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Conservation organizations have most often focused on land-use change, climate
change, and invasive species as prime threats to biodiversity conservation. Although
air pollution is an acknowledged widespread problem, it is rarely considered in conser-
vation planning or management. In this synthesis, the state of scientific knowledge on
the effects of air pollution on plants and animals in the Northeastern and Mid-Atlantic
regions of the United States is summarized. Four air pollutants (sulfur, nitrogen, ozone,
and mercury) and eight ecosystem types ranging from estuaries to alpine tundra are
considered. Effects of air pollution were identified, with varying levels of certainty, in
all the ecosystem types examined. None of these ecosystem types is free of the impacts
of air pollution, and most are affected by multiple pollutants. In aquatic ecosystems, ef-
fects of acidity, nitrogen, and mercury on organisms and biogeochemical processes are
well documented. Air pollution causes or contributes to acidification of lakes, eutroph-
ication of estuaries and coastal waters, and mercury bioaccumulation in aquatic food
webs. In terrestrial ecosystems, the effects of air pollution on biogeochemical cycling
are also very well documented, but the effects on most organisms and the interaction of
air pollution with other stressors are less well understood. Nevertheless, there is strong
evidence for effects of nitrogen deposition on plants in grasslands, alpine areas, and
bogs, and for nitrogen effects on forest mycorrhizae. Soil acidification is widespread
in forest ecosystems across the eastern United States and is likely to affect the com-
position and function of forests in acid-sensitive areas over the long term. Ozone is
known to cause reductions in photosynthesis in many terrestrial plant species. For
the most part, the effects of these pollutants are chronic, not acute, at the exposure
levels common in the eastern United States. Mortality is often observed only at ex-
perimentally elevated exposure levels or in combination with other stresses such as
drought, freezing, or pathogens. The notable exceptions are the acid/aluminum effects
on aquatic organisms, which can be lethal at levels of acidity observed in many surface
waters in the region. Although the effects are often subtle, they are important to bio-
logical conservation. Changes in species composition caused by terrestrial or aquatic
acidification or eutrophication can propagate throughout the food webs to affect many
organisms beyond those that are directly sensitive to the pollution. Likewise, sublethal
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doses of toxic pollutants may reduce the reproductive success of the affected organisms
or make them more susceptible to potentially lethal pathogens. Many serious gaps in
knowledge that warrant further research were identified. Among those gaps are the
effects of acidification, ozone, and mercury on alpine systems, effects of nitrogen on
species composition of forests, effects of mercury in terrestrial food webs, interactive
effects of multiple pollutants, and interactions among air pollution and other environ-
mental changes such as climate change and invasive species. These gaps in knowledge,
coupled with the strong likelihood of impacts on ecosystems that have not been stud-
ied in the region, suggests that current knowledge underestimates the actual impact
of air pollutants on biodiversity. Nonetheless, because known or likely impacts of air
pollution on the biodiversity and function of natural ecosystems are widespread in the
Northeast and Mid-Atlantic regions, the effects of air pollution should be considered
in any long-term conservation strategy. It is recommended that ecologically relevant
standards, such as “critical loads,” be adopted for air pollutants and the importance of
long-term monitoring of air pollution and its effects is emphasized.

Key words: acid deposition; sulfur; nitrogen; mercury; ozone; eastern United States;
forest; stream; lake

Introduction

Background

The past four decades have seen much
research on the effects of air pollution on
ecosystems. Much of this work has focused on
biogeochemical responses of lakes, forests, and
estuaries to elevated levels of sulfur and nitro-
gen deposition. Many studies have shown that
plant and animal species differ in their sensi-
tivity to air pollution and its biogeochemical
consequences, such as soil and water acidifica-
tion. For instance, lichens differ in sensitivity
to sulfur dioxide (e.g., Thormann 2006), vas-
cular plants differ in sensitivity to ozone (e.g.,
King et al. 2005), fish and other aquatic biota
differ in sensitivity to lake acidity (e.g., Baker
et al. 1990), and grasses and forbs differ in sen-
sitivity to added nitrogen (e.g., Wedin & Till-
man 1996). This differential sensitivity suggests
that air-pollution stress will have consequences
for the biodiversity of an ecosystem, either in
shifting species composition or outright loss of
sensitive species. Because these impacts are
species-specific and pollutant-specific, and
most ecosystems are exposed to multiple air
pollutants simultaneously, it can be difficult to
assess the overall impact of air pollution on or-
ganisms in a particular ecosystem. This lack of

a “big picture” makes it difficult for conserva-
tion biologists and policymakers to determine
the role of air pollution among the array of
threats to biodiversity.

This report is a synthesis of scientific in-
formation on the impacts of air pollution on
elements of biological diversity (e.g., species,
natural communities, ecosystems) in the North-
eastern and Mid-Atlantic regions of the United
States. These elements are used by The Nature
Conservancy (TNC), the largest conservation
organization in the United States, to best rep-
resent biological diversity in planning efforts
used to guide and focus conservation action.
By focusing on TNC targets, we hope to pro-
vide conservation organizations with sufficient
information to gauge the scope and severity of
the threat of air pollution in this region. Our
approach in this synthesis is to group species
and communities in eight ecosystem types and
to assess the evidence for the effects of four
key air pollutants in each ecosystem type. To
the extent possible, we attempt to quantify the
levels of air pollution that produce adverse im-
pacts, and to assess the certainty of scientific
knowledge on the subject. Our goal is to gain
a better appreciation for the combined impacts
of air pollution on multiple taxonomic groups
and ecosystem types in order to better inform
biodiversity-conservation efforts about the
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relative significance of this threat. To our
knowledge, this type of collective synthesis of
impacts to biological diversity has not been pre-
viously attempted for multiple pollutants across
multiple conservation target groups.

Air Pollutants Considered

In this review we consider four air pollutants
of concern: sulfur (S), nitrogen (N), mercury
(Hg), and ozone (O3).

Sulfur and nitrogen are primarily released
from fossil-fuel combustion as S and N ox-
ides, and these gases can be transformed in the
atmosphere to acidic particles and acid pre-
cipitation (Driscoll et al. 2001). The gases and
particles may be deposited directly to vegeta-
tion and soil surfaces in a process known as
dry deposition, or they may be incorporated
into cloud droplets, raindrops, or snowflakes
to increase the acidity of precipitation (Lovett
1994). In mountaintop and coastal areas where
cloud and fog are common, highly acidic cloud
droplets can deposit directly to vegetation. Sul-
fur oxides are released primarily from coal com-
bustion, whereas any combustion can produce
N oxides. Thus the contribution of motor ve-
hicles to the pollution problem is greater for
N oxides than for S oxides (Weathers et al.

2006a).
Nitrogen can also be emitted from various

agricultural activities as ammonia, a gas that
can react with acidic gases and particles in the
atmosphere to form small particles containing
ammonium salts. Ammonia gas and ammo-
nium particles can be dry-deposited to vege-
tation or can be dissolved in precipitation. In
areas of intense agricultural activity (e.g., down-
wind of feedlots or heavily fertilized crops), am-
monium can be the dominant form of N depo-
sition (Driscoll et al. 2003).

The effects of S and N pollution on ecosys-
tems are generally not caused by direct physio-
logical effects of exposure to the gases, except
in sites that are very close to emission sources.
More commonly, the effects are related to the
chronic accumulation of S and N in plants and

soils and the long-term changes in soil and
water chemistry caused by deposition of sul-
fate, nitrate, and ammonium. Nitrogen and S
can be transported long distances in the atmo-
sphere and can impact ecosystems hundreds of
kilometers from the emission sources. Because
sulfate and nitrate ions can be readily leached
from soils to surface waters, deposition of these
pollutants to terrestrial ecosystems may cause a
cascade of effects that includes lakes, streams,
rivers, estuaries, and the coastal ocean.

Ozone is a “secondary” pollutant, formed in
the atmosphere from photochemical reactions
involving N oxides and hydrocarbons. Ground-
level O3 is a widespread regional pollutant in
the eastern United States but tends to occur in
particularly high concentrations downwind of
major urban areas (U.S. EPA 2006). Because
O3 and its precursors can be transported long
distances, it is a threat to ecosystems far re-
moved from urban centers. Aside from its well-
known effects on the human respiratory system,
O3 is known to reduce photosynthesis in most
plants and cause foliar lesions in sensitive plants
(U.S. EPA 2006; see Appendix 1 in this source
for a list of sensitive plant species). Its effects on
animals other than humans and animals that
serve as medical models for humans (e.g., Nor-
way rats) have not been well studied but are
likely to be significant (Menzel 1984).

Mercury released primarily from coal com-
bustion, waste incineration and industrial pro-
cesses, and is deposited to the Earth in pre-
cipitation as well as in gaseous and particulate
dry deposition. The different chemical forms of
Hg in the atmosphere have varying residence
times (hours to months) and transport distances
(local to global; Driscoll et al. 2007). Mercury is
a known neurotoxin that biomagnifies in food
chains and bioaccumulates in individuals, thus
organisms at the highest trophic levels that live
the longest have the greatest risk of high ex-
posure (Evers et al. 2005). Exposure to mer-
cury largely occurs as methylmercury, which is
formed primarily by sulfate-reducing bacteria,
particularly under anaerobic conditions. Such
conditions are common in freshwater aquatic
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sediments, wetlands, or saturated soils (Wiener
et al. 2003).

Structure of This Synthesis

We organized this chapter in a series of sec-
tions. In the second section we discuss ecosys-
tem types and the specific biological taxa that
are most closely associated with these ecosys-
tem types. In the discussion of each taxon
or ecosystem type, we attempt to synthesize:
(1) the certainty or uncertainty of the scien-
tific information on air-pollution impacts on
that target; (2) the nature of those impacts;
and (3) if possible, the levels of loading of
the pollutant that are known to produce these
impacts.

Certainty of Information

In some cases, there is much information
on air-pollution effects on specific targets in
the Northeast and Mid-Atlantic regions, and
in other cases less information is available. In
general, we reserved the highest level of confi-
dence for targets in which air pollution impacts
are well established from experimental and/or
gradient studies within the region. (NOTE: Ex-
perimental studies manipulate the exposure to
the pollutant in field or laboratory situations;
gradient studies assess the impacts along a gra-
dient of ambient exposure to the pollutant.)
We had moderate confidence in conclusions in-
ferred from studies on similar species or ecosys-
tems outside the region. We had low confidence
in conclusions drawn from mechanistic argu-
ments about what species are likely to be sen-
sitive to pollution, when those arguments were
accompanied by little or no direct empirical
support from either inside or outside the region.
We tried to assess confidence levels no matter
what the level of impact (e.g., in some cases we
had high confidence that there was little or no
impact on a taxon or ecosystem type).

