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The ecological impacts of atmospheric
sulfur and nitrogen deposition first gained attention in the
United States in the early 1970s with reports of “acid rain” fall-
ing to Earth, causing lakes and streams to become acidic and
resulting in conditions that were unsuitable for reproduction
and survival of fish in those waters. Many years of research in
the United States, Canada, and Europe have since confirmed
the link between acidic deposition and ecosystem health.
Today, there is a much greater understanding of the complex
interactions between sulfur and nitrogen deposition and the
natural environment.! The impacts of these pollutants are
not limited to acid rain alone, but are also related to issues
as diverse as elevated ozone concentrations in the lower
atmosphere, fish mercury levels, and the trophic status of
downstream coastal estuaries.*?

Many of the largest
emissions reductions will be in
the eastern United States.

Atmospheric deposition of sulfur and nitrogen occurs
when emissions of sulfur dioxide (SO,) and nitrogen oxides
(NO,) and the compounds resulting from their chemical
reactions in air are deposited in either a wet form (e.g., as
rain, snow, and fog) or adry form (e.g., gases and particles).
Prevailing winds can transport the compounds hundreds of
kilometers from their source regions, often across state and
national borders. Their deposition affects terrestrial, fresh-
water, and coastal ecosystems in various ways and at different
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spatial and temporal scales across the country. Documented
effects in the United States include

e acidification of lakes and streams with reductions
of species diversity and loss of aquatic biota (e.g.,
fish) (eastern United States);

e acidification of forest soils causing the depletion
of available calcium and magnesium and the re-
lease of aluminum that is toxic to plant roots and
fish (eastern United States);

e nitrogen saturation of watersheds where more
nitrogen is deposited than plants can use, causing
nitrogen to accumulate in soils, lakes, and streams
(eastern and western United States);

e modification of forest chemistry, growth, and
regeneration increasing vulnerability to threats
such as pests and disease (eastern and western
United States);
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acidification, it is total nitrogen
that contributes to ecosystem
impacts, and both ammonium
and nitrate play important roles.
Because ammonium is taken up
preferentially by microorgan-
isms, in some ecosystems it can
be an early contributor to eutro-
phication. Once in terrestrial and
aquatic ecosystems, most of the
forms of nitrogen are converted
to nitrate, which is used by plants,

1990 Area

1990 Point

2001 Area

2001 Point

1990 Area

1390 Point

2001 Area

2001 Point

and the excess is flushed into
surface waters.

Figure 1. Point and area emissions of SO, and NO, for 1990 and 2001 by region.
Notes: MW = EPA Region 5, NE = EPA Regions 1, 2, and 3, SE = EPA Region 4, Mountain West = EPA

Regions B, 7, and 8, and Far West = EPA Regions 9 and 10.
Source: www.epa.gov/air/data/geosel.html.

stimulation of species shifts in nutrient poor
communities, such as those occurring in some
high elevation lakes, alpine tundra, coastal sage
communities, serpentine grasslands, and lichen
(western United States);

alteration of species richness and diversity of soil
flora (western United States); and

contribution to the eutrophication of coastal
waters, including loss of submerged aquatic
vegetation and increased frequency of hypoxic
conditions (eastern United States).

Perhaps the most thoroughly investigated

RESPONSIBLE EMISSION
SOURCES

SO, emissions are largely from
point sources, mostly power
plants, in the Midwest and
Northeast (U.S. Environmental Protection Agency [EPA]
Regions 1, 2, 3, and 5), with the Southeast (EPA Region
4) also strongly contributing (see Figure 1). NO_ emis-
sions are from both area (mostly transportation) and
point sources, with the proportional contribution from
area sources increasing as the contribution from large
stationary sources (i.e., power plants) declines. NO_
emissions are widely distributed throughout the United
States, but the Far West (EPA Region 9) has relatively
smaller point source NO_emissions. NH, emissions are
primarily from agricultural sources.

effect is the acidification of ecosystems as a
result of inputs of strong acid anions (acid
deposition). Many studies on acidification and
its effects have been conducted in the eastern
United States, particularly in the Northeast.
Acid deposition is comprised of sulfuric acid,
nitric acid, and ammonia resulting from emis-
sions of SO,, NO_, and ammonia (NH,). NH,
is included under acid deposition because it
can be converted to oxidized nitrogen in soils,
contributing to the acidification of soil and
surface waters. Moreover, both ammonium
and nitrate have fertilization effects. Thus, it is
actually total nitrogen deposition that results in
ecosystem effects.

