such as nitrification rate and oxygen 
concentration may also be changing as tem- 
perature increases, it is difficult, especially 
in sediments, to separate the effect of tem- 
perature alone. 

I have found only one study of the effect 
of temperature on denitrification in the water 
column. In Lake Kinncrct waters at low 
oxygen concentrations, denitrification rates 
increased slightly at temperatures between 
15” and 30°C with a Q10 = - 1.35 (Cavari 
and Phelps 1977). In sediments, from Duf- 
fin Creek, Ontario, the rate of N03- uptake 
increased by a factor of four when sediment 
cores collected in winter were warmed from 
0” to 20°C (Hill 1983). However, similar 
laboratory studies using sediment cores from 
two Danish lakes showed no statistically 
significant difference in the rate of NO3 - up- 
take at temperatures ranging from 5” to 22°C 
(Andcrsen 1977). Denitrification rates 
(acetylene blockage technique) in Lake 
Okeechobce sediment slurries at saturated 
N03- concentrations increased as a function 
of temperature between 14” and 3 5.5”C, with 
a Qlo = 2.6 (Messer and Brezonik 1984). 

Denitrification rates (N2 production from 
intact cores) in Narragansett Bay increased 
approximately twofold when the tempera- 
ture was increased from 3” to 10°C (39 and 
69 pmol N m-2 h- I, respectively) in sedi- 
ments collected in March; no further in- 
crease was measured when the temperature 
was increased to 20°C (Seitzinger unpubl. 
data). The response of denitrification rates 
to increasing temperatures in that “warm- 
ing” experiment is similar to the increase 
in denitrification rates measured at ambient 
temperatures in March at 3°C (39 pmol N 
m-2 h-l) and at 15” and 23°C in midsum- 
mer (100 pmol N rnA2 h-l at 15” and 23°C) 
(Seitzinger et al. 1984). In Ochlockonee Bay, 
denitrification rates were lowest in late win- 
ter when temperatures were 17°C and high- 
est in late spring at 21°C although highest 
temperatures (25°C) occurred during sum- 
mer (Seitzinger 19873). Lower redox con- 
ditions and reduced oxygen concentrations 

in the sediments at higher summer temper- 
atures in these estuaries may reduce nitri- 
fication rates (Jenkins and Kemp 1984) and 
thus denitrification. In Tama estuary sedi- 
ments, denitrification rates increased four- 
fold between 9.3” (December) and 18.O”C 
(May) (Nishio et al. 1983). An inverse re- 
lationship between temperature and deni- 
trification was found in Danish coastal 
sediments (Sorensen et al. 1979). Highest 
denitrification rates were measured in Jan- 
uary at 3°C and lowest rates in June at 18°C. 
This was attributed to higher NOS.- concen- 
trations in the sediments in winter (> 100 
PM) than in summer (~25 PM). 

Numerous laboratory studies using slur- 
ries of marine sediments and one study us- 
ing lake sediments have shown a positive 
correlation between denitrification rate and 
nitrate concentration. Those studies usually 
consist of incubating sediment slurries with 
various concentrations of nitrate and mea- 
suring the rate of decrease in nitrate con- 
centration, N2 production, or N20 produc- 
tion in the presence of acetylene. As noted 
earlier, the response of denitrification is often 
described by Michaelis-Menten-type kinetic 
parameters. Half-saturation concentrations 
for marine sediments using the slurry tech- 
nique generally range from 27 to 53 PM 
N03-, with concentrations of 344 PM re- 
ported for one study (Table 5). Lake Okee- 
chobee sediments also exhibited a high 
half-saturation constant, 219 PM. The re- 
lationship between denitrification rate and 
nitrate concentration measured in sediment 
slurries in the laboratory has been used to 
estimate in situ sediment denitrification 
rates. However, as discussed earlier, the cal- 
culation is not as straightforward as the re- 
sults from sediment slurry experiments 
might suggest. Microenvironmental gradi- 
ents of nitrate within the sediments are like- 
ly to be important in determining ambient 
denitrification rates (Duff et al. 1984; Jen- 
kins and Kemp 1984), and concentration 
gradients at these scales are not usually mea- 
sured. For instance, Jenkins and Kemp 
(1984) calculated that the distance between 
sites of nitrification and denitrification was 
about 80 pm in Patuxent estuary sediments, 
which suggested that microenvironments 
within the upper aerated zone of sediments 
were necessary to maintain such short dis- 
tances between oxidized and reduced zones. 
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Table 5. Half-saturation constants (K,,,) for denitrification in lake and coastal marine sediments. 

Location Temp (“C) 4, 69 Reference 
-- 

Lake Okeechobee 35.5 219 Messer and Brezonik 1984 
Belgian coast not reported 50 Billcn 1978 
Izembek Lagoon 11-15 53 Iizumi et al. 1980 
CEPEX sediments 15 31 Koike et al. 1978 
Manoku-Ura 8 42 Koike et al. 1978 
Tokyo Bay 16 27 Koike et al. 1978 
Kysing Fjord 12 1344 Oren and Blackburn 1979 
San Francisco Bay 20 50 Oremland et al. 1984 -. 

Oxygen concentrations can also affect de- 
nitrification rates directly and indirectly. 
Denitrification is generally considered to 
occur only under low oxygen or anaerobic 
conditions, although oxygen is required for 
nitrification. To explain the co-occurrence 
of these two processes in sediments, in- 
vestigators have often considered that they 
are separated vertically within the sediment 
(Vanderborght et al. 1977; Billen 1978). Al- 
ternatively, denitrification may occur with- 
in reduced microzones in the aerobic sur- 
face layer of sediments (Sorensen et al. 1979; 
Jenkins and Kemp 1984). These reduced 
microzones may permit the tight coupling 
observed between nitrification and denitri- 
fication in sediments (Jenkins and Kemp 
1984). 