Nature of the Impacts

We considered several different types of
impacts, including direct effects of pollutants

Figure 1. Red line/green line model used by Fox
et al. (1989) to screen potential air pollution impacts
on USDA Forest Service wilderness areas.

on biological functioning of organisms (e.g.,
toxicity, mortality, effects on growth, or repro-
duction), effects on species composition in com-
munities, effects on abiotic ecosystem charac-
teristics that are likely to affect the biota over the
long term, and indirect effects in which species
are affected through food web or competitive
interactions (e.g., negative impacts on a species
may benefit its prey and its competitors). We
also attempted to capture specific examples of
known effects on taxa or ecosystem types to
help illustrate the impacts.

Loading Levels that Produce Impacts

In some cases we felt there was sufficient
information to quantify the relationship be-
tween exposure to the pollutant and impacts
on ecosystems. To do this, we followed the ap-
proach of Fox et al. (1989) in a report designed
to help managers of U.S. Department of Agri-
culture (USDA) Forest Service wilderness areas
determine the potential for impacts for new
air pollution sources proposed for the airshed
of the wilderness area. Fox et al. (1989) pro-
posed determining a green line and a red line of
air-pollution exposure (Fig. 1)—the green line
is the deposition or concentration level below
which there is high certainty that no adverse
impacts will occur, and the red line is the depo-
sition or concentration level above which there
is high certainty of adverse impacts on at least
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some component of the ecosystem. Between
the red line and the green line is the “yellow
zone” where more information is needed to
determine if air pollution will have a significant
impact on the system—for instance, that infor-
mation could be particularly characteristic of
the site or the specifics of the exposure con-
ditions. The Fox et al. (1989) approach recog-
nizes the possibility of substantial variation in
pollution sensitivity among ecosystems of the
same type. As discussed later in the chapter,
in some cases we were successful in specifying
the red- and green-line values for target taxa
and ecosystems, but in many cases we were
not.

The ecosystem types considered in Section 2
are as follow.

Terrestrial Ecosystems (including embedded
freshwater wetlands):

• alpine and subalpine systems,
• forests (both upland and wetland types),
• bogs and fens,
• grasslands.

Aquatic Ecosystems (including freshwater,
brackish, and marine):

• high gradient headwater streams,
• lakes and ponds,
• low-gradient rivers,
• estuaries, bays, and salt marshes.

For each ecosystem type, we examined the
effects of the four pollutants considered: sulfur,
nitrogen, mercury, and ozone.

In the third section of the chapter we discuss
issues that cut across the various ecosystems and
are important for understanding the full impact
of air pollution on biodiversity. For instance,
the issues of intersystem transport of pollution
and interaction among pollutants are discussed
in this section. Finally, in the fourth section,
we summarize the overall conclusions of the
review and discuss its relevance to conservation
policy.

Effects of Air Pollution

Terrestrial Ecosystems

While the public is generally aware of the ef-
fects of air pollution on aquatic ecosystems be-
cause of media coverage of acid rain–damaged
lakes and Hg-contaminated fish, the public is
much less aware of effects on terrestrial ecosys-
tems. In general, the biogeochemical impacts
of S and N on ecosystems depend upon the
mobility of these pollutants in the canopy and
soils to which they are deposited. If the anions
(negatively charged ions) they form (sulfate and
nitrate) are leached through the canopy and
soils, rather than being retained, they can strip
the foliage and soils of valuable nutrient cations
(positively charged ions) such as calcium and
magnesium (Fig. 2). The leaching of sulfate and
nitrate results in acidification of soils and sur-
face waters, and in some cases mobilizes alu-
minum. Aluminum is a natural component of
soils, but under acid conditions it becomes more
soluble and exhibits high concentrations in soil
water, where it can be toxic to roots, and it can
leach into surface waters where it is toxic to fish
and other aquatic organisms.

Both S and N can also accumulate in the
vegetation and soil, leading to delayed effects
as the accumulated S or N is slowly released to
water for years or decades after its initial depo-
sition. Accumulation of N in terrestrial ecosys-
tems can cause shifts in species composition
as N-loving species outcompete those species
better adapted to less fertile soils (Gough et al.

2000). Nitrogen accumulation may also lead to
a condition known as N saturation, in which
overabundance of this key nutrient results in a
series of impacts on microbial and plant pro-
duction and N cycling (e.g., Aber et al. 1998).

Ozone is a well-studied pollutant known to
be toxic to plants and animals. In plants, O3

appears to affect membrane function, leading
to reduction in photosynthesis, slower growth,
and in severe cases, death. In animals, O3

effects have mainly been studied in humans,
where it damages lung tissue and exacerbates



104 Annals of the New York Academy of Sciences

Figure 2. Schematic of key interactions of acidic deposition with soils. Biological (uptake),
soil (exchange and adsorption) and geological (weathering) factors interact to determine the
effects of the acidic deposition in the soil.

respiratory problems such as asthma (U.S. EPA
2006).

Mercury is known to accumulate in soils,
but studies of its effects have primarily focused
on aquatic ecosystems where anaerobic condi-
tions facilitate the production of a form called
methylmercury (Driscoll et al. 2007). Exposure
of humans and animals is largely associated
with methylmercury. Previously, the terrestrial
organisms considered to be at risk for mercury
contamination were animals that feed on other
animals from the aquatic food web, such as
birds feeding on aquatic insects or raccoons
that eat aquatic invertebrates. Only recently
have researchers begun to examine the methy-
lation and bioaccumulation of Hg in terrestrial
food webs, and more conclusive information is
likely forthcoming in the next few years.

In the following sections, we highlight spe-
cific ecosystem types, summarizing what is
known about air pollution effects in those
ecosystems, and also identifying many areas
where additional research is warranted.

Alpine Ecosystems

Nitrogen. We know of no direct studies from
the eastern United States on the effects of N de-
position on the herbaceous and shrub commu-

nities that constitute the alpine zone of north-
eastern mountains. However, there have been
studies on the effects of N on alpine ecosys-
tems in the Rocky Mountains and in Europe.
At Niwot Ridge in the Rocky Mountains of
Colorado, an N enrichment study in an alpine
meadow showed that N addition increases over-
all plant diversity, primarily by increasing the
abundance of a sedge (Carex rupestris), and sev-
eral other species (Bowman et al. 2006). This
study concluded that species composition is a
more sensitive indicator of changes due to N
deposition than is soil chemical response, and
the plant responses are evident at N deposi-
tion rates as low as 4 kg N/ha-y. The authors
speculated that higher levels of N deposition or
long-term accumulation of N in the ecosystem
may cause a decrease in plant-species diver-
sity as nitrophilic species start to dominate over
those species less responsive to N (Bowman et al.

2006).
Because of the effects of N shown in the ex-

periments in the Rockies and the overall floris-
tic and structural similarity of alpine ecosystems
in the Rockies and the eastern United States,
we have moderate confidence that N deposi-
tion is affecting alpine ecosystems in the east-
ern United States. Deposition loads in eastern
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alpine zones probably range from 10 to 20 kg
N/ha-y (Ollinger et al. 1993; Weathers et al.
2000), and have probably been at that level for
several decades, so it is possible that productiv-
ity and species shifts have already occurred in
these ecosystems. However, in the absence of
direct experimental evidence, gradient studies,
or long-term monitoring of vegetation in these
ecosystems, the nature and magnitude of the
effects remain highly uncertain.

Sulfur, Acidity, Mercury, and Ozone. We know
of no direct studies of the effects of S depo-
sition, acid deposition, Hg, or O3 on alpine
ecosystems by this group, either in the east-
ern or western United States. Because of their
high elevation, these ecosystems are exposed
to high deposition rates of all of these pollu-
tants (Lovett and Kinsman 1990; Aneja et al.
1994; Weathers et al. 2006b). For red spruce
trees in isolated patches within the alpine zone,
one might expect sensitivity to acid-induced
calcium leaching as for red spruce in forests
(see discussion in the Forest section); however,
this has not been demonstrated experimen-
tally in alpine red spruce. Most alpine plants
have never been tested for sensitivity to O3.
Likewise, we know of no studies of Hg accu-
mulation in food chains in alpine ecosystems.
Small wetlands and frequently saturated soils
in alpine ecosystems may offer an opportunity
for methylation that transforms ionic Hg into
highly bioavailable methylmercury. Thus, for
all of these pollutants we consider the potential
exposure levels to be high and impacts to be
likely, but we have low confidence in any pre-
diction of specific impacts because of the lack
of relevant studies.

Bogs and Fens

Nitrogen. Bogs and fens may be among the
most sensitive ecosystems to the eutrophication
effects of N deposition because they tend to be
nutrient-poor, and ombrotrophic bogs in par-
ticular receive all of their nutrients from at-
mospheric deposition. Bogs and fens are listed
by Bobbink et al. (1998) as being among the
ecosystems at highest risk of species compo-

sitional shifts due to N deposition. This sub-
ject has received extensive research attention
in Europe, where increases in N deposition
have been associated with decline in typical
bog species such as the sundew (Drosera) and
certain species of Sphagnum. Often favored are
graminoids such as Deschampsia and Eriophorum

that can grow tall and outcompete the bog
species for light. Bedford et al. (1999) suggest
that most North American wetlands are more
likely to be limited by phosphorus (P) than by N,
but marshes and swamps are the wetland types
most likely to show N limitation or N and P col-
imitation. However, species adapted to low-N
environments may be quite sensitive to inputs
of added N. An N enrichment study in bogs
in New England showed substantial effects on
growth and reproduction of the pitcher plant
(Sarracenia purpurea) (Ellison and Gotelli 2002).
If there is no change in current N deposition
rates, these changes suggest a substantial prob-
ability of extinction of local populations within
100–250 years (Gotelli and Ellison 2002, 2006).

Recent results reported from a long-term
Canadian experiment suggest that chronic
N deposition may initially lead to enhanced
carbon uptake as the microbial community
changes and decomposition slows (Basiliko et al.

