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Presentation Overview

Highlights from the draft ISA organized by CASAC charge questions

Descriptions of sources, transformations, and ecological exposures
NOX, SOX, and NHX atmospheric chemistry and physics
Characterization of ambient concentrations
Characterization of deposition totals and methods for computing them

Characterizations of ecological effects
Acidification

• Occurs in response to atmospheric deposition of NOX and SOX

Nitrogen enrichment
• Occurs in response to atmospheric deposition NOX, NHX and other forms of 

reactive nitrogen (Nr) 
Other welfare effects

• Stimulation of Hg methylation by atmospheric deposition of SO4
2–

• Direct phytotoxic effects of gas-phase NOX and SOX
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Charge Questions 1-3: Atmospheric Science and Exposure

1. To what extent is the evidence on atmospheric chemistry and physics, air 
quality, and deposition and exposure sufficiently and correctly described, 
clearly communicated, and relevant to the review of the secondary NAAQS 
for NOX and SOX?

2. How well characterized are the relevant properties of the ambient air 
concentrations and deposition of NOX and SOX, including policy-relevant 
background (PRB) concentrations, spatial and temporal patterns, and the 
relationships between ambient air concentrations and ecological 
exposures?

3. How sufficient is the information on atmospheric sciences and exposures 
for the purposes of evaluating and interpreting the ecological effects 
presented in Chapter 4 of the draft ISA?
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NOX and NHX Emissions

NOX emissions (chiefly NO+NO2) are split roughly evenly between all point and 
area stationary sources together, and all mobile sources

2002 total U.S. emissions ≈ 23.2 Tg

Biogenic additions of NOX from biomass burning, soil off-gassing, and lightning 
are substantially smaller fractions of the budget

NO and N2O from soils as intermediate products of denitrification either 
naturally or after N fertilizers added
NOX from managed agriculture and forests ≈ 0.01 Tg in 2002
N2O was ~6.5% of total U.S. greenhouse gas emissions on a Tg CO2

equivalent basis in 2005, with >75% emitted from agricultural soils

NH3 emissions chiefly from livestock and soils after N fertilization
2002 NH3 emissions from all U.S. sources ≈ 4 Tg, with >85% from 
agricultural and sylvicultural sectors
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Ambient and Background NOX

In the U.S. for the years 2003–2005

24 h average ambient NO2 mixing ratios in cities, where most NOX is 
produced

<20 parts per billion (ppb) with a 99th percentile value <50 ppb

Annual-average NO2 mixing ratios at nearly all urban, rural, and remote 
monitored sites

<5 ppb

Annual-average policy-relevant background NO2 mixing ratios are 
computed to be: 

<300 parts per trillion (ppt) over most of the continental U.S.
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Annual Mean SO2 Concentration
1989 – 2001                        2003 – 2005

The national composite annual mean ambient SO2 concentrations 
have decreased by 48% from 1990 to 2005

Ambient and Background SO2

2005 mean ambient SO2 mixing ratio: ~4 ppb
Background (excepting Pacific Northwest): ~10 to 30 ppt
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Annual-average Deposition, 2004–2006

Thin coverage of monitoring sites leaves us blind in many areas, especially in the west

Some special study measurements and numerical modeling experiments suggest that 
hotspots can be missed by routine monitors

Measured N deposition is >20 kg ha-1 y-1 in some regions of the NY Adirondacks 

Model estimates as high as 32 kg ha-1 y-1 for a region of southern CA with more 
than half predicted to come from NOX

Total S Inorganic N
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4. How well are the major effects of NOX and SOX on ecological 
acidification identified and characterized? To what extent do the 
discussions and integration of evidence across scales (e.g., species, 
communities, ecosystems, and regions) correctly represent and 
clearly communicate the state of the science?

5. How well has the ISA characterized the relationship between 
acidifying deposition levels of NOX and SOX and environmental 
effects?

6. How well characterized is the relative importance of the oxidized and 
the reduced forms of nitrogen on ecosystem acidification?