Investigations of the effect of oxygen con- 
sistently indicate that, in both freshwater 
and marine systems, an oxygen concentra- 
tion of -0.2 mg liter-’ or less is required 
for denitrification in the water or sediment. 
For example, denitrification occurred in the 
water of Lake 227 only when the oxygen 
concentration was ~0.2 mg liter-’ (Chan 
and Campbell 1980) and in the water col- 
umn of the Baltic Sea, when oxygen con- 
centrations were ~0.29 mg liter-’ (Ronner 
and Siirensson 1985). In suspensions of 
coastal marine sediments amended with ni- 
trate (250 PM), no measureable denitrifi- 
cation activity was found at 4.5 kPa 0, (- 2.2 
mg 0 liter-‘, assuming 2Oo/oo salinity and 
2O”C), low rates of denitrification occurred 
at 0.5 kPa O2 (-0.25 mg 0 liter-‘), and a 
sharp increase in activity occurred below 
0.25 kPa O2 (Jorgensen et al. 1984). Further 
studies investigating the combined effect of 
nitrate concentration and oxygen concen- 
tration on denitrification rates in marine and 
freshwater sediments are needed. 

Differences in oxygen solubility and de- 
gree of turbulence between marine and 
freshwater may affect denitrification rates. 
Oxygen solubility in freshwater is about 30% 
greater than in seawater in environmental 
temperatures, as noted by Capone and Kiene 
(1988). However, nearshore marine waters 
are generally more turbulent than lakes, and 
this may lead to greater oxygen penetration 
into the sediments and counteract the sol- 
ubility differences (Capone and Kiene 1988). 
The effect of oxygen solubility and turbu- 
lence on denitrification in aquatic sedi- 
ments warrants investigation. 

A. major difference in organic carbon me- 
tabolism in freshwater and marine sedi- 
ments is that in marine sediments sulfate 
reduction is the predominant pathway of 
anaerobic metabolism, while in freshwater 
sediments methanogenesis is predominant 
(Capone and Kiene 1988). The end-product 
of sulfate reduction - sulfide-completely 
inhibits nitrification at concentrations be- 
tween 0.9 and 40 PM (Yoshida 1967; Srna 
and Baggeley 1975). Although denitrifica- 
tion is not inhibited by sulfide at concen- 
trations as high as 300 PM (Sorensen et al. 
198,0), denitrification rates could be indi- 
rectly affected by sulfide if nitrification is 
suppressed. However, the actual impor- 
tance in marinc sediments of sulfide inhi- 
bition of nitrification, and indirectly of de- 
nitrification, is unclear. For instance, in a 
eutrophication experiment using the MERL 
mesocosms, benthic denitrification and ni- 
trification rates (Seitzinger and Nixon 198 5) 
were highest in the sediments with the high- 
est sulfate reduction rates (Sampou unpubl. 
data.). 

Denitrification in sediments or anoxic 
water may also be limited by organic car- 
bon. For example, in the 14-40-cm-deep, 
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low organic carbon sediments in Great Bay, 
Long Island, which receive a substantial in- 
put of nitrate from groundwater, denitrifi- 
cation was stimulated by the addition of 
glucose (Slater and Capone 1987). Denitri- 
fication rates in the surface sediment were 
not affected by the addition of organic car- 
bon. Duff et al. (1984) suggested that de- 
nitrification did not occur in periphyton 
communities from a pristine stream even 
when nitrate was added because of the low 
dissolved organic carbon content. In the 
sandy sediments of oligotrophic Lake Ham- 
pen, organic carbon released by macrophyte 
roots was suggested as one of the factors 
controlling denitrification rates (Christen- 
sen and Sorensen 1986). In the hypolimnion 
of lakes, if organic carbon concentrations 
are low, organic carbon may be important 
in regulating denitrification rates (Cavari and 
Phelps 1977). 

Although the organic content may not di- 
rectly influence denitrification rates in most 
sediments, it may indirectly affect them since 
mineralization of the organic matter sup- 
plies the ammonia for nitrification. High 
organic carbon content may stimulate dis- 
similatory nitrate reduction (Koike and 
Hattori 1978) which could compete with 
denitrification for nitrate (Tiedje et al. 1982). 
In addition, consumption of oxygen during 
the mineralization of organic matter con- 
trols the oxygen distributions in the sedi- 
ments, which may affect denitrification rates. 

Macrophytes, benthic algae, and certain 
macrofauna have been shown to influence 
denitrification rates in both freshwater and 
marine sediments by affecting the oxygen 
and/or nitrate distribution in the sediments. 
Denitrification rates in eelgrass (Zostera 
marina) beds were highest where eelgrass 
biomass was greatest, probably because 
oxygen was transported through the leaves 
to the rhizomes and roots in the otherwise 
anoxic zone of the sediments, thus stimu- 
lating nitrification (Iizumi et al. 1980). Sim- 
ilarly, in Lake Hampen denitrification rates 
were higher in shallow sediments covered 
with Littorella sp. than in nonvegetated areas 
(Christensen and Sorensen 1986). In the root 
zone, denitrification was postulated to be 
controlled by a complex interaction of oxy- 
gen transported by the macrophytes which 

stimulated nitrification, but may have in- 
hibited denitrification (Christensen and 
Sorensen 19 8 6). Oxygen produced during 
photosynthesis by benthic algae may inhibit 
denitrification. In algal mats covering rocks 
in a stream, denitrification rates were lower 
in the light than in the dark (Triska and 
Oremland 198 1). Examination of denitri- 
fication and in situ oxygen profiles (using a 
polarographic microelectrode) in shallow 
coastal sediments densely covered by ben- 
thic microalgae showed a diurnal variation 
of denitrification rate. Lowest rates of de- 
nitrification occurred in the light when oxy- 
gen concentrations were highest, and high- 
est denitrification rates occurred in the dark 
at lower oxygen concentrations (Andersen 
et al. 1984). Similarly, oxygen produced by 
benthic microflora in Lake Hampen was 
postulated to be responsible for the lower 
denitrification rates in the light than in the 
dark (Christensen and Sorensen 1986). 