2006). However, in the longer term, there may
be a shift to decreased carbon sequestration
and increases in CO2 and CH4 emissions as
vegetation changes associated with higher N
availability lead to production of plants that
decompose more rapidly. These results, com-
bined with the accumulated evidence from
Europe and elsewhere and the direct experi-
mental evidence from New England, give us
high confidence that N deposition will strongly
affect bog and fen ecosystems. Given the sen-
sitivity of bog ecosystems to N enrichment, it
is likely that N effects are already occurring in
many areas of the eastern United States.

Sulfur and Acidity. Several biogeochemical re-
sponses of wetlands to S deposition are impor-
tant and well understood. As more sulfate is
deposited, the activity of sulfate-reducing bac-
teria is stimulated. These bacteria gain energy
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from the chemical reduction of sulfate to sul-
fide in anaerobic conditions such as those that
occur in wetland soils and sediments. Because
these bacteria also methylate Hg, the increase
in their activity increases the potential for the
formation of methylmercury. This interaction
between the S and Hg cycles results in more
formation of bioavailable methylmercury in re-
sponse to increases in S deposition (Jeremiason
et al. 2006; Branfireun et al. 1999). The increase
in sulfate-reducing bacteria also consumes la-
bile carbon and hydrogen, reducing their avail-
ability to methanogenic bacteria and thus de-
creasing methane production by wetlands (Dise
and Verry 2001).

Mercury. We are not aware of any direct
study of Hg on the organisms of bogs and fens.
However, the role of wetlands in Hg cycling
is well known (Wiener et al. 2003). Because of
the anaerobic conditions in their soils and sed-
iments, wetlands are hot spots for methylation
of Hg in the landscape (Grigal 2003; Evers et al.

2007). Thus the ionic Hg draining from a wa-
tershed can be converted to methylmercury in
a wetland, where it can then be transported to a
stream or lake or consumed in the wetland and
transferred up the food chain. We would expect
the higher trophic–level consumers in bogs and
fens (e.g., birds that consume bog insects) to be
at high risk for Hg accumulation.

Ozone. The few studies of the effects of O3

on the plants of bog and fen ecosystems show
that wetland plant species vary considerably in
their sensitivity to O3. Ozone exposure stud-
ies in Finland show the important sedge Erio-

phorum vaginatum to be relatively insensitive to
ozone; however, several of the tree species that
are commonly found in or around wetlands in
the eastern United States are considered sen-
sitive to O3 [e.g., green ash (Fraxinus pennsyl-

vanica), speckled alder (Alnus rugosa)] (National
Park Service 2003). Even within the impor-
tant Sphagnum genus of bryophytes, some species
are sensitive to O3 and some are not (Gagnon
and Karnosky 1992; Potter et al. 1996.) This
range in response suggests that some wetlands
ecosystems may be negatively affected by O3,

and further that O3 may shift plant commu-
nity composition in favor of more tolerant
species.

Forests

Forests have received more air pollution–
related research attention than any other terres-
trial ecosystem type. However, the studies have
largely focused on biogeochemical responses,
and the links to species composition are often
unclear. This is probably because the dominant
organisms in forests—trees—are so long-lived
that studying the population and community
responses to a chronic stress such as air pollu-
tion requires long-term research. Nonetheless,
some recent studies have begun to elucidate
actual and potential biological responses.

Nitrogen. There has been much research on
the effects of N deposition on forests, both
within the eastern United States and else-
where, particularly the western United States
and western Europe. This research has caused
a major shift in the perceptions of N by forest
ecologists. Previously, N was considered solely
as a limiting nutrient for forest production, and
fertilization with N was used to enhance pro-
duction. In the last 20 years, however, research
has shown that chronic N addition can have
toxic effects that alter plant, soil, and microbial
interactions, and can lead to loss of soil fertility,
reduced productivity, and even tree death. The
basic processes involved have been organized
in a conceptual framework referred to as “ni-
trogen saturation” (e.g., Aber et al. 1998). While
this is still an active area of research, most sci-
entists agree that continued accumulation of N
in terrestrial ecosystems causes significant re-
sponses in ecosystem function.

Temperate-zone forests in unpolluted areas
are usually limited by N, which means that ad-
ditions of N can stimulate productivity. Most of
the N that is deposited from the atmosphere is
taken up by plants or microbes and retained in
the vegetation or in soil organic matter. Leach-
ing of N from these forests in drainage water
is usually minimal, except in the case of older
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Figure 3. Nitrate concentration in surface wa-
ters of the northeastern U.S. in spring (left panel) and
summer (right panel) vs. estimated N deposition. In
the legend, WV = West Virginia, CAT = Catskill
Mts., ADK = Adirondack Mts., VT = Vermont, NH =
New Hampshire, and ME = Maine. From Aber
et al. (2003). Reproduced with the permission of
Bioscience.

or damaged forests, which have reduced N up-
take capacity because of slower growth rates.
The conceptual model of nitrogen saturation
(Aber et al. 1998) predicts that as deposition
of N increases due to air pollution, N accumu-
lates in the soils and vegetation. The accumula-
tion of N increases the opportunity for N leach-
ing, which occurs primarily as the mobile anion
nitrate. Foliar and wood N concentrations in-
crease, and the microbial processes that trans-
form N in the soil are enhanced. In the United
States, there is little evidence for increased tree
growth from the fertilizing effect of this added
N, probably because most of the N appears to
be retained in the soil organic matter where it
is unavailable to the plants (Nadelhoffer et al.

1999; Templer et al. 2005). However, increased
nitrate leaching is observed in some (but not all)
forested ecosystems in the Northeast as N de-
position levels increase (Aber et al. 2003) (Fig. 3).
The differences between those ecosystems that
show increased N leaching and those that do
not is probably related to forest disturbance his-
tory (e.g., fire, logging, agriculture.), tree species
composition, and soil properties, especially the
soil carbon:nitrogen ratio (Goodale and Aber
2001; Lovett et al. 2002). Similar results have
been found in Europe, where the most impor-
tant factors controlling the amount of nitrate
leaching from forests are the amount of N de-

position and the carbon:nitrogen ratio of the
forest floor (MacDonald et al. 2002). Nitrate
leaching is important because it acidifies soils,
depleting important nutrients such as calcium
and magnesium and mobilizing aluminum. In
this regard, nitrate acts in concert with sulfate
leaching, thus N and S pollution can have ad-
ditive effects.

The effects of N deposition on plant-species
composition of forests are not as well studied as
the biogeochemical effects. Shifts in tree species
composition under ambient deposition levels
would be difficult to assess because of the long
generation time of trees. Even if long-term stud-
ies revealed such shifts, it would be difficult to
attribute these changes unambiguously to N de-
position to eastern forests, which are simultane-
ously being exposed to many new stresses (e.g.,
O3, climate change, exotic pests) in addition
to N deposition. Changes in abundance and
composition of understory shrubs and herbs
might also be expected in response to N de-
position, as has been shown in Europe (Bob-
bink et al. 1998). In the eastern United States
the data are not as clear;the few studies that
have examined this effect have used fertilization
experiments as opposed to gradient studies or
long-term measurements, and the studies have
shown varying responses (Jordan et al. 1997;
Hurd et al. 1998; Rainey et al. 1999; Gilliam et al.

2006). It is known from studies in the eastern
United States that N addition shifts the activity
of soil microorganisms, with some responding
positively to N addition, while others respond
negatively (e.g., Carreiro et al. 2000). Across a
gradient of N deposition in the eastern United
States, changes in microbial N cycling activity
are seen in some forest types but not others
(McNulty et al. 1991; Lovett and Rueth 1999).
Shifts in abundance and species composition of
mycorrhizal fungi, which form the crucial in-
terface between roots and soil for most plants,
have been observed in response to N deposi-
tion in Europe, Alaska, and southern California
(Arnolds 1991; Lilleskov et al. 2001; Siguenza
et al. 2006). Herbivorous insects tend to prefer
plants with higher N concentration, and there
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is some evidence that increased N may be pre-
disposing trees to attack by insect pests such as
the hemlock woolly adelgid (Adelges tsugae) (e.g.,
McClure 1991) and the beech scale (Cryptococ-

cus fagisuga) (Latty et al. 2003). Increased sus-
ceptibility to pests could be a serious liability
for eastern forests, given the number of exotic
insect pests that are being introduced continu-
ally through enhanced global trade (Lovett et al.

2006).
In the last 15 years, experimental studies

of N addition to forest stands or watersheds
have been reported from Maine, New Hamp-
shire, Vermont, Massachusetts, New York, and
West Virginia (Norton et al. 1994; Mitchell et al.

1994; McNulty et al. 1996; Adams et al. 1997;
Magill et al. 1997; Templer et al. 2005; Adams
et al. 2006). The N application rates vary from
about 2–15 times ambient N deposition levels.
A few stands show nearly complete retention
of N with little biological or biogeochemical
response, but most show increases in plant N
content, microbial N cycling, production and
leaching of nitrate, and leaching of cations such
as magnesium and calcium. In three cases, a
high-elevation spruce–fir forest on Mt. Ascut-
ney, Vermont, a red pine forest in central Mas-
sachusetts, and a mixed-oak forest in southern
New York, the N addition resulted in declines
in productivity and increases in tree mortality
(McNulty et al. 1996; Magill et al. 1997; Wal-
lace et al. 2007). The mechanism of this effect
is not yet understood, but in all three cases soil
acidification and the resulting aluminum toxi-
city to roots is a strong possibility (Aber et al.

1998; Wallace et al. 2007). It is alarming to see
tree mortality in response to the addition of a
nutrient that was previously thought to be ben-
eficial, but it must be remembered that these
are experiments with artificially enhanced N
deposition, and mortality does not appear to
be a widespread response to N deposition un-
der the current ambient deposition loads in the
eastern United States. What remains unclear,
and will be extremely important to resolve, is
whether forests will respond the same way to
long-term accumulation of N from atmospheric

deposition as observed in relatively short-term
experimental N additions.

Little is known about the response of for-
est animals in the eastern United States to N
deposition, although one might expect that in-
creases in the N content of plant tissue and
shifts in soil microbial activity would cause sub-
tle ramifications throughout the aboveground
and belowground food webs.