In the western United States, where atmos-
pheric pollutant loads (particularly sulfur
deposition) are lower than in the eastern United
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States, recent research has documented the
effects of excess nitrogen to nutrientlimited

ecosystems.* The effects of excess nitrogen
on ecosystems can begin prior to effects due
to acidification. These eutrophication effects
include changes in soil and plant chemistry, as
well as shifts in species richness and diversity
of aquatic and terrestrial ecosystems. As with
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Figure 2. Trends in national and utility-only NO, and SO, emissions, from
1985 to 2006 and projected to 2015.

Notes: There are only very small decreases projected from 2015 to 2020.
Source: EPA National Emissions Inventory for 1985-2006 trends (www.epa.gov/
ttn/chief/trends/index. html#tables); EPA for projections to 2020 (www.epa.gov/
airmarkets/progsregs/epa-ipm/index.html#results).
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ACTIONS TO REDUCE EMISSIONS
Starting with the 1990 Clean Air Act Amendments
(CAAA), several regulatory programs have been imple-
mented to control SO, and NO_ emission sources, con-
tinuing with recent rules set to begin implementation in
2009 and 2010. These emissions reduction programs will
help address both human health and ecological impacts
(Figure 2 shows past and projected emission trends).
The initial focus of large-scale emissions reduction
programs (e.g., Title IV) was to reduce acidic deposition,
primarily as a result of SO, emissions and sulfur deposi-
tion. As knowledge has increased regarding the ecological
effects of nitrogen deposition, the ecosystem protection
focus has broadened to include both sulfur and nitrogen
(see “Major Emissions Reduction Programs”).

ACTIONS TO TRACK PROGRESS AND
PROGRAM EFFECTIVENESS
A forward-looking system of monitoring was established
to track progress, assess ecosystem response to reductions
in acid deposition emissions, and inform future policy
development, including continuous emissions monitors
(CEMs) at the stack for power sector sources; deposi-
tion and air quality monitoring through the National
Atmospheric Deposition Program (NADP) and Clean
Air Status and Trends Network (CASTNET) networks;
and long-term surface water quality monitoring to assess
the response of lake and stream water chemistry through
the Temporally Integrated Monitoring of Ecosystems
(TIME) and Long-Term Monitoring (LTM) programs,
providing a means of tracking ecological response to
changes in emissions.

Fifteen-plus years of monitoring and assessment
show that the first three emissions reduction programs
listed (and other programs) have been an effective and

-
MAJOR EMISSIONS
REDUCTION PROGRAMS

¢ Title IV (Acid Rain Program), 1990
CAAA — designed to mitigate impacts of
acid deposition across the eastern United
States by controlling SO, and NGO, emissions
from power generation sources.®

¢ NO, Budget Trading Program (NBP)

— initiated in 2003 to implement the 1998
NQ, State Implementation Plan Call, the
NBP is focused on helping eastern states
attain the National Ambient Air Quality
Standards (NAAQS]) for ozone.®

¢ Mobhile Source Programs — addressing
on-road and nonroad engines, as well as
fuel content.

¢ Clean Air Interstate Rule (CAIR) — a
March 2005 regulation mandating ad-
ditional reductions in power generation
S0, and NO, emissions across the eastern
United States to help attain the ozone and

fine particulate matter (PM, .) NAAGS.

& J

efficient means of meeting the emissions reduction goals set
under the Clean Air Act. As of 2006, these programs have
achieved substantial reductions in SO, emissions and NO_
emissions from 1990 levels (see Figure 2) and monitoring
efforts show clear signs of environmental response.

Deposition Reductions
Wet deposition is fairly well characterized by monitoring at
approximately 270 NADP sites in

Sulfate lon Wet Deposition
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the United States (http://nadp.sws.
uiuc.edu). Substantial decreases in
) sulfate wet deposition have been
measured (see Figure 3). Dry depo-
sition is tracked through CAST-
+ s NET, with 87 sites in the United
ol States (www.epa.gov/castnet). Dry
sulfur deposition declined signifi-
cantly between 1990 and 2005 at 34
eastern CASTNET reference sites
(see Figure 4).

Ecosystem Response

EPA currently funds two surface
water programs as part of the Envi-
\ ronmental Monitoring and Assess-
\ ment Program: the LTM and the
1 TIME programs. Together, these

P 4 two monitoring programs (some-
times referred to as TIME/LTM)

-

Figure 3. Three-year averages of sulfate wet deposition centered on 1990 and 2002, based

on NADP/NTN wet deposition data.®

14 em december 2007

@

Copyright 2007 Air & Waste Management Association

provide important information
on changes in water chemistry in
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Figure 4. Trends in dry sulfur deposition (as S; kg/ha/yr) at 34 CASTNET eastern reference sites."®

response to the deposition of air pollutants (see Figure 5).