Charge Questions 4-6: Ecosystem Acidification
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SOX deposition is the main cause of chronic surface water acidification 
• The good news: 1/4 to 1/3 of lakes and streams chronically acidic in 

the 1980s were no longer chronically acidic in the year 2000; largely 
attributed to decreases in sulfur deposition

• The bad news: Accumulation in soil due to historic loading in 
addition to current loading inhibits the recovery of some regions

NOX deposition is an important cause of episodic acidification
• The Episodic Research Program demonstrated that episodic 

acidification has long-term adverse effects on biota, especially fish 
populations

Acidification
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Acidification

Distribution of red spruce (rose) and sugar maple 
(green) in the eastern United States

Number of fish species per lake versus acidity status, 
expressed as ANC, for Adirondack lakesDarker colors indicate greater acid sensitivity

Toxic effects on terrestrial ecosystems include:
Al+ toxicity and lower cold tolerance that lead to 
decreased growth and mortality of tree species

• Red spruce and sugar maple, especially at      
high elevation

Toxic effects on aquatic ecosystems include:
Mortality across trophic levels including  
phytoplankton, zooplankton, macroinvertebrates, 
and fish; few studies on higher trophic levels
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CHEMICAL INDICATORS OF EFFECTS ON AQUATIC ECOSYSTEMS
Chemical Indicator Potential Threshold References

• Surface water pH 5.0-6.0 Baker et al., 1990
• Surface water ANC 0-50 µeq/L Bulger et al., 1999
• Inorganic Al 2-4 µmol/L Wigington Jr. et al., 1996 

Driscoll et al., 2001; 
Baldigo et al., 2007

Chemical Indicators of Acidic Deposition

CHEMICAL INDICATORS OF EFFECTS ON TERRESTRIAL ECOSYSTEMS
Chemical Indicator Potential Threshold References

• Soil base saturation 10-20% Lawrence et al., 2006;
Driscoll et al., 2001;
Cronan et al., 1990

• Soil solution Ca:Al ratio 1.0 Cronan and Grigal, 1995
• Soil C:N ratio 20-25 Aber et al., 2003
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BIOLOGICAL INDICATORS OF EFFECTS ON AQUATIC ECOSYSTEMS
Indicator Measures References

• Fishes, zooplankton Condition factor Baker et al., 1990b
crustaceans, rotifers Presence/absence Sullivan et al., 2006b

Diversity metrics
Tolerance values

BIOLOGICAL INDICATORS OF EFFECTS ON TERRESTRIAL ECOSYSTEMS 
Indicator Species Example of Health Indices References

• Red spruce Percent dieback of canopy trees Shortle et al., 1997;
DeHayes et al., 1999

• Sugar maple Basal area dead sugar maple (as %) Bailey et al., 1999;
Crown vigor index Drohan and DeWalle, 2002
Fine twig dieback  

Biological Indicators of Acidic Deposition
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Regional Sensitivity to Acidification and 
Selected Impaired Ecosystems under 

Current Deposition Levels

Adirondacks

Shenandoah
National Park
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Case Studies

Adirondacks
• Overall improvements in lakewater acid-base chemistry have been modest
• Modeling results suggested that recovery for the most acid-sensitive 

Adirondack lakes would not continue

Shenandoah
• Modeling results for the Southern Appalachian Mountains region, south of 

Virginia and West Virginia, suggested that, under current emissions levels, the 
percentages of acidic streams (ANC < 0 µeq l-1) will increase 

• Simulations suggested that re-acidification might be prevented with deposition
(Sullivan et al., 2007a)
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Charge Questions 7-9: Ecosystem Nitrogen 
Enrichment

7. How well are the major effects of NOX as it contributes to nitrogen 
enrichment of the ecosystems appropriately identified and 
characterized? To what extent do the discussions and integration
of evidence across scales (e.g., various species, communities, 
ecosystems, and regions) correctly represent and clearly 
communicate the state of the science?

8. How well characterized are the relationships between ambient 
atmospheric nitrogen concentrations, nitrogen deposition and total 
nitrogen loads, and environmental effects?

9. To what extent has the draft ISA adequately characterized the 
contribution of oxidized and reduced forms of nitrogen to 
ecological effects related to nutrient enrichment? 
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Nitrogen Enrichment

Atmospheric N deposition
NOx, NHx, Other Nr

Nr  effects on
terrestrial ecosystems

Nr effects on 
estuarine ecosystems 

Fertilizer
•Land runoff
•Soil leaching (Nr)

Waste water effluent 
(Nr)

Atmopsheric N deposition causes a cascade of ecological effects at 
multiple scales 

• At the smallest scale is the increased growth of individual species
• Not all species can take advantage of the additional N; some lose 

their competitive advantage
• N additions cause a suite of terrestrial and aquatic ecological 

problems including biodiversity losses, community shifts, 
eutrophication, and harmful algal blooms
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Chemical indicators
• Soil C:N ratio
• Soil water [NO3