We have high confidence in the conclusion
that N deposition produces both biogeochem-
ical and biological effects in forests. The best
available criteria for setting red- and green-line
values is nitrate leaching, which appears to be
very rare in forests receiving <5 kg N/ha-y
and increasingly common as deposition lev-
els increase beyond 8 kg/ha-y (Fig. 3). Similar
thresholds have been reported for European
forests (e.g., Dise and Wright 1995). Because
we considered the nitrate leaching as a symp-
tom that indicates current microbial response
and may result in vascular plant response over
a time frame of decades, we estimated the
green- and red-line values at 5 and 8 kg N/ha-y,
respectively.

Sulfur. Much research has also been done
with regard to the effects of S in forest ecosys-
tems. Because S is usually not a biologically
limiting element, the responses are in many
ways less complex than those of N. Atmospher-
ically deposited sulfate enters plant and micro-
bial pools, but the S itself does not appear to
cause any direct biological responses other than
the stimulation of S-reducing bacteria in anaer-
obic environments (discussed earlier). Because
S deposition in the eastern United States far
exceeds the biological requirement for the ele-
ment, most of the deposited S is either leached
from the ecosystem or retained in the soils in
both inorganic and organic forms (Likens et al.

2002). In glaciated regions of the Northeast,
soils have little sulfate adsorption capacity, so
most of the deposited sulfate leaches through
the canopy and soils, stripping nutrient cations
such as calcium and magnesium in the process.
The resulting acidification of the soils mobilizes
aluminum, which can be toxic to tree roots and,
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when it enters surface waters, to fish and other
aquatic organisms (Cronan and Grigal 1995;
Driscoll et al. 2001).

In unglaciated areas, the sulfate leaching is
mitigated to varying extent by sulfate adsorp-
tion in the subsoil, although even the low lev-
els of sulfate leaching in these ecosystems can
acidify streams in sensitive areas (Galloway et al.

1983; Webb et al. 1994). Some of the sulfate re-
tained in the soil may be remobilized in the
future as S deposition levels decline, leading to
a long-term legacy of elevated sulfate in stream
water that would slow the rate of recovery of
streams in response to declining S emissions
(Sullivan et al. 2008).

Thus the biological effects of S deposition in
forests are largely due to the acidification and
cation losses caused by sulfate leaching. In areas
of high-base cation supply, such as areas with
calcium-rich bedrock (e.g., limestone), the soil
cation losses are less of a problem, and the soils
and streams are well buffered against acidifi-
cation. In more sensitive, base-poor areas, loss
of soil cations can be a problem for plants that
require a high calcium or magnesium supply,
such as sugar maple (Acer saccharum), white ash
(Fraxinus americana), basswood (Tilia americana),
and flowering dogwood (Cornus florida). Declines
in sugar maple have been observed in calcium-
poor areas in central and western Pennsylvania,
attributed to a combination of acid deposition
and insect outbreaks (Horsley et al. 2002), which
may be linked to increases in oxidative stress
(St. Clair et al. 2005). Fertilization of plots with
calcium and magnesium appears to reverse the
decline (Long et al. 1997).

In ecosystems without substantial amounts
of base cations in the bedrock or glacial till, re-
plenishment of these nutrient cations by rock
weathering and atmospheric deposition is a
very slow process. Therefore, soil acidification
and base cation depletion are long-term pro-
cesses that may take decades or even cen-
turies to reverse after the leaching losses are
stopped (Driscoll et al. 2001). The recovery
time is further lengthened by the continued
slow release of accumulated S and N from

within the ecosystem after emissions and depo-
sition of S and N are controlled (Driscoll et al.

2001).
In the mountains of the eastern United

States, red spruce has been shown to be sen-
sitive to acid deposition, because the acidity
leaches calcium from the foliage. The loss of
foliar calcium, especially the small portion of
that calcium that is membrane-bound, ren-
ders the tree less able to develop frost hardi-
ness in the autumn, leading to winter dam-
age and in many cases, tree death (DeHayes
et al. 1999). This mechanism is thought to be
responsible for the widespread spruce decline
observed in northeastern mountains during the
1980s, a phenomenon that continues to this day
(Hawley et al. 2006).

Animals may also be affected by soil acid-
ification. Earthworms, slugs, millipedes, cen-
tipedes, collembolans, and isopods are among
the soil animals known to be sensitive to acid-
ity, although most of the studies are from
high-deposition areas in Europe (Rusek and
Marshall 2000). One recent study reports
that productivity of wood thrush (Hylocichla

mustelina) populations is negatively correlated
with acid deposition levels across the north-
eastern United States (Hames et al. 2002). This
is purely a correlative result, but the proposed
mechanism for the response is plausible—that
acid deposition reduces the quantity or quality
of the soil invertebrates that are the main source
of calcium for wood thrushes. The reduction
in acid-sensitive invertebrates is also reported
to have caused declines in European birds
(Graveland et al. 1994). In an acidified forest
in Pennsylvania, adding lime to increase cal-
cium levels improved the bird habitat (Pabian
and Brittingham 2007).

The levels of S deposition that result in eco-
logical damage are determined by edaphic fac-
tors such as the soil type and bedrock min-
eralogy. Several types of static and dynamic
models have been applied to forests throughout
the region to project soil and stream acidifica-
tion responses to S deposition, taking into ac-
count such crucial variables as soil and bedrock
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chemistry (Miller 2006; Gbondo-Tugbawa and
Driscoll 2003; Cosby et al. 1985).

Mercury. Mercury is a widespread pollutant
in the forests of the eastern United States. It
can accumulate in soils and is converted to
its most bioavailable form, methylmercury, in
anaerobic environments such as wetlands, ri-
parian zones, and any other upland area with
moist soils (Driscoll et al. 2007). Plants appear to
be insensitive to methylmercury, but in animals
it is a potent neurotoxin that can cause physi-
ological, behavioral, and ultimately reproduc-
tive impacts. Mercury is biomagnified in food
webs; thus, animals that are at highest risk of Hg
toxicity are those feeding relatively high on the
food chain, especially if their food originates
from habitats with moist soils or water that
are conducive to methylation. Animals that are
long-lived are also at high risk, particularly in
individuals where the input of methylmercury
exceeds its ability to depurate or demethylate
Hg.

Wildlife in both wetland and upland forests
were previously considered safe from the im-
pacts of methylmercury because of conven-
tional thought that only aquatic ecosystems
have the ability to biomagnify methylmercury
and that a fish-based food web was the only
one of concern. Recent findings now show
that species that are not linked to the fish
food web can contain surprisingly elevated lev-
els of methylmercury. Elevated methylmercury
levels have been found in birds of subalpine
ecosystems, such as the blackpoll warbler and
the endemic Bicknell’s thrush (Rimmer et al.

2005). Apparently, high-elevation forests not
only experience high levels of Hg deposition
(Miller et al. 2005), but also provide an environ-
ment where Hg methylation can occur. Rim-
mer et al. (2005) documented the strong and
predictive relationship of litterfall Hg values
modeled by Miller et al. (2005) and the blood
Hg values of the Bicknell’s thrush. A recent
study demonstrates that mercury from rivers
can be transferred to the adjacent terrestrial
food web via predatory spiders (Cristol et al.

2008).

We have high confidence that Hg pollution
is affecting biogeochemical processes (methyla-
tion) and animals of eastern forests. However,
we did not specify red- and green-line values,
because the science is still developing and is not
yet quantified at the confidence level needed.

Ozone. Ozone has been the subject of much
research because it is one of the federal “crite-
ria” pollutant, that is, the concentration is reg-
ulated by the EPA, and states are required to
comply with those regulations. The regulatory
standards are based primarily on the effects of
O3 on human health, but effects on plants are
also well known. Ozone is a potent oxidant,
and once it enters a plant through stomata, it
reduces photosynthesis and alters carbon al-
location (U.S. EPA 2006). Ozone at the levels
found in the eastern United States often does
not kill plants outright but slows their growth
and may make them more susceptible to other
fatal stresses such as insect or pathogen attack
(U.S. EPA 2006). Ozone exposure can also re-
duce flowering (Bergweiler and Manning 1999)
and alter the decomposition rate of leaves af-
ter they are shed from the plant (Findlay and
Jones 1990). Because species vary in their sen-
sitivity, O3 can shift the competitive balance
in plant communities to the detriment of sensi-
tive species (Miller and McBride 1999). Further,
because individuals of a given species vary in
their sensitivity, O3 exposure can cause changes
in genetic structure of populations, reducing
or eliminating sensitive genotypes (Taylor et al.

1991; Davison & Reiling 1995).
At a broad scale, sensitivity of plants to O3

is dependent on level of exposure, species, and
soil-moisture status. The dependence on soil
moisture reflects the fact that O3 enters the
plant through the stomates, and in dry condi-
tions the stomates are more often closed. Thus,
O3 exposure in a dry year or at a dry site may
be less damaging than the same exposure in
more moist conditions (U.S. EPA 2006).

The complexity of the physical and chemi-
cal sources and sinks for atmospheric O3 results
in complex patterns of exposure in space and
time. In lowland areas subject to air-pollution
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influence, O3 concentration tends to increase
during the day and reach a peak in late after-
noon, then decline during the night to a mini-
mum in early morning. On mountaintops this
daily cycle may be absent, resulting in higher
exposures for montane plants, especially in the
morning hours (Aneja et al. 1994). Because O3

reaches its greatest concentration downwind
of, rather than within, major urban areas, O3-
sensitive trees may actually grow better in large
cities than in the surrounding suburban and
exurban areas (Gregg et al. 2003).

Many plants have been screened for O3 sen-
sitivity, but the screening is usually based on the
development of visible foliar injury rather than
on the more subtle responses of reduced pho-
tosynthesis or pathogen resistance. The U.S.
National Park Service has compiled a list of
plants in national parks that are known to be
particularly sensitive to O3 exposure (National
Park Service 2003).

Despite the considerable research on plants,
there is little information on the effects of O3

on animals other than Homo sapiens and the an-
imals that serve as its medical models, such as
the Norway rat. Given the effects of O3 on
the human respiratory system, one might ex-
pect significant impacts of O3 exposure on any
animals with similar respiration mechanisms
(Menzel 1984). However, we know of no in-
formation on O3 effects on animals in natural
ecosystems.