Bioturbation by benthic infauna can en- 
hance nitrification and (apparently) deni- 
trification rates in both freshwater and ma- 
rine sediments. For example, in columns of 
stream sediment with and without added 
tubificid worms, the rate of disappearance 
of 15N03- added to the overlying water in- 
creased in the presence of the worms (Cha- 
tarpaul et al. 1980). In two Danish lakes, 
the rate of nitrate uptake from the water 
overlying sediment cores was linearly cor- 
related with chironomid abundance at ele- 
vated nitrate concentrations (143-707 PM) 
(Andersen 1976). Anomalously high nitrate 
concentrations at 20-30-cm depth in Puget 
Sound sediments were attributed to nitri- 
fication enhancement at those depths due 
to irrigation by burrowing benthic organ- 
isms (Grundmanis and Murray 1977). In 
the deeper layers of sediments from Kysing 
Fjord, a secondary peak in denitrification 
rate was measured in oxidized patches that 
were probably due to the burrowing activ- 
ities of macrofauna (Sorensen 1978b). In 
experiment aquaria with Limfjord sedi- 
ments, nitrification rates in sediments with 
Corophium volutator were higher than those 
in control sediments (Henriksen et al. 1980). 
However, the flux of nitrate out of the sed- 
iments was similar with and without C. vo- 
htator. The lack of an increased flux of ni- 
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trate out of the sediments containing C. 
volutator was attributed to increased deni- 
trification and nitrate reduction rates in 
those sediments. In a subsequent and sim- 
ilar study, nitrification rates were enhanced 
in various zones in sediments containing 
bivalve, crustacea, and annelid infaunal 
species (Henriksen et al. 1983). Although 
denitrification rates were reported to be en- 
hanced, no data were presented. Enhanced 
potential denitrification activity occurred 
only in the top 0.5 cm of sediments in ex- 
perimental aquaria with Nereis japonica 
compared to control sediments (Sayama and 
Kurihara 1983). Potential denitrification 
activity was measured as the rate of N,O 
production in the presence of acetylene in 
anaerobic sediment slurries highly enriched 
with a 10 mM NO,- solution. All of the 
above studies indicate that bioturbation en- 
hances nitrification rates. Studies in which 
denitrification rates are actually measured 
in the presence and absence of infauna are 
needed in both freshwater and marine sed- 
iments. 

Nitrous oxide 
N,O is produced by three microbial pro- 

cesses: denitrification (Knowles 1982); ni- 
trification (Yoshida and Alexander 1970; 
Goreau et al. 1980); and dissimilatory re- 
duction of nitrate to ammonia (Smith and 
Zimmerman 198 1). N20 can also be con- 
sumed during denitrification (Knowles 
1982). Recognition of the role of N,O in the 
destruction of stratospheric ozone (Crutzen 
1970; Hahn and Crutzen 1982) and in the 
radiative heat budget of the atmosphere 
(Wang et al. 1976) has led to many studies 
of the sources, sinks, and biogeochemical 
cycles of this trace gas. 

Denitrification may be involved in both 
the production and consumption of N,O in 
freshwater and coastal marine systems. In 
several lakes, undersaturated concentra- 
tions of N20 in oxygen-depleted bottom 
waters have been attributed to consumption 
by denitrification (Knowles et al. 198 1; 
Lemon and Lemon 198 1; Vincent et al. 
198 1). Consumption of N,O by denitrifi- 
cation also appears to be responsible for the 
low N,O concentrations in oxygen-depleted 

coastal marine waters of Saanich Inlet (Co- 
hen 1978) and Chesapeake Bay (Kaplan et 
al. 1978). No rates of N20 consumption 
were reported in any of those studies. 

The production of N20 in aquatic sedi- 
ments has been demonstrated repeatedly 
by pore-water profiles of N20 (Sorensen 
1978~; McElroy et al. 1978), as well as by 
direct N,O flux measurements from sedi- 
ment cores (Table 6). Denitrification ap- 
pears to be the major source of N20, as 
shown in experiments with Danish coastal 
sediments. N,O production after the addi- 
tion of N-Serve, an inhibitor of nitrification, 
exceeded N,O production associated with 
nitrification, except in the narrow range of 
oxygen concentrations of 0.1-0.2 kPa O2 
(-0.001-0.002 atm 0,) (Jorgensen et al. 
1984). The highest total N20 production 
rate for the sediments occurred at low oxy- 
gen concentrations (<0.5 kPa). 

The ratios of net N20 : N2 production are 
very small and similar in all lake, river, and 
coastal marine sediments where measure- 
ments are available (Table 6), although the 
factors that determine the relative amounts 
of N20 and Nz may differ, including oxygen, 
pH, and H,S. As the studies below suggest, 
changes in these factors resulting from an- 
thr’opogenic inputs may lead to increases in 
the global production of N20. For example, 
the ratio of N20 : N2 produced in two lakes 
in the Pocono Plateau region of Pennsyl- 
vania is influenced by pH. In Lake Lacawac, 
the ratio of N20 : N2 in benthic fluxes in- 
creased by lo-fold (from 0.14 x 1O-2 to 1.4 
x 10--2) when the pH of the water overlying 
the sediment cores was experimentally de- 
creased from 6.6 to 4.4. The N,O : N2 ratio 
at :pH 4.4 in Lake Lacawac was similar to 
the ratio in nearby Lake Ernest, where the 
ambient pH was 4.4. In both lakes the N2 
fluxes were -50 pmol N m-2 h-l (Table I), 
including Lake Lacawac when the pH was 
experimentally decreased to 4.4. The above 
results are supported by studies with pure 
cultures of denitrifiers which demonstrate 
thalt the amount of N,O produced relative 
to N2 increases under acidic conditions 
(Kiowles 1982). 

The effect of oxygen concentration on the 
N20 : N2 ratio in coastal marine sediments 
was shown clearly in a study by Jorgensen 



DenitriJication 715 

Table 6. Nitrous oxide fluxes from sediments in rivers, streams, and coastal marine systems. Units: pmol 
N,O-N m-2 h-l. 