The TIME/LTM sites constitute

extensive network tracking changes in water chemistry to
assess whether sensitive ecosystems are recovering from

decreases in acidic deposition.

Ecological response to emissions reductions is a long-
term, incremental process that occurs in stages.' In the case

the most geographically

of acid rain, decreases in acidic deposition facilitate an initial
phase of chemical recovery. Recovery times vary widely across
ecosystems. The potential for the second phase of ecosys-
tem recovery—biological recovery—is greatly enhanced

as chemical conditions in lakes and streams improve.

Regional Trends, Lakes and Streams, since 1990

Sulfate (peq/L/yr) i

Nitrate (peq/Liyr)

ANC (ueqg/Liyr)

Hydrogen lon (peg/L/yr)

Base Cations (peq/L/yr)

0.0

Slope of Regional Trend

[ New England Lakes (n=31)
3 Adirondack Lakes ( n=49)

[ No. Appalachian Streams (n=9)
I So. Appalachian Streams (n=69)

0.5 1.0

Figure 5. Regional trends in lake- and stream-water chemistry to show degree of recovery in

the eastern United States.®
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Quantification of the biological recovery phase, however, is
monitored poorly and consequently not well understood."”

It is important to note that little
is known about tree response to
changes in acid deposition.

ECOLOGICAL RESPONSE

IN THE EAST

Rigorous monitoring and pro-
gram assessment of chemical
response indicators have dem-
onstrated program effectiveness
and provided important scien-
tific insights regarding ecological
response and recovery in some
areas in the northeastern United
States. Monitoring data from the
TIME/LTM programs show a
mix of surface water chemistry
response as a result of CAA emis-
sions reduction programs (Figure
5).% Signs of recovery in New Eng-
land lakes, Adirondack Mountain
lakes, and Northern Appalachian
streams include reductions in
sulfate and aluminum concen-
trations, as well as decreases in
acidity. In Southern Appalachian
streams, sulfur deposition has
accumulated in forest soils and
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in acidic deposi-
tion, are con-
sistent with the
trends originally
expected under 1990 CAAA programs. The Title IV Acid
Rain Program, including a cap-and-trade mechanism, has
been effective in achieving emissions reductions. Still, eco-
systems are responding slowly, with recovery more evident
in some areas than others. Thus, the emissions reduction
levels mandated under the 1990 CAAA may not have been
sufficient to allow full recovery of affected ecosystems, or
sufficient ecosystem protection in the future.

Models are key research tools for synthesizing the com-
plexity of the various processes involved in acidic deposi-
tion. Atmospheric models like the Community Multiscale
Air Quality (CMAQ) model are used to simulate transport,
chemical transformations, and deposition of air pollutants
at a regional or national scale in response to changes in
emissions. Biogeochemical models such as MAGIC and
PnET-BGC are used to evaluate ecosystem response to his-
torical changes and future scenarios of atmospheric deposi-
tion. Model calculations suggest that substantial additional
reductions in SO, and NO_emissions are needed to facilitate
additional chemical recovery, leading to additional biologi-
cal recovery. Recent studies conclude that recovery of acid-
sensitive ecosystems will require 40-80% further reductions
in utility SO, emissions beyond those anticipated with full
implementation of Title IV of the 1990 CAAA."1°

Efforts to assist states in the eastern United States in
attaining the health-based NAAQS for ozone and PM,
resulted in recent rules, including CAIR, that will achieve
further SO, and NO_emissions reductions. While not specifi-
cally designed to address ecological impacts, these emissions
reductions will contribute to significant additional ecologi-
cal recovery. As shown in Figure 2, a 50% reduction in SO,
emissions beyond the Title IV program is anticipated from
CAIR implementation in the eastern United States. How-
ever, because chemical and biological processes mediating
the sulfur and nitrogen cycles respond over decadal and
longer time spans, even these further emissions reductions
might not result in full chemical and biological recovery by
2050." For nutrient deposition, the anticipated reductions
in NO_emissions, coupled with anticipated increases in NH,
emissions, could result in total nitrogen deposition being
dominated by total ammonia deposition by 2020.

from 1885 to 2002."
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Figure 6. National, linear trends in wet concentrations of nitrate and ammonium for data at NADP/NTN sites,