The O3 research community has devoted
considerable effort to synthesizing information
on the effects of O3 on plants. Several differ-
ent indices of O3 exposure are used, but one
that is used commonly in plant research is the
Sum06—the maximum, rolling 90-day sum of
the average daytime [0800–1959 (8 A.M.–7:59
P.M.)] hourly concentrations of O3 ≥ 0.06 ppm
for the year. A conference held to review O3

exposure research and identify threshold lev-
els of exposure that produce impacts on plants
identified a Sum06 level of 8–12 ppm-hr as
likely to produce foliar injury to some plants
in natural ecosystems (Kohut 2007). Following
the recommendation of the experts at that con-

ference, 8–12 ppm-hr appears to be an appro-
priate red-line value for O3 exposure. Because
any O3 can be injurious to sensitive plants (Fox
et al. 1989), the best green-line value is probably
the background, unpolluted level of O3 expo-
sure, but there is yet no consensus on what that
background O3 level was in the eastern United
States.

Grasslands

Grasslands are a minor ecosystem type in
the northeastern United States, and there is lit-
tle information on the effects of air pollution on
either the biota or the biogeochemistry of these
ecosystems. Grasslands develop distinctly dif-
ferent communities, depending upon whether
their soils are acidic or calcareous. Acid grass-
lands are more common, but calcareous grass-
lands tend to have more rare species (Stevens
et al. 2006).

Nitrogen. We are aware of no direct stud-
ies on N effects on grasslands in the eastern
United States However, experimental and gra-
dient studies from elsewhere suggest that ef-
fects on species composition are likely (Dise and
Stevens 2005). In Minnesota, N fertilization of
an acid grassland (at a level of 100 kg N/ha-y)
resulted in a 40% reduction in species richness
over 12 years (Wedin and Tilman 1996). In
Great Britain, a recent comparison of species
composition in acid grasslands along a gradient
of N deposition showed that species composi-
tion was affected at N deposition rates as low
as 5 kg N/ha-y (Stevens et al. 2004). This de-
position level is below the mean N deposition
for the eastern United States, suggesting that
current levels of N deposition are currently af-
fecting grassland species composition in many
areas. Thus, we have moderate confidence in
the conclusion that N deposition is affecting
acid grasslands in the eastern United States,
and we suggest 5 kg N/ha-y as a preliminary
green-line value, bearing in mind that no data
are available from within the region. At the
levels of deposition found in this region, the
effects are likely to be shifts in relative abun-
dance of species, favoring the nitrophilic species
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(such as Agropyron repens, Wedin and Tilman
1996), rather than loss of species or local
extinction.

We know of no studies of N deposition on
calcareous grasslands in the United States, Bio-
geochemically, they are likely to be less sensi-
tive to acidification because the calcareous soils
buffer the acidity. However, in Europe, species
composition of calcareous grasslands is quite
sensitive to N enrichment (Stevens et al. 2004).
Species compositional shifts due to N enrich-
ment may be more likely to cause species ex-
tinctions in calcareous grasslands because they
tend to contain more rare species.

Sulfur, Ozone, and Mercury. We know of no
studies of the effects of S, O3, or Hg deposi-
tion on eastern U.S. grasslands. Because there
are many plant and animal species that require
grassland habitat, the lack of information on
pollution effects is disquieting. Ozone is known
to have effects on productivity of European
grasslands (e.g., Bassin et al. 2007). In the case of
Hg, however, grasslands are generally consid-
ered to have minimal abilities to methylate Hg,
and data from a few studies indicate low Hg
body burdens of grassland bird species (Evers
et al. 2005).

Aquatic Ecosystems

The four air pollutants differ substantially
in their effects on aquatic ecosystems. Sul-
fur is largely an agent of acidification through
the mechanisms discussed earlier. Nitrogen can
contribute to acidification but also can cause
eutrophication (overenrichment with nutrients)
in aquatic ecosystems that are limited by N
supply. Mercury is a potent neurotoxin that ac-
cumulates in aquatic food webs to alter the be-
havior and reproduction of organisms at high
trophic levels. Ozone has little effect in the wa-
ter, but may have effects on emergent aquatic
plants or air-breathing animals that are part of
aquatic ecosystems. These potential effects of
O3 on aquatic plants and animals have not, to
our knowledge, been studied, so we will ignore
O3 in the following discussion.

The effects of acid deposition on the chem-
istry and biology of aquatic ecosystems have
been well known since the 1970s, and there
is little doubt about the serious impact acidifi-
cation has on a wide range of aquatic organ-
isms (Weathers and Lovett 1998). The research
has primarily focused on small lakes and
streams and has included comparative studies
across acid deposition gradients, experimental
acidification of lakes and streams, and long-
term studies of acidification or recovery in lakes
or streams subject to increases or decreases in
acid loading. Many of the key studies have been
done in the target area of this synthesis (North-
eastern and Mid-Atlantic regions of the United
States). We have high confidence that acid de-
position is adversely affecting aquatic ecosys-
tems in this region.

Effects of acidic deposition on water qual-
ity include reduced pH (increased acidity),
reduced acid-neutralizing capacity (ANC)1,
and increased aluminum (Al) concentrations
(Driscoll et al. 2001). The primary variables of
concern to organisms are pH and Al concen-
tration. In gill-breathing organisms, Al inter-
rupts gas and ion transport across respiratory
membranes, leading to disruption of the five
major functions of the gill: (1) ion transport,
(2) osmoregulation, (3) acid–base balance, (4)
N excretion, and (5) respiration (Brakke et al.

1994). The effects of Al on fish were known
as early as the mid-1970s (Schofield 1978).
Other physiological effects also occur in aquatic
organisms, including altered hormonal and
behavioral responses (Brakke et al. 1994).
Aquatic organisms vary widely in their sensi-
tivity to acidification. The most sensitive or-
ganisms tend to be adversely affected when

1Acid neutralizing capacity (ANC) is the ability of water to neutralize
strong acids, and is one of the primary measures of surface water acid-
ification and recovery. Waters with ANC <0 μeq/L (micro-equivalents
per liter) are considered chronically acidic, those with ANC between 0
and 50–100 μeq/L are considered sensitive to acidification, and those
with ANC >100 μeq/L are often considered relatively resistant to acid-
ification. While ANC does not directly affect aquatic organisms, it is an
integrative measure for the propensity of an ecosystem to experience high
acidity and Al concentrations, which do affect organisms.
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TABLE 1. Sensitivity of Aquatic Taxa to Acidification

pH range General biological effects

6.5 to 6.0 Little community change; possible effects on highly sensitive fish species (e.g., fathead minnow,
striped bass)

6.0 to 5.5 Loss of sensitive species of minnows and dace (fathead minnow, blacknose dace). Perhaps decreased
reproduction of walleye and lake trout; increased accumulation of filamentous green algae.
Changes in species composition and decrease in species richness in phytoplankton, zooplankton,
and benthic invertebrate communities. Loss of some zooplankton species and many species of
clams, snails, mayflies, amphipods, and some crayfish

5.5 to 5.0 Loss of lake trout, walleye, rainbow trout, smallmouth bass, creek chub. Further increase in
filamentous green algae. Loss of many zooplankton species as well as all snails, most clams, and
many species of mayflies, stoneflies, and other benthic invertebrates

5.0 to 4.5 Loss of most fish species. Further decline in the biomass and species richness of zooplankton and
benthic invertebrate communities. Loss of all clams and many insects and crustaceans.
Reproductive failure of some acid-sensitive amphibians, including spotted salamanders, Jefferson
salamanders, and the leopard frog

Source: Modified from Baker et al. 1990.

pH decreases below about 6, while some tol-
erant organisms can survive in waters as acid
as pH 4. The sensitivity of various taxonomic
groups to acidification has been well researched
and some general patterns have been observed
(Table 1).

Note that stream and lake acidification can
be chronic or episodic, with episodic acidifi-
cation usually occurring during large water-
flow events such as large storms or snowmelt
periods. The chemistry may be different in
chronic vs. episodic acidification—for exam-
ple, in the Northeast, N leaching is more im-
portant in episodic than in chronic acidifica-
tion (Murdoch and Stoddard 1993; Wigington
et al. 1996; Driscoll et al. 2001). Nonetheless,
episodes of acidification can be as damaging
to aquatic biota as chronic acidity, because a
single event can kill an organism.

In addition to the direct toxic effects of pH
and Al on aquatic organisms, indirect effects in
lake and stream ecosystems can be important.
For instance, lowered pH can reduce the con-
centration of dissolved organic carbon (DOC)
in lakes (Effler et al. 1985; Monteith et al. 2007),
allowing light to penetrate further into the lake.
This increases the light available for macro-
phytes and benthic algae that grow on lake
bottoms, and in addition the increased visibility

alters the relationship between predators and
prey in the lake (Yan et al. 2008). Dissolved or-
ganic carbon is important for another reason:
it complexes aluminum and makes it less toxic,
so a decrease in DOC increases the toxicity of
Al. Indirect food-web effects can also occur; for
instance, if a predator is tolerant of acidity but
its prey are not, the predator will not be able to
survive in an acidified lake (Baker et al. 1990).

Research on atmospheric deposition effects
in lakes and streams clearly show that certain
characteristics make lakes more susceptible to
inputs of strong acids (Stoddard et al. 1998). In
general, streams and lakes at higher altitudes,
with thin till depth, noncarbonate geology, as-
sociated wetlands, and low ANC are considered
sensitive to acidification. Perched seepage lakes
recharged by rainwater are also considered sen-
sitive (Young and Stoddard, 1996). Other fac-
tors influencing sensitivity to acid deposition
include the ability of watershed soils to retain
sulfate and nitrate. While some S is retained
through biotic immobilization in soils and veg-
etation, most retention is through adsorption
of sulfate on iron and aluminum oxides in the
soil, and is usually highest in unglaciated soils
(Galloway et al. 1983). In contrast, N retention
is largely biological and is most complete in
watersheds with rapidly growing forests. Forest
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type and previous land-use or disturbance his-
tory can also influence N retention (Lovett et al.

2002; Goodale and Aber 2001). Hydrology is
important in stream acidification because flow
paths that route water directly to the stream
and minimize contact with the soil reduce the
capacity for neutralization (Chen et al. 1984).
In addition, there is considerable biodiversity
present in intermittent streams and ephemeral
ponds, but little research has been done on the
factors controlling acidification in these envi-
ronments.