Location N20 flux N,0/N2 x 100 Reference 

Rivers 
Potomac 

Gunston Cove 
Indian Head 

Lakes 
Ernest 
Lacawac 

Coastal marine 
Tama estuary 
Odawa Bay 
Limfjordcn 

Narragansett Bay 
Mid-, lower bay 
Upper bay 

1.9 
co.1 

-0.4-4 

0.03-0.36 0.1-0.3 
0.06-l 84 0.1-6 

MERL mesocosm 0.56-5 1 
Ochlockonee Bay (March 1985) 0.02-0.05 
Delaware Bay (July 1985) O-2.6 

1.1 
10.0 

0.7 
0.07 

0.5 Seitzinger 1987a 
4.3 Seitzinger 1987~ 

1.2 
0.14 

0.32 
co.31 

Seitzinger et al. 1984 

0.2-5.8 Seitzinger and Nixon 1985 
0.02-o. 12 Seitzinger 1987b 

o-1.2 Seitzinger unpubl. data 

Seitzinger unpubl. data 

Nishio et al. 1983 

Jensen et al. 1984 

et al. (1984). Using suspensions of Danish 
coastal sediments, they found that N20 pro- 
duction by denitrifying bacteria decreased 
with decreasing oxygen concentrations, al- 
though the total rate of denitrification in- 
creased. The percentage of N20 produced 
dropped rapidly from about 25% at 1 kPa 
O2 (-0.987 x 10 -2 atm) to about 5% at 0.1 
kPa. Measured ratios of N20 : N2 from ma- 
rine and freshwater sediments are usually 
<5%, which suggests that denitrification is 
occurring at oxygen concentrations < 0.1 
kPa. 

Eutrophication of aquatic systems may 
result in increased N20 production rates, as 
demonstrated in Narragansett Bay. Benthic 
N,O fluxes were 1.48 pmol N rnh2 h-l from 
the eutrophic upper bay sediments and 0.24 
and 0.078 from the relatively unpolluted 
midbay and lower bay sediments during 
summer (Seitzinger et al. 1983). Similarly, 
in a eutrophication experiment using the 
MERL mesocosms, benthic N,O fluxes in- 
creased dramatically as a function of the 
rate of nutrient input to the mesocosms 
(Seitzinger and Nixon 1985). N, production 
and sediment nitrification rates also in- 
creased, although by a smaller percentage, 
as a function of the nutrient input rate. The 
higher production rates in the more eutro- 
phic sediments may be related to the lower 

O2 concentrations in those sediments (Jor- 
gensen et al. 1984). It may also be related 
to inhibition by H2S of N,O reduction to 
N2 during denitrification (Sorensen et al. 
1980). 

DenitriJication and benthic 
mineralization of organic matter 

A major part of the primary production 
in shallow aquatic ecosystems is mineral- 
ized in the sediments (Hargrave 1973). The 
subsequent release of N and P from the sed- 
iments is an important source of recycled 
nutrients for algal production (Nixon 198 1; 
Boynton and Kemp 1985). During the pas- 
sage of organic matter through the sedi- 
ments, a large portion of the mineralized 
nitrogen is lost from the ecosystem via de- 
nitrification. This conclusion is based on the 
percentage of the N flux from aquatic sed- 
iments that is N2 compared to ammonia or 
nitrite and nitrate. In the two rivers where 
data are available on benthic ammonia and 
nitrate fluxes and denitrification rates, am- 
monia and nitrate fluxes were small or zero 
while denitrification rates were substantial 
and accounted for 76-l 00% of the sedi- 
ment-water nitrogen flux (Table 4). Am- 
monia and nitrate fluxes were also small in 
the four lakes examined. In these lakes, as 
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in the two rivers discussed above, 74-100% 
of the sediment-water nitrogen flux was N2. 
The data for Lake Michigan are the most 
extensive as measurements were made over 
an annual cycle at two locations (Gardner 
et al. 1987). Denitrification in coastal ma- 
rine sediments generally accounts for a 
smaller percentage (between 15 and 60%) 
of the benthic nitrogen flux compared to 
lakes and rivers (Table 4), although it can 
account for 70% more of the benthic nitro- 
gen flux in some coastal marine sediments. 
The reason for the apparently higher effi- 
ciency of removal of mineralized nitrogen 
via denitrification in freshwater sediments 
is not known. It may reflect a higher effi- 
ciency of nitrification of ammonia produced 
in freshwater sediments compared to ma- 
rine sediments. Further studies are required 
to determine if this pattern holds for lakes 
and rivers in general. 

If the pattern observed for lakes Michi- 
gan, Lacawac, and Ernest and the Potomac 
and Delaware rivers holds generally for 
freshwater sediments, then little of the ni- 
trogen that is mineralized in freshwater sed- 
iments underlying aerobic bottom water is 
returned to the water column as ammonia 
or nitrate. In an oligotrophic or mesotrophic 
lake in which the inorganic nitrogen con- 
centrations in the water are low, the loss of 
nitrogen via denitrification in the sediments 
may be a important factor limiting the 
amount of N available for algal production. 
In coastal marine systems, denitrification 
also removes a major portion of the N cycled 
through the sediments. The fact that phy- 
toplankton in many estuaries appear to be 
nitrogen-limited may, in part, be due to the 
loss of nitrogen relative to phosphorus as 
nutrients are cycled through the sediments 
(Nixon 198 1). 

As the above data demonstrate, denitri- 
fication removes a large percentage of the 
organic nitrogen that is mineralized in 
aquatic sediments. The amount of organic 
carbon oxidized during denitrification can 
be estimated by assuming a stoichiometry 
of 106 g-atoms of organic carbon oxidized 
per 84.8 moles of nitrate reduced (Richards 
1965), i.e. a denitrification rate of 50 pmol 
N m-2 h-l would indicate 62.5 pg-atoms C 
nl-2 h- * oxidized. However, few studies 

have measured denitrification rates concur- 
rently with rates of aerobic and other an- 
aerobic oxidation processes, which makes 
it difficult to evaluate the relative quanti- 
tative importance of denitrification as a 
pathway of organic carbon oxidation. In 
Kysing Fjord sediments, denitrification ac- 
counted for 22 and 1% of the organic carbon 
oxidation in winter and summer, respec- 
tively, with oxygen accounting for 68 and 
96% and sulfate 10 and 4% (winter and sum- 
mer) (Sorensen et al. 1979). Measurements 
of oxygen, nitrate, and sulfate reduction 
along a salinity gradient indicated that de- 
nitrification decreased in importance as a 
pathway of organic carbon oxidation at in- 
cre.asing salinities (Jarrgensen and Ssrensen 
1985). In the brackish region, denitrifica- 
tion accounted for 36% of electron flow, 
while in the more saline region only 8% of 
the electron flow was attributed to denitri- 
fica.tion. 