-]
• Nitrate leaching
• Chlorophyll a
• Chlorophyll a: Total P
• Water [NO3

-]
• Dissolved inorganic N (DIN)

Terrestrial & Freshwater Ecosystem Indicators

Biological Indicators
• Altered community composition, 

biodiversity and /or population decline
Diatom species
Lichen species
Mycorrhizal species
Moss species
Grass and herbaceous species
Butterfly species

• Foliar/plant tissue [N], C:N, N:Mg, N:P 
• Phytoplankton biomass/production
• Terrestrial plant biomass/production
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Nitrogen Nutrient Enrichment: Terrestrial, Wetland and 
Freshwater Aquatic  

(kg N ha-1 yr-1)
~1.5 Altered diatom communities in high elevation freshwater lakes 

Elevated N in tree leaf tissue high elevation forests (Colorado; 
Baron, 2000; Baron, 2006; Saros et al., 2003)

3 to 8 Mortality of sensitive lichen species (Pacific NW; Geiser and 
Neitlich, 2007)

5 to 35 Species richness declines as a linear function of the rate of 
inorganic nitrogen deposition, with a reduction of one species 
per 4 m2 quadrant for every 2.5 kg N yr-1 deposition (U.K.; 
Stevens et al., 2004)

<6.3 to 10 Onset of nitrate leaching in many U.S. forests (Aber et al., 
2003)

<10 to 15 Altered community composition in native grasslands 
contributing to decline of native butterfly populations (California; 
Fenn et al., 2003;  Weiss, 1999)
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Nitrogen Nutrient Enrichment: Estuary Eutrophication

2007 National Estuarine 
Eutrophication Assessment
evaluated 138 U.S. estuaries:

• 84 systems had moderate to 
highly eutrophic conditions 

Contribution of atmospheric N 
deposition to total N load has 
been modeled for some 
estuaries:

• >30% for Chesapeake
• >70% for other estuaries
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Ecological Indicators of Eutrophication
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Charge Question 10

10. Several additional effects are discussed, including mercury 
methylation, direct gas-phase effects on foliage, and N2O as a 
greenhouse gas.  How well does the draft ISA characterize the 
evidence on these topics?



23

Other welfare effects

Direct phytotoxic effects
Gas-phase SO2 can cause acute foliar injury and decrease 
growth of plants.  However, research on these effects has been 
limited in the past few decades

Gas-phase NOX has potential phytotoxic effects. The 1993 NOX
AQCD concluded that concentrations of NO2 and NO in the 
atmosphere are rarely high enough for this. Very little new 
research has been done to alter this conclusion

Mercury, a neurological and reproductive toxin, enters food webs
and bioaccumulates at higher trophic levels in the methylated form 
(MeHg).  Sulfur reducing bacteria are the principal agent of Hg 
methylation, and SO4

2- deposition increases their activity, and MeHg
production

N2O is a greenhouse gas 
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Charge Questions 11-12

11. What are the views of the Panel on the appropriateness and 
comprehensiveness of the conclusions drawn in Chapter 5?

12. How adequate is the draft ISA for providing information and 
guidance to future exposure, risk and policy assessments that 
may be prepared in support of this NAAQS review?
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The emissions and atmospheric concentrations of most N 
and S compounds are better characterized than their 
deposition fields across the landscape

Networks for measuring deposition are insufficiently dense to 
characterize fully the regional heterogeneity and hotspots revealed 
in field and modeling experiments
Important components of total N deposition like NH3 are missing

Adverse ecological effects are due to the N and S deposition 
from current atmospheric concentrations of NOx and SOX, 
depending on the biological response considered

Together, N and S deposition at current levels causes acidification 
of ecosystems in many regions 

• Al+ toxicity and lower cold tolerance that lead to decreased growth and 
mortality of tree species (e.g. red spruce and sugar maple) 

• Mortality across trophic levels including  phytoplankton, zooplankton, 
macroinvertebrates, and fish; few studies on higher trophic levels

Summary Points
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Summary Points

N deposition from NOX and NHX sources at current levels 
contributes to adversity caused by excess nutrient enrichment

Atmospheric deposition of N to estuarine ecosystems may 
be 10 to >40% of the total N loadings 
Deposition levels to terrestrial and freshwater ecosystems 
that range from 2-10 kg N ha-1 yr-1 cause the onset of effects