Streams and lakes are not homogeneous en-
vironments, rather they encompass a range
of habitat types that can vary in their acidi-
fication. For instance, many streams increase
in pH as water moves downstream and the
area of the contributing watershed increases
(Schofield and Driscoll 1987). Even in headwa-
ter streams, some sections may be influenced by
seepage from well-buffered groundwater and
may represent a refuge for fish in an other-
wise acidified stream (Baldigo and Lawrence
2001). Similarly, some invertebrates in a lake
may escape from acidified water by sheltering
in the well-buffered sediments on the bottom of
the lake. Thus spatial heterogeneity in aquatic
ecosystems is important for both the tolerance
of and recovery from acidification. Further,
this heterogeneity indicates that behavioral re-
sponses of organisms (e.g., the propensity of fish
to drift downstream or invertebrates to bur-
row into the sediments during acid episodes)
can influence the tolerance of the biota to
acidification.

Mercury is deposited to aquatic ecosystems
and their watersheds primarily in the ionic
form. However, exposure to mercury is primar-
ily associated with methylmercury; therefore,
those factors that influence Hg methylation also
influence the extent to which systems are af-
fected by Hg deposition (Driscoll et al. 2007).
The methylation process often proceeds with
the involvement of sulfate-reducing bacteria,
so conditions conducive to these bacteria, such
as high sulfate and low oxygen, also promote
more accelerated rates of methylation (Wiener

et al. 2003). Most methylation of Hg occurs in
the anoxic sediments of lakes, streams, and wet-
lands. Levels of dissolved organic carbon also
appear to influence Hg methylation, but these
effects are not completely understood and are
the subject of current research. Methylmercury
production and availability are also dictated
by hydrology; on water bodies where large ar-
eas of substrate undergo wetting and drying,
methylmercury levels are elevated (Evers et al.

2007).
Mercury is particularly dangerous in aquatic

food chains where biomagnification is com-
mon. Food-chain lengths are primarily dic-
tated by zooplankton diversity and abundance
(Chen and Folt 2005; Chen et al. 2005). Greater
zooplankton diversity can result in an order-
of-magnitude increase in methylmercury in
higher-trophic-level organisms, while in lakes
with algal blooms, a “biodilution” effect can
occur whereby methylmercury levels are damp-
ened (Chen et al. 2005).

The known biological effects of methylmer-
cury are numerous and likely affect all major
vertebrate taxa at individual, population, and
potentially at metapopulation levels. Effects can
be categorized as physiological, behavioral, and
reproductive. They are relatively well described
for fish-eating wildlife and increasingly so for
fish (see Evers 2005). Although traditional em-
phasis of Hg in fish has been on exposure to
determine human and ecological effects, recent
efforts have increasingly been placed on direct
effects of methylmercury on fish that include
inhibition of normal growth and gonadal devel-
opment (Friedman et al. 1996), predator avoid-
ance (Webber and Haines 2003), and on repro-
duction (Hammerschmidt et al. 2002). There
are few exposure and effects studies on her-
petofauna, although Hg is sometimes consid-
ered among the possible causes of long-term
and widespread declines in amphibian popula-
tions (Bank et al. 2006).

Research on Hg in birds has been more com-
prehensive and has included both laboratory
and field studies. Bird species in which the ef-
fects of Hg are well known from laboratory
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Figure 4. Biological mercury hotspots in the northeastern US and eastern Canada. Different shading
patterns within the hotspot symbols reflect whether the hotspot was identified based on patterns in mercury
concentration in perch or loons (the most commonly sampled species) or both. From Evers et al. 2007.
Reproduced with permission of Bioscience.

studies include the mallard (Anas platyrhychos)
(Heinz 1979) and ring-necked pheasant
(Phasianus colchicus) (Fimreite 1971). Symptoms
of mercury exposure in birds include decreases
in reproductive success, behavioral changes
such as a reduction in time spent hunting,
and neurological problems such as brain le-
sions, spinal-cord degeneration, and tremors
(Evers 2005). Until recently, results from Hg
dosing studies on mallards have been used
by the U.S. EPA (1997) and other agencies
for setting universal threshold levels or low-
est observed adverse-effect levels (LOAELs) for
all bird species. Now, it is well understood
that bird species vary in their sensitivities to
methylmercury exposure. Sensitivity appears
to be grouped by foraging guild: strict grani-
vores appear to be most sensitive, while in-
sectivores are more sensitive than omnivores,
which are more sensitive than piscivores. Much

of the effects literature is focused on piscivores,
and for good reason, as piscivores have some
of the most at-risk species. The species with
the greatest literature on exposure and effects
is the common loon (Gavia immer). Laboratory
and field studies on both individuals and popu-
lations have developed national exposure pro-
files (Evers et al. 1998; 2003) as well as regional
risk profiles (Evers et al. 2004) that are now
related to “biological mercury hotspots” (Ev-
ers 2007) (Fig. 4). Lakes within these hot spots
are now viewed as population sinks. Connec-
tivity of these population sinks within the re-
gional metapopulation of loons is currently be-
ing assessed. Other piscivorous birds in which
Hg has been shown to harm reproductive
success of populations include the bald eagle
(Haliaeetus leucocephalus) in Maine (DeSorbo and
Evers 2005), and wading birds such as the great
egret (Ardea alba) in Florida (Bouton et al. 1999;
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Spalding et al. 2000) and snowy egret (Egretta

thula) in Nevada (Henny et al. 2002).
Recent studies suggest that the terrestrial in-

vertebrate food web may have the ability to
biomagnify Hg as much or more than the
aquatic food web. Similar to the zooplank-
ton food web, the transfer of methylmercury
from one trophic level to the next (or from
one secondary consumer to another) provides
the ability for methylmercury concentrations to
increase one order of magnitude. Spiders are
predators in invertebrate food webs, and large
spiders may carry as much of a methylmercury
body burden as game fish. As a result, insectivo-
rous birds such as songbirds and rails are likely
at much higher risk than previously realized,
even in strictly terrestrial habitats (Rimmer et al.

2005). Other more novel forage pathways for
methylmercury are also coming to light and in-
clude food webs with periphyton and mollusks.

Mammal Hg exposure and effect levels,
particularly for piscivorous species, are rela-
tively well known. The best-studied species in-
clude mink (Mustela vison) and river otter (Lontra

canadensis), for which sublethal effects include
impairment of motor skills and weight loss.
Yates et al. (2005) summarized exposure levels
for the past two decades for much of north-
eastern North America. Laboratory studies on
mink that establish LOAELs indicate effects in
the wild are highly likely (Aulerich et al. 1974;
Wren 1985, 1986, Dansereau et al. 1999).

With this background information in mind,
in the next sections we summarize the effects of
air pollution in various aquatic ecosystem types
in the region of study.

High-Gradient Headwater Streams

Sulfur and Nitrogen. Sulfur and N deposi-
tion have two principal effects on headwa-
ter streams. First, if sulfate and nitrate leach
through base-poor watershed soils, they can
mobilize acidity and aluminum, which have di-
rect effects on stream ecosystems. Second, N
is often a limiting nutrient in aquatic ecosys-
tems, and thus added N can produce eutrophi-
cation. In the past, headwater ecosystems in

the temperate zone have usually been found to
be limited by phosphorus, thus it has generally
been assumed that the eutrophication effects
are primarily expected in downstream ecosys-
tems such as bays and estuaries that are more
commonly N-limited. Recently, however, some
headwater systems have been reported to be
N-limited, and the eutrophication issue is cur-
rently being reassessed. (Bernhardt et al. 2005).
With little information available, however, we
will confine this discussion to acidification ef-
fects of sulfate and nitrate.

As stream acidity increases, sensitive species
(see Table 1) will either die out or will seek
refugia in less-acidified sections of the stream.
Mobile species such as older fish and inver-
tebrates will often “drift,” essentially allowing
themselves to be carried downstream in search
of better habitat conditions. If the increase in
acidity is brief (e.g., in response to heavy rain-
fall or snowmelt), there may be little mortal-
ity of adult fish unless species are prevented
from leaving the system. When streams become
chronically acidic, fish species can be lost from
the ecosystem. There is strong evidence from
many studies in this region and elsewhere that
acidification can result in loss of fish populations
and decline in fish species diversity (Jenkins et al.

2007). Research at Shenandoah National Park
in Virginia suggests that one fish species is lost
for approximately every 21 μeq/L decrease in
ANC (Sullivan et al. 2002).

Effects on benthic species such as mussels
and snails are not well studied. Naturally acidic
headwater streams at high elevation do not nor-
mally support many mussel species. In episod-
ically acidic streams mussels may close up to
avoid toxic effects. Mussels would likely be elim-
inated from chronically acidic streams.

Mercury. Only recently has methylmercury
in biota been measured in headwater streams.
Salamanders have shown elevated Hg levels
(Bank et al. 2005), and absence of some sala-
mander species has been linked to potential
chemical changes such as greater acidifica-
tion and increased methylmercury availability
(Bank et al. 2006). Further work has shown
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that crayfish in low-order streams generally
have higher Hg burdens than crayfish in rivers,
lakes, and reservoirs within the same watershed
(Pennuto et al. 2005). There is compelling evi-
dence that the high input of Hg and S in the
Appalachian Mountains could have negative
population-level impacts on the high diversity
of salamander species that reside in upper wa-
tershed streams and ponds. (Bank et al. 2006)

Lakes and Ponds

While this synthesis includes both the lake
and pond-rich glaciated regions of the north-
eastern United States and the unglaciated, lake
and pond depauperate regions of the Mid-
Atlantic, this section focuses primarily on lakes
in the Northeastern region, as insufficient in-
formation is available for the small number of
natural lakes in the Mid-Atlantic region. Atmo-
spherically deposited S and N are both signifi-
cant contaminants to this ecosystem. Mercury
is also a significant contaminant, affecting a
number of taxa across trophic levels.