DenitriJication rates vs. nitrogen 
jxation rates in aquatic ecosystems 

Gaseous exchanges of N2 can bc impor- 
tant sources and sinks of fixed nitrogen in 
aquatic ecosystems. The two microbial pro- 
cesses, denitrification and N2 fixation, are 
essentially opposite processes; denitrifica- 
tion removes fixed nitrogen mainly as N2, 
and. N2 fixation is a source of fixed nitrogen. 
The loss of nitrogen via denitrification ex- 
ceeds the inputs of nitrogen via N2 fixation 
in aLlmost all rivers, lakes, and coastal ma- 
rine ecosystems that have been examined 
(Fig. 1). 

B’iological N,-fixation rates in oligotro- 
phic and .mesotrophic lakes are low and 
rarely account for > 1% of either the exter- 
nal inputs of nitrogen to lakes or the nitro- 
gen requirements of the primary producers 
(Howarth et al. 1988). However, rates in 
eutrophic lakes are often high. N2 fixation 
in eutrophic lakes is often considered to be 
an important source of nitrogen (Schindler 
1977), but the loss of nitrogen from deni- 
trification in many eutrophic lakes (e.g. 
Wingra, Mendota, and ELA Lake 227 in 
1974) exceeds the N,-fixation inputs by a 
factor of 2 or more (Fig. 1). An exception 
to this is ELA 227 during 1975 when in- 
creased N, fixation is attributed to the low 
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N, FIXATION and DENITRIFICATION RATES 

80 1 8 

cl jjijiii N, FIXATION Fsl DEN ITRIFICATION 

Fig, 1. N, fixation and denitrification rates reported for lakes and estuaries. Annually integrated rates for 
lakes Okecchobec (Messer and Brezonik 1983), Mendota (Brezonik and Lee 1968; Kccney et al. 197 l), Wingra 
(Likens and Loucks 1978), and Narragansett Bay (Seitzingcr et al. 1984), Ochlockonee Bay (Seitzinger 1987b), 
and the Baltic Sea (Shaffcr and Ronner 1984; Larsson et al. 1985). Annual rates of denitrification for the 
southeastern portion of Lake Michigan (Gardner et al. 1987), N, fixation rates taken from the calculation by 
Howarth et al. (1988) of the data of Mague and Burr-is (1973). ELA 227 data for summer only (Chan and 
Campbell 1980; Flett et al. 1980). 

N : P ratio of the nutrient loading to the ar- 
tificially eutrophicd lake in 1975 (- 3 : 1 by 
atoms) compared to 1974 (-6 : 1) (Flett et 
al. 1980). Although in 1975 the average rate 
of denitrification (- 15 mg N m-2 d-l in 
summer) (Chan and Campbell 1980) ex- 
ceeded the average N,-fixation rate (4.3 mg 
N m-2 d-l in summer), the total input from 
N, fixation exceeded the loss from denitri- 
fication because the areal extent of N2 fix- 
ation was greater than that of denitrification 
which was confined primarily to epilimnetic 
sediments. 

The data in Table 7 show that the re- 
moval of nitrogen via denitrification con- 

sistently exceeds the input of nitrogen from 
biological N2 fixation. However, the data 
are incomplete, especially in lakes where one 
or more of the following deficiencies occur 
in all of the studies: denitrification or nitro- 
gen fixation was only measured in one lo- 
cation or at only one time of year; nitrogen 
fixation and denitrification rates were not 
measured during the same year; nitrogen 
fixation by benthic algae was not measured; 
denitrification was either measured by tcch- 
niques that tend to underestimate or over- 
estimate total denitrification rate, or was es- 
timated by mass balance methods. 

More complete studies are needed, but 
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Table 7. The importance of denitrification as a sink for external nitrogen inputs to various aquatic systems. 
Only systems in which denitrification rates were measured at near-ambient conditions are included. N input, 
units: pmol N m-2 h-‘. 

Location N input 
N input removed by 

denitrification (%) Notes* Time interval 

Lakes 
ELA 227t 
Kvind s0-t 
Bryrup Langsrat 
Arms0 
Okccchobee 
Mendota? 

Rivers 
Potomac 
Delaware 

Estuaries 
Tejo estuary 
Delaware Bay 
Ochlockonee Bay 
Narragansett Bay 
Baltic Sea 
Baltic Sea 
Four League Bay* 

3,200 
1,327 

690 
81 
46 
45 

632 
1,452 

516 
213 
174 
112 
25 
25 

1.4 1 Annual 
7 2 Annual 

125 2 Annual 
14 3 Annual 
9-23 4 Annual 

36 5 Annual 

.35 6 Fall 
:20 7 Summer 

45 8 Fall 
46 9 J ul-Sep 
43 10 Annual 
50 11 Annual 
40 12 Annual 
55 13 Annual 
20 14 Annual 

- 
* I. Chan and Campbell 1980; N input calculated based on authors’ statement rhat denitrilication rate of 15 mg N mm2 h-l equals 1.4% of total 

fcrtilizcr Nor- added to lake (300 kg N). 2. Andersen 1971, 1977; annual denitrification calculated by authors based on rate of uptake of nitrate 
by sediment cores from overlying water as a function of nitrate concentration in the water, and the nitrate concentration in the lake during the 
year. 3. Madsen 1979. 4. Messer and Brezonik 1983; range of annual denitrification rates reported by authors based on acetylene blockage assays 
ustng sediment slurries and intact cores. 5. Brezonik and Lee 1968; Kceney et al. 1971. 