ECOLOGICAL RESPONSE IN THE WEST

While ecosystems are responding to decreasing emissions
and deposition in the eastern United States, the situation
may be somewhat different in the western United States.
Although levels of atmospheric nitrogen deposition are low
in the West compared to the East, some areas downwind
of large metropolitan centers, large point sources, or large
agricultural operations have elevated nitrogen deposition
levels.* In addition, many western ecosystems are sensitive
to elevated nitrogen deposition because they evolved under
low-nitrogen conditions. Over the past 20 years, nitrate wet
deposition and concentrations have been increasing across
much of the Western United States (see Figure 6, left panel)
and ammonium deposition is increasing at an even faster rate
(see Figure 6, right panel). Emissions sources are changing as
well. For example, oil and gas production has been increas-
ing rapidly across the western United States. Emissions may
increase at a higher rate if current production leases and
coalfired power plants awaiting permits (new sources) are
developed. Finally, NH, emissions from agriculture (both
crops and livestock) may be significant contributors to nitro-
gen deposition in the West.

Various studies in western North America demon-
strate that some aquatic and terrestrial plant and micro-
bial communities may be altered significantly by nitrogen
deposition.*!! For example, recent evidence has led some
researchers to conclude that high-altitude watersheds in the
Colorado Front Range show symptoms of ecological impacts
at relatively low nitrogen deposition levels occurring cur-
rently'*"” and even as far back as the 1950 and 1960s."
Farther West, levels of nitrate in streams and groundwater
in the San Gabriel and San Bernardino Mountains have
been found to be linked strongly to nitrogen deposition.
Nitrate concentrations in streams of Devil’s Canyon in the
San Bernardino Mountains and in chaparral watersheds
with high smog exposure in the San Gabriel Mountains
are the highest in North America for forested watersheds.*
Various other studies in the western United States have
documented nitrogen-related species shifts in desert grass
species, coastal sage communities, soil biota, and lichens.*
Ecosystem changes induced by nitrogen deposition in the
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FUTURE NEEDS

Monitoring

e Emissions. Continue CEMs on utilities;
better quantify mobile source NO; improve
NH, emissions monitoring and tracking.

e Deposition. Continue NADP; expand
CASTNET to include monitoring of NH, and
NQ, (fill major N-deposition budget gaps);
improve spatial coverage.

¢ Water Chemistry. Improve spatial and
temporal monitoring of water chemistry.

e Sails. Develop better soil monitoring
protocols and link data to stream and
forest health.

¢ Biotic Responses. Monitor response to
changing sulfur and nitrogen deposition.

Modeling

e Enhance model capabilities regarding ter-
restrial and aquatic ecosystem responses.

e Advance atmospheric models to consider
bi-directional exchange of NH,.

e (Create continuous deposition time series by
combining model outputs and observations.

¢ Link atmospheric emissions-transport-
deposition models (e.g., CMAQ) with
watershed transport-effects models
(e.g., MAGIC, PnET-BGC).

e |dentify critical thresholds and disconti-
nuities in biological dynamics and system
function to inputs of sulfur and nitrogen
deposition for use in forecasting.

Decision Support

¢ Develop common metrics or approaches to
determine whether programs are pratec-
tive of sensitive biological systems, at local
to regional scales, and provide indicators
for broad tracking and assessment (e.g.,
critical loads).

¢ Develop modeling approaches to address
multiple stressors and receptors across

multiple scales.

N\ J

western United States suggest that reductions in nitrogen
deposition are necessary before additional impacts occur
that may be difficult to reverse.

FUTURE DIRECTIONS AND NEEDS

Clean Air Act programs have achieved significant reductions
of SO, and NO,_ emissions, decreasing deposition of eco-
logically harmful pollutants in many areas. The forthcoming
implementation of mobile source regulations and CAIR will
result in substantial additional reductions of SO, and NO_
emissions, providing further potential for ecosystem recovery
and future protection. As described above, ecosystems are

awma.org

responding slowly, with recovery more evident in some areas
than others. Moreover, many of the largest emissions reduc-
tions will be in the eastern United States. As studies described
above indicate, the consequent emissions levels due to these
various regulatory programs may not be sufficient to allow
full recovery of affected ecosystems in all areas of the country
or to provide sufficient ecosystem protection in the future.
Given current ecological impacts of sulfur and nitrogen
deposition, and the potential of continued impacts in the
foreseeable future, itis important to maintain and enhance
our capacity to track and assess program implementation
and effectiveness (see “Future Needs”). Recent judgments
of expert bodies, such as the National Research Council,
emphasize the importance of program accountability as
essential for an effective air quality management system in
the United States.' Preserving and strengthening the chain
of accountability is necessary if we are to determine whether
ecosystems are recovering from past injury and ensure they
will be sufficiently protected in the future through informed
policy development and program implementation. em
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