Sulfur and Nitrogen. We have very high con-
fidence that acidic deposition is affecting the
biota of lake and pond ecosystems in the study
area, particularly in the Northeast. Compar-
ative studies of high- and low-acidity lakes
within the region and experimental lake acid-
ification studies elsewhere provide a scientif-
ically coherent understanding of the effects
of acidification (Schindler et al. 1985; Charles
1991). Animal species differ in their sensitiv-
ity to acidification (Table 1), but in general as
pH decreases below 6 or ANC decreases be-
low 100 μeq/L, taxa are progressively lost.
In the Adirondacks, one fish species is lost
for approximately every 21 μeq/L decline
in ANC below 100 μeq/L (Fig. 5) (Sullivan
et al. 2006). In lakes of the Adirondacks, an
average of one zooplankton species is lost ap-
proximately with each 11 μeq/L decline in
ANC (Sullivan et al. 2006). Remaining species
may suffer directly from the effects of acidifica-
tion, but also indirectly if some important food
sources disappear as a result of acid stress, or
species may respond positively if their predators

Figure 5. Number of fish species per lake as
a function of acid neutralizing capacity (ANC) in
Adirondack lakes. The data are presented as mean
of species richness for every 10 ueq/L ANC class,
based on data collected by the Adirondack Lakes
Survey Corporation (after Sullivan et al. 2006).

are sensitive to acidity. In fact, the experimen-
tal removal of fish from unacidified lakes brings
about some of the same changes that occur
with acidification—invertebrate predators like
corixids and Chaoborus become abundant along
with a concomitant change in species compo-
sition and a decrease in biodiversity (Eriksson
et al. 1980). Increased acidity is also linked to
increased water clarity and, consequently, in-
creased light penetration. This results in warm-
ing of the water column and altered stratifica-
tion and seasonal turnover regimes.

Establishing one contaminant deposition
threshold for all lakes across a diverse landscape
is difficult, since there is a range of variability in
natural ANC, pH, and base cation supply. Sev-
eral available models, such as MAGIC (Cosby
et al. 1985) and PnET-BGC (Gbondo-Tugbawa
and Driscoll 2003) predict stream and lake acid-
ification based on deposition levels and water-
shed characteristics. The parameter-intensive
nature of these models has allowed their appli-
cation to only a limited number of watersheds
in the region. However, Cosby and Driscoll (in
press) produced a map of sensitivity of aquatic
ecosystems to acidification based on geologic
characteristics in the unglaciated areas and on
patterns of measured ANC in the glaciated
region (Fig. 6).
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Figure 6. Map of landscape sensitivity to acidic deposition for the Northeastern and
Mid-Atlantic Divisions of The Nature Conservancy. Four sensitivity classes are given based on
an integrated assessment of the responses of a number of conservation targets in each class.
Stippled areas were not considered in developing this map. (After Cosby & Driscoll in press.)

Atmospherically deposited N may have a eu-
trophying effect in addition to an acidifying
effect. Export of N to estuaries can have im-
portant consequences, as discussed later in the
chapter. Nitrogen is not usually a limiting nu-
trient in lakes and ponds (Driscoll et al. 2003);
however, there is some evidence that very low-
N surface waters may be limited or colimited
by N, and therefore respond to N additions. Ex-
amples are streams in the New Jersey Pinelands
(Morgan and Philipp 1986) and coastal plain
ponds on Cape Cod (Kniffen et al. 2007) and
possibly on Long Island as well.

Mercury. Atmospheric deposition, directly on
the lake surface as well as on the watershed,
is a significant source of Hg in lakes. A re-
cent synthesis of Hg studies from the North-
east showed that Hg concentrations in fish tend
to decrease with increasing pH, ANC, SO4

2−,

and total phosphorus and decreasing DOC in
lakes (Chen et al. 2005; Driscoll et al. 2007).
Land use also affects the sensitivity of lakes
to Hg deposition, with a tendency for lower
Hg levels in fish from aquatic ecosystems with
higher residential and urban development in
the watershed (Chen et al. 2005).

Much work has been conducted on pis-
civores residing in lakes, including the sum-
mary of large Hg exposure data for fish
(Kamman et al. 2005), birds (Evers et al. 2005),
and mammals (Yates et al. 2005) for northeast-
ern North America. These efforts have pro-
vided insight into what species are at greatest
risk. Fish species with the higher Hg levels in-
clude primarily introduced species such as wall-
eye, northern pike, and both largemouth and
smallmouth bass. Other species with elevated
levels were yellow and white perch and lake
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trout. Although actual impacts from Hg on na-
tive fish species in lakes of the Northeast may be
of lower concern than the ability of fish to trans-
fer methylmercury to people, the known and
potential impacts to fish-eating birds and mam-
mals is of high conservation concern. There
are documented impacts from methylmercury
on the reproductive success of several piscivo-
rous bird species, including the common loon
and the bald eagle (Evers et al. 2005). Other
species of concern based on compilations of
Hg exposure levels and their piscivorous diet
include the belted kingfisher, great blue and
green heron, and common and hooded mer-
gansers and mammals such as the mink and
river otter (Evers et al. 2005; Yates et al. 2005).

We have a high degree of confidence that
Hg has significant impacts on aquatic biota in
the study area. Because the bioavailability of
Hg depends on the extent to which it is methy-
lated, and there is a wide variation in methyla-
tion abilities among lakes of different types, it
is difficult to determine a threshold of Hg de-
position that affects biota. Even relatively low
levels of Hg deposition may have significant
impacts if methylation rate is high and bio-
magnification occurs in the food web. Current
modeling efforts will hopefully provide an abil-
ity to predict the propensity of Hg methylation
in watersheds.

Low-Gradient Rivers

Sulfur and Nitrogen. Larger, low-gradient,
lower-elevation streams and rivers in the North-
east and Mid-Atlantic do not generally show
impacts from acid deposition. In larger wa-
tersheds, effects of atmospheric deposition are
buffered by in-stream processes and the neu-
tralizing capacity of the watershed. However,
rivers may be sensitive to N pollution, especially
as they near the sea and become estuaries or
tidal rivers. We discuss the issue below under
“Estuaries, Bays, and Salt Marshes.”

Mercury The forested floodplains of large
rivers have substantial ability to methylate Hg,
and recent work at three Hg-contaminated
rivers in the region (the Sudbury River in Mas-

sachusetts and branches of the Shenandoah
and Holston Rivers in Virginia) has demon-
strated the importance of floodplain forests
and riparian wetlands for generation of high
methylmercury levels (e.g., Waldron et al. 2000).
Insectivorous bird species that live in these
floodplains, such as the Carolina wren, worm-
eating and yellow-throated warblers, North-
ern and Louisiana waterthrushes, red-winged
blackbird, and song and swamp sparrows, have
blood Hg levels that well exceed known toxic
levels for songbirds (Evers et al. 2005). River
Hg can also be transferred to the adjacent ter-
restrial food webs, including predatory spiders
and the birds that feed on them (Cristol et al.

2008).

Estuaries, Bays, and Salt Marshes

Sulfur and Nitrogen. Estuaries, bays, and salt
marshes are generally not severely impacted
by acidic deposition, but they are subject to
eutrophication caused by excess loading of N
from atmospheric deposition and other sources
(Boyer et al. 2002). These ecosystems are usu-
ally directly adjacent to, or receive water from,
large rivers where there are high levels of N
(and other nutrients) from a diversity of point
and nonpoint sources, including agricultural
and urban runoff, industrial and municipal
wastewater, and atmospheric deposition to the
estuary and to its watershed. The mix of these
sources is unique to each watershed, but typi-
cally atmospheric deposition accounts for 25–
40% of the total (Boyer et al. 2002; Castro and
Driscoll 2002). Atmospheric deposition is often
the largest single source of N to these ecosys-
tems, though it contributes less than half of the
total N loading. However, point sources and
agricultural runoff of N are generally decreas-
ing as better controls are put in place, while
atmospheric N deposition is showing smaller
declines (Driscoll et al. 2003). Thus, the percent-
age contribution of atmospheric deposition to
this problem is likely increasing over time.

Most estuaries and bays in this region have
some degree of eutrophication due to excess
N loading (Scavia and Bricker 2006). The
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eutrophication leads to excess algal growth, and
when the algae die and decompose, low oxygen
concentrations may result, especially in deeper
waters (Driscoll et al. 2003). The low oxygen
is a danger to fish and shellfish, among other
organisms (Scavia and Bricker 2006).

Salt marshes are well known for their abil-
ity to retain inorganic N, often responding with
higher plant growth (Valiela et al. 1975). High
plant growth and large accumulations of litter
allow for substantial immobilization of N di-
rectly in plant tissue, microbial biomass, and or-
ganic matter accumulating during detritus de-
cay (Findlay et al. 2002). A significant amount of
research, much of it in the study area, has shown
that nutrient additions to salt marshes can
change species composition, generally allowing
tall-form Spartina alterniflora to expand in cov-
erage at the expense of higher marsh species,
and that the plant-species change has measur-
able effects on animal consumers. (Sarda et al.

1996; Levine et al. 1998; Emery et al. 2001).
These experiments typically involve levels of N
deposition well above typical loading rates, so
extrapolating to ambient conditions is difficult.
Nonetheless, if the ecosystems are N limited,
even small increments in N loading will proba-
bly have effects, perhaps subtle, on production
and species composition. Comparative studies
of salt marshes in Rhode Island show a nega-
tive relationship between N loading (much of
the variation is driven by wastewater effluent
loads) and plant-species richness such that over
a range of watershed N loadings (∼1 to 30 kg
N/ha marsh area-yr) species richness declines
from roughly 10 to 5 species/transect (Wigand
et al. 2003). The relationship is confounded to
some degree by a covariation between N load
and marsh physical characteristics.

Submerged aquatic vegetation (SAV) is
known to be very sensitive to water quality with
well-documented effects of eutrophication on
water clarity and growth of epiphytes (Den-
nison et al. 1993; Stevenson et al. 1993). SAV
supports a diversity of invertebrates and fishes,
and is almost always a key variable in assess-
ments of estuarine “condition” or “health.”

There have been several attempts to determine
critical levels from either cross-system compar-
isons of N loads and SAV extent (e.g., Short
and Burdick 1996). Values known to cause
shifts in species composition (usually toward a
macroalgal-dominated system) occur at load-
ings of about 25 kg N/ha-y and possibly less (see
Hauxwell et al. 2003). These loadings are prob-
ably severalfold higher than loadings 100 years
ago, and this N is derived from multiple sources
with a predominance of wastewater (Roman
et al. 2000).