6. Seitzingcr 1987~; estimated N input rate in fall from 1980-1983 data of 77,715 Ibs N d-r (Thomann et al. 1985) and area of tidal freshwater 
portion of river including embaymcnts 166 million sq. m (Fitzpatrick pers. comm.). 7. Seitzinger in press; denitrification measured in August 1984 
at six locations in the tidal portion of river between Trenton and Marcus Hook. DIN inputs of 83,901 kg N d * estimated from NH.,+ and NO, 
allocations in 198 1 for municipal, industrial, and tributary sources to Delaware River between Trenton and Chesapeake-Delaware Canal (Delaware 
River Basin Commission unpubl. data) and area of river estimated by planimclty. 

8. Seitzinger unpubl. data; denitrification measured in November 1983 at eight locations in the bay; N input calculated from unpublished data 
of Portuguese National Commission for the environment. 9. Seitzingcr unpubl. data; denitrification rates measured in September 1984 and July 
1985 at eight locations in bay, average rate for bay calculated by applying rate for each location over appropriate areas of the bay. N inputs from 
Delaware River Basin Commission (unpubl. data). 10. Seitzingcr 19876; denitrification rates measured at five locations throughout the bay over 
an annual cycle in 1984-1985; N inputs for same time period calculated from N Iconcentrations in Ochlockoncc River and river flow, and estimated 
direct orccinitation N inputs. 11. Seitzingcr et al. 1984. 12. Shaffer and Ronner 1984; Larsson et al. 1985. 13. Ronner 1985. 14. Smith et al. 1985. 

j’ Minimum denitrification (see text). 
$ Only nitrate inputs to estuary measured. 

the available data indicate that the losses of amount of N removed by denitrification 
nitrogen from denitrification often exceed during the fall was equivalent to -35% of 
the inputs of nitrogen from nitrogen fixation the N inputs to that portion of the river 
in lakes. The net exchange of gaseous nitro- (Table 7). Denitrification measured in the 
gen must be considered when calculating the tidal, primarily freshwater portion of the 
effect of nitrogen fixation on increasing the Delaware River removed only 20% of the 
N : P ratio of external nutrient input to lakes. estimated N inputs in summer. 

Denitri&ation as a sink for nitrogen 
inputs to aquatic ecosystems 

The importance of denitrification as a sink 
for nitrogen input can be evaluated only for 
the small number of aquatic ecosystems 
where both have been measured. 

Measured denitrification rates and nitro- 
gen input data for only two rivers were found 
(the Delaware and Potomac). Both receive 
large amounts of sewage. In the tidal fresh- 
water portion of the Potomac River, the 

Ejoth denitrification measurements and 
nitrogen input data were examined for six 
lakes (Table 7). Denitrification removed an 
amount of N equivalent to between 1.4 and 
36% of the nitrogen inputs in those lakes. 
The importance of denitrification may be 
underestimated in five of these lakes be- 
cause measurements did not include deni- 
trification of nitrate produced in the sedi- 
ments. Denitrification rates have been 
inferred by the whole lake mass balance 
approach for a number of lakes (Table 3). 
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Again the range is variable: denitrification 
is estimated to remove an amount of nitro- 
gen equivalent to between 0 and 62% of the 
external nitrogen inputs. The percentage re- 
moved does not appear to be related to either 
the rate of nitrogen loading or the extent of 
anoxic bottom water in the lakes. Thorough 
studies of denitrification and N inputs over 
annual cycles in lakes are needed to properly 
assess the magnitude of denitrification as a 
sink for nitrogen inputs to lakes. 

Denitrification removes an amount of N 
equivalent to between 40 and 50% of the 
inorganic nitrogen inputs in all but one of 
the six estuaries for which data are available 
(Table 7; Fig. 2). The fairly narrow range in 
the efficiency of removal by denitrification 
is somewhat surprising considering that 
these estuaries cover a range of nitrogen in- 
put rates, nitrate concentrations in the water 
column (Delaware Bay > 100 PM in upper 
bay, Ochlockonee Bay < 10 PM), and ex- 
tent of intertidal area (40% of the Tejo es- 
tuary is intertidal), among other factors. In 
Delaware Bay and the Tejo estuary, only 
summer and/or fall denitrification rates are 
available, and the removal may be some- 
what different on an annual basis. The 
nitrogen input to Four League Bay only 
includes nitrate. More complete measure- 
ments are required to properly evaluate the 
importance of denitrification as a sink for 
N in that estuary. 

Although the limited number of lakes, 
rivers, streams, and estuaries in which both 
denitrification and nitrogen input data are 
available makes any generalization uncer- 
tain, denitrification appears to be important 
in removing nitrogen inputs in all these sys- 
tems. 

Denitrification not only decreases the 
amount of fixed N within a system, but it 
can also decrease the amount of nitrogen 
transported downstream. In the case of 
lakes, it may decrease the amount of nitro- 
gen flowing out into streams or seeping into 
groundwaters. Denitrification in rivers can 
decrease the amount of N transported to 
estuaries. In rivers receiving substantial 
amounts of anthropogenic nutrient input, 
the removal of nitrogen in the river via de- 
nitrification may therefore decrease the de- 
gree of eutrophication of coastal marine 
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Fig. 2. Denitrification rates vs. external N 
rates in estuaries. Data explained in Table 7. 

inputs 

waters. Denitrification in estuaries is an im- 
portant sink for nitrogen in the global ma- 
rine nitrogen budget. Denitrification de- 
creases by about 40% the amount of 
continentally derived, riverborne nitrogen 
transported to the oceans. During glacial pe- 
riods, when the areal extent of estuaries de- 
creases compared to interglacial times, the 
percentage of riverborne nitrogen trans- 
ported to the oceans may increase. 

Efect of denitrijkation on N: P ratios 
Denitrification can decrease the N : P ra- 

tio in an ecosystem since during dcnitrifi- 
cation, nitrogen, but not phosphorus, is re- 
moved. For example, in the Baltic Sea the 
N : P ratio of the predominantly anthropo- 
genic, land-based inputs is 33 : 1 (atoms), 
and the N : P ratio in the surface waters is 
only about 7 : 1. The low N : P ratio in the 
surface waters is attributed to denitrifica- 
tion in the water and sediments below the 
halocline which leads to a very low N : P 
ratio (2 : 1) of nutrients returned to the sur- 
face waters (Shaffer and Riinner 1984). In 
Narragansett Bay, the amount of nitrogen 
removed annually by denitrification is suf- 
ficient to decrease the N : P ratio of inor- 
ganic nutrient inputs to the bay from 10 : 1 
to 7 : 1 (Nixon and Pilson 1984). In Och- 
lockonee Bay, the N : P ratio of inorganic 
nutrients entering the bay is - 14 : 1 (Kaul 
and Froelich 1984; Seitzinger 1987b). The 
amount of nitrogen removed by denitrifi- 
cation is sufficient to decrease the N : P ratio 
to 8 : 1 (Scitzinger 19873). In addition to 
denitrification, the relative amounts of N 
and P buried and the N2 fixation inputs must 
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Table 8. N and P inputs to various lakes and the percent removal of the inputs due to denitrification (DNF), 
N burial, and P burial. In all lakes, denitrification rates were estimated by authors from mass balance calculations. 
A negative number indicates a net release from the sediments. 
= 

N input P input Input (o/o) removed by 
-- 
DNF t 

Location (kgyr ‘) DNF N burial burial P burial Reference 
- 

177,300 10,780 37 25 62 49 Ahlgren 1967 Norrviken 

Bryrup Langs0 
1972 
1973 

Kvind s0 
1972 
1973 

Ku1 s0 

1972 
1973 

Salten Langs0 
1972 
1973 

Halle SP) 

1972 
1973 

Stigsholm s0 
1972 
1973 

Lake Gardsjon 

Kinncrct 
1968-1969 
1969-1970 

Mirror Lake 
Lake Wingra 

32,100 1,490 47 
30,600 1,170 50 

52 Andersen 197 1 
42 Andersen 197 1 

24,500 2,320 17 
20,900 1,590 22 

34 Andersen 19 7 1 
-42 Andersen 197 1 

18,800 1,540 18 
18,200 2,240 22 

8 56 
5 55 

16 33 
0 22 

0 18 
5 27 

-9 Andersen 19 7 1 
Andersen 19 7 1 

80,600 11,950 0 20 20 53 Andersen 19 7 1 
72,700 9,700 10 19 29 57 Andersen 19 7 1 

27,600 840 54 
27,300 700 51 

21,700 1,210 
22,100 1,880 

784 8 

22 
26 

0 54 
<l 51 

0 22 
0 26 

42 

-11 Andersen 19 7 1 
6 Andersen 197 1 

-16 Andersen 197 1 
-11 Anderscn 197 1 

30 Broberg and Persson 1984 

5,047,ooo 29 1,000 62 8 70 86 Serruya 1975 
1524,000 100,800 58 10 68 89 Serruya 19 7 5 

227 22 3 27 30 76 Likens and Loucks I978 
3 1,357 1,277 26 55 81 94 Likens and Loucks 1978 

also be taken into consideration when cal- 
culating the expected total N : P ratio in the 
water column. In general, N and P burial 
data are lacking for coastal systems. 

In a number of lakes, N and P inputs, 
denitrification, and N and P burial have been 
estimated (Table 8) and allow insight into 
the relative importance of these processes 
in controlling N : P ratios. In most of those 
lakes, denitrification is a greater sink for N 
than is burial in the sediments. The per- 
centage of the N inputs removed by deni- 
trification plus burial, and the percentage of 
the P inputs removed by burial is similar 
in over half of the lakes. This suggests that, 
while substantial amounts of nitrogen are 
denitrified in those lakes, there is no differ- 
ential loss of nitrogen relative to phos- 
phorus when burial is also considered. 

Conclusions and recommendations 
Few major differences between denitrifi- 

cation in freshwater and marine ecosystems 
are iapparent based on available data. The 
range of denitrification rates reported for 
freshwater and coastal marine ecosystems 
is similar, although most of the lake deni- 
trification rates fall in the low end of the 
range for river and coastal marine areas. 
Nitrification in the sediments is the major 
source of nitrate for denitrification in most 
aquatic sediments studied. A large percent- 
age of the organic nitrogen mineralized in 
rivers, lakes, and coastal marine sediments 
is denitrified; data available for freshwater 
sediments indicate that 75-100% of the 
benthic N efflux is N2, while in coastal ma- 
rine sediments generally 20-75% of the ben- 
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thic N efflux is NZ. In estuaries, denitrifi- 
cation rates generally increase as a linear 
function of the inorganic nitrogen loading 
rates with denitrification removing an 
amount of nitrogen equivalent to 40-50% 
of the DIN inputs. The relationship between 
denitrification rates and nitrogen loading 
rates in streams, rivers, and lakes is not as 
consistent. The loss of fixed nitrogen via 
denitrification exceeds the input of fixed ni- 
trogen via NZ fixation in all the rivers and 
estuaries, and in all but one lake, where 
measurements of both processes have been 
made. 

A considerable amount of information is 
available on denitrification in coastal ma- 
rine systems, with considerably less infor- 
mation in lakes and streams or rivers. As 
pointed out throughout this review, there 
are many areas that warrant further inves- 
tigation. A few are listed below. 

1. In all systems, investigations of the 
factors controlling denitrification rates are 
required using ecologically meaningful ap- 
proaches with single and multiple factor in- 
teractions. Factors such as microscale 
patchiness in sediments of nitrate and oxy- 
gen, the effects of bioturbation, and the ef- 
fect of oxygen concentration in the water 
column on denitrification rates in the sed- 
iments are suggested. 

2. How do rates of denitrification change 
relative to other nitrogen processes (i.e. N 
input rates, benthic mineralization rates, ni- 
trification rates) from the headwaters to the 
mouth of streams and rivers? 

3. How important is denitrification in re- 
moving nitrate inputs from groundwater 
sources (studies needed in all aquatic sys- 
tems)? 

4. What is the relative magnitude of N2 
fixation and denitrification in lakes? When 
coupled with phosphorus burial rates, what 
is the resultant effect on N : P ratios and the 
algal species composition? 

5. Does denitrification remove a larger 
percentage of the organic nitrogen mincr- 
alized in freshwater sediments than in ma- 
rine sediments? What factors control the 
relative amount of mineralized nitrogen that 
is denitrified in freshwater and in marine 
sediments? 

6. How does the total amount of N re- 
moved by denitrification in a system change 
when low oxygen concentrations in the bot- 
tom waters are alleviated? What are the 
management implications? 

7. Continued refinements of techniques 
to measure denitrification are needed. In- 
tercalibration of techniques is also recom- 
mended. 
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S1901 INCOME IN THE PAST 12 MONTHS (IN 2013 INFLATION-ADJUSTED DOLLARS)

2009-2013 American Community Survey 5-Year Estimates

Supporting documentation on code lists, subject definitions, data accuracy, and statistical testing can be found on the American Community Survey
website in the Data and Documentation section.

Sample size and data quality measures (including coverage rates, allocation rates, and response rates) can be found on the American Community
Survey website in the Methodology section.

Although the American Community Survey (ACS) produces population, demographic and housing unit estimates, it is the Census Bureau's Population
Estimates Program that produces and disseminates the official estimates of the population for the nation, states, counties, cities and towns and
estimates of housing units for states and counties.

Subject Marion town, Plymouth County, Massachusetts

Households Families Married-couple
families

Estimate Margin of Error Estimate Margin of Error Estimate
Total 1,911 +/-130 1,386 +/-104 1,201
Less than $10,000 2.8% +/-2.3 1.6% +/-1.4 0.6%
$10,000 to $14,999 4.5% +/-2.4 0.9% +/-1.3 0.0%
$15,000 to $24,999 8.4% +/-4.3 6.0% +/-4.9 4.5%
$25,000 to $34,999 4.2% +/-2.8 1.6% +/-1.6 1.5%
$35,000 to $49,999 6.9% +/-3.2 7.9% +/-4.2 4.6%
$50,000 to $74,999 17.2% +/-5.8 17.0% +/-7.5 18.3%
$75,000 to $99,999 17.6% +/-5.4 18.0% +/-6.5 18.7%
$100,000 to $149,999 18.7% +/-5.6 22.7% +/-6.9 25.1%
$150,000 to $199,999 4.3% +/-2.2 6.0% +/-3.1 6.9%
$200,000 or more 15.3% +/-5.2 18.4% +/-6.6 19.8%

Median income (dollars) 80,456 +/-7,949 92,258 +/-21,486 107,898

Mean income (dollars) 112,586 +/-15,115 127,702 +/-17,263 N

PERCENT IMPUTED

  Household income in the past 12 months 34.9% (X) (X) (X) (X)
  Family income in the past 12 months (X) (X) 38.5% (X) (X)
  Nonfamily income in the past 12 months (X) (X) (X) (X) (X)
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Subject Marion town, Plymouth County, Massachusetts
Married-couple

families
Nonfamily households

Margin of Error Estimate Margin of Error
Total +/-108 525 +/-152
Less than $10,000 +/-1.0 6.1% +/-7.6
$10,000 to $14,999 +/-2.9 14.1% +/-8.1
$15,000 to $24,999 +/-4.5 14.7% +/-8.3
$25,000 to $34,999 +/-1.7 11.0% +/-9.2
$35,000 to $49,999 +/-3.4 4.2% +/-4.6
$50,000 to $74,999 +/-8.6 20.8% +/-12.6
$75,000 to $99,999 +/-7.4 16.8% +/-13.6
$100,000 to $149,999 +/-7.3 5.1% +/-6.0
$150,000 to $199,999 +/-3.6 0.0% +/-6.4
$200,000 or more +/-7.3 7.2% +/-6.4

Median income (dollars) +/-24,388 44,911 +/-27,223

Mean income (dollars) N 70,966 +/-25,824

PERCENT IMPUTED

  Household income in the past 12 months (X) (X) (X)
  Family income in the past 12 months (X) (X) (X)
  Nonfamily income in the past 12 months (X) 25.5% (X)

Data are based on a sample and are subject to sampling variability. The degree of uncertainty for an estimate arising from sampling variability is
represented through the use of a margin of error. The value shown here is the 90 percent margin of error. The margin of error can be interpreted
roughly as providing a 90 percent probability that the interval defined by the estimate minus the margin of error and the estimate plus the margin of
error (the lower and upper confidence bounds) contains the true value. In addition to sampling variability, the ACS estimates are subject to
nonsampling error (for a discussion of nonsampling variability, see Accuracy of the Data). The effect of nonsampling error is not represented in these
tables.

While the 2009-2013 American Community Survey (ACS) data generally reflect the February 2013 Office of Management and Budget (OMB)
definitions of metropolitan and micropolitan statistical areas; in certain instances the names, codes, and boundaries of the principal cities shown in
ACS tables may differ from the OMB definitions due to differences in the effective dates of the geographic entities.

Estimates of urban and rural population, housing units, and characteristics reflect boundaries of urban areas defined based on Census 2010 data. As
a result, data for urban and rural areas from the ACS do not necessarily reflect the results of ongoing urbanization.

Source: U.S. Census Bureau, 2009-2013 5-Year American Community Survey

Explanation of Symbols:

    1.  An '**' entry in the margin of error column indicates that either no sample observations or too few sample observations were available to
compute a standard error and thus the margin of error. A statistical test is not appropriate.
    2.  An '-' entry in the estimate column indicates that either no sample observations or too few sample observations were available to compute an
estimate, or a ratio of medians cannot be calculated because one or both of the median estimates falls in the lowest interval or upper interval of an
open-ended distribution.
    3.  An '-' following a median estimate means the median falls in the lowest interval of an open-ended distribution.
    4.  An '+' following a median estimate means the median falls in the upper interval of an open-ended distribution.
    5.  An '***' entry in the margin of error column indicates that the median falls in the lowest interval or upper interval of an open-ended distribution. A
statistical test is not appropriate.
    6.  An '*****' entry in the margin of error column indicates that the estimate is controlled. A statistical test for sampling variability is not appropriate.
    7.  An 'N' entry in the estimate and margin of error columns indicates that data for this geographic area cannot be displayed because the number of
sample cases is too small.
    8.  An '(X)' means that the estimate is not applicable or not available.
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