Mercury It is well known that freshwater
wetlands generally serve as areas of high Hg
methylation, thus making obligate birds es-
pecially vulnerable to high levels of Hg con-
tamination (Evers et al. 2005). The role of
salt-marsh habitats in methylating Hg and en-
hancing its bioavailability (Marvin-DiPasquale
et al. 2003), however, is less well documented,
but is of increasing concern, especially in ur-
ban areas. Salt-marsh sharp-tailed sparrows
are obligate salt-marsh passerines, with ≈ 95%
of their global population breeding within the
Northeast. Spending their entire annual cycle
in salt-marsh habitats makes them excellent
indicators of Hg contamination. Salt-marsh
sharp-tailed sparrow blood Hg concentrations
tend to be higher than other songbirds (Lane
and Evers 2006). It is likely that salt-marsh
sharp-tailed sparrows have significantly higher
blood Hg levels because they feed at a higher
trophic level or consume different prey than
sympatric Nelson’s sparrows (Shriver et al.

2006).

Synthesis and Linkages

In the previous section, we summarized the
known effects of air pollution, ecosystem type
by ecosystem type and pollutant by pollutant.
While this approach allows us to focus on
specific ecosystems and the conservation tar-
gets that inhabit them, it obscures issues and
themes that cut across ecosystem boundaries
and pollutant types. In this section we explore
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some integrative themes that emerge from this
synthesis.

Intersystem Transfer of Pollutants

Many of the pollutants we discussed here
are mobile and can be transported through a
landscape, most often by drainage water. This
has two principal consequences: (1) an atom
of pollutant (S, N, or Hg) can have multiple
effects as it is transported from ecosystem to
ecosystem, and (2) “upstream” ecosystems can
alter the rate, timing, and form of pollutant
inputs to “downstream” ecosystems. We cite
here several examples of these phenomena.

The Nitrogen Cascade

An atom of N released from fossil-fuel com-
bustion can have multiple effects as it works its
way through the environment. First, while in
the atmosphere, it can contribute to the forma-
tion of O3 and photochemical smog, harming
both human health and ecosystem function.
Next, if it is deposited to a terrestrial ecosys-
tem, it can contribute to N saturation and its
attendant effects—principally species composi-
tional shifts and soil acidification. If the atom
of N is denitrified in the soil and released to
the atmosphere as nitrous oxide, it can con-
tribute to the greenhouse effect. If, instead, it is
leached through the soil into surface waters, it
contributes to soil and stream acidification. Fi-
nally, as the N reaches estuaries and the coastal
oceans, it can cause eutrophication, resulting
in algal blooms, hypoxia, and other severe dis-
ruptions of the aquatic ecosystem. This series
of effects of N in the environment has been
termed the “nitrogen cascade” by Galloway
et al. (2003), and is the reason why N pollution
is so dangerous to the environment. It is also
the reason why reduction of N emissions is so
cost-effective in terms of environmental benefit
per dollar spent in emission-control costs.

Mercury Methylation and Transfer

Throughout most of the eastern United
States, Hg deposition has been enriched by

a factor of 3 to 8 over values deposited a
century ago (Lorey and Driscoll 1999; Kam-
man and Engstrom 2002). Elevated deposi-
tion of ionic Hg is converted to organic forms
(by methylation) and incorporated in the food
chain. The concentration of highly bioavailable
methylmercury in surface waters is determined
both by methylation in those surface waters and
in the surrounding watershed. In particular, the
presence of wetlands in the watershed increases
the delivery of methylmercury to lakes because
of the anaerobic soils in wetlands (Grigal 2002).
Riparian zones are also important in the methy-
lation of mercury (Driscoll et al. 2007). Thus
Hg transformations in terrestrial wetlands and
riparian zones can affect the rate of Hg
bioaccumulation in a lake further downstream.

Aluminum in Soils and Surface Waters

As discussed earlier, deposition of S and N
can acidify soils. Aluminum, an abundant nat-
ural component of soils, is in higher concentra-
tion in soil water from acidic soils because of
its increased solubility in acidic solutions. Alu-
minum is toxic to roots because it can inhibit the
uptake of nutrient cations such as calcium (Cro-
nan and Grigal 1995). The soluble aluminum
can also be leached into surface waters where
it alters the osmoregulatory system of fish (Cro-
nan and Schofield 1979; MacAvoy and Bul-
ger 1995). Thus, a natural constituent of soils
is mobilized by acid deposition and is trans-
ported downstream to be toxic in an ecosys-
tem some distance from where it originally was
mobilized. Moreover, the terrestrial ecosystem
regulates the rate and timing of delivery of Al
to surface waters by retaining or releasing sul-
fate and nitrate, the mobile anions that must
accompany the Al. Changes in acid deposition
rate may not be immediately reflected in pro-
portional changes in Al leaching if S and N are
stored in watershed soils and later released.

Interaction of Pollutants

Although we discussed pollutants individu-
ally in the second section, in reality they are all
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present simultaneously in most ecosystems in
the eastern United States, and they can inter-
act, sometimes in complex ways. These inter-
actions can occur in the formation, deposition,
or effects of the pollutants.

An example of an interaction effect on the
formation of pollutants is the well-known role
of N oxides in the photochemical reactions that
form O3. Thus the emission of one pollutant
(nitric oxide) affects the formation of another
(O3). This process is complex and nonlinear,
depending on the air temperature and the pres-
ence of hydrocarbons and sunlight (Warneck
1988).

An example of interaction in the deposition
of pollutants is the role of ammonia in en-
hancing deposition of S. As sulfur dioxide gas
is deposited to leaf surfaces, it acidifies those
surfaces, which tends to slow down the sulfur
dioxide deposition process. However, the alka-
line nature of the ammonia gas (a pollutant gas
emitted from agricultural operations and mo-
tor vehicle exhaust) counteracts the acidifying
effect of the sulfur dioxide, leading to enhanced
S deposition (Fowler et al. 2005).

There are many examples of the interaction
of pollutants after they are deposited to ecosys-
tems. Perhaps the simplest is the additive in-
teraction of S and N deposition on soil acidifi-
cation. Soil acidification is primarily driven by
leaching of strong acid anions, which leaches
the soil of basic cations such as calcium, mag-
nesium, and potassium. Both sulfate and ni-
trate are anions that can cause acidification,
and their effect is additive. [However, the situa-
tion becomes more complex if we try to predict
the leaching of these ions based on their depo-
sition rates, because of the many biological and
abiotic processes that control the retention of
deposited S and N in ecosystems (Fig. 2).]

Another example of the interaction of pol-
lutants is interactive biogeochemical cycling of
S and Hg. Deposition of sulfate stimulates the
activity of a certain type of anaerobic bacteria
that derive energy from the chemical reduction
of sulfate. These same bacteria also methylate
Hg, producing the form that accumulates in

food chains. Thus the deposition of S stimulates
the biogeochemical pathway that enhances the
exposure of Hg. Experimental additions of sul-
fate to wetlands or lakes (Jeremiason et al. 2006;
Branfireun et al. 1999) and long-term studies
(Drevnick et al. 2007) show that changes in sul-
fate loading alter the formation of methylmer-
cury and can alter concentrations of Hg in
fish.

A third example of the interaction of
pollutants within ecosystems involves the
physiological responses of trees. Though
not considered here, carbon dioxide is also
a combustion-derived air pollutant. Increased
concentrations of carbon dioxide tend to in-
crease plant productivity, while O3 usually
decreases productivity. When they occur to-
gether, these responses can offset one another
(Karnosky et al. 2003), thus either decreas-
ing the phytotoxicity of O3 or decreasing the
growth response to carbon dioxide, depending
at how one views the problem.

In general, much less research has been done
on the interaction of pollutants than on the ef-
fects of single pollutants. The interactions are
often complex, nonlinear, and poorly under-
stood. Because these pollutants usually occur
together, our understanding of the effects of air
pollution will not be complete until we under-
stand their interactions in much more detail
and can predict their consequences.

Time Lags and Legacies

Ecosystems are complex amalgamations of
biotic and abiotic materials, some of which re-
spond quickly to environmental change and
some very slowly. If air pollution affects one of
the slowly changing components of an ecosys-
tem, the pollutant effect is likely to endure for a
long time. This seems obvious, but it bears some
elaboration in examples that illustrate the ubiq-
uity and timescale of these effects. For biotic
effects, the issue of life span is critical. Effects
of air pollution have primarily been demon-
strated on short-lived organisms (e.g., aquatic
invertebrates, mycorrhizae, grasses) and are
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much harder to demonstrate on long-lived
organisms such as trees. Nonetheless, if air pol-
lution does produce changes in tree-species
composition, it may take centuries for the
ecosystem to recover, because of the long gen-
eration time of trees. A similar example is the
accumulation of S, N, and Hg in the organic
matter of soils and lake sediments, which can
have very slow decomposition rates. The accu-
mulated S and N can leach out slowly from the
soils over many decades after the cessation of
the pollutant input. Recovery from base-cation
depletion in soils can also be a very long-term
process if the geologic substrate is low in these
cations. If the pool of exchangeable cations
has been depleted by years of acid deposition,
the recovery of that pool requires inputs from
atmospheric deposition and rock weathering
that exceed outputs from leaching and accu-
mulation in plants. The net rates are often low
compared to the total pool, so this recovery
can take decades or centuries (Driscoll et al.

2001).
Aquatic ecosystems are also subject to lag ef-

fects. A prime example is the recovery of biota
in acidified surface waters. If acidification has
caused local extinction of fish or invertebrates
in a pond, and if reduction of pollutant de-
position causes chemical recovery of the water
quality, there may still be a time lag in the bi-
otic response because dispersal and recovery
of the organisms can be slow (Driscoll et al.

2001). Before a planktivorous fish population
can be reestablished in a formerly acidified
pond, first the chemical quality of the water
must improve, then the invertebrates that the
fish consumes must disperse to and reestablish
in the pond, and finally the fish population itself
must recolonize the pond in sufficient numbers
to ensure a viable population. All of these steps
can take time. This problem is compounded
by the fact that as acid deposition is reduced,
acidification of surface waters tends to become
less chronic and more episodic, but often a sin-
gle acid episode can disrupt biotic communities
and require the recovery process to start from
the beginning again.

Food-Web Effects

The preceding discussion leads to consider-
ation of how food webs can control the expres-
sion of, and recovery from, pollutant effects. In
lakes, for example, if a particular invertebrate
species is acid-sensitive, the loss of that species
as a lake acidifies will have ramifications not
only for that species but also for the species that
consume it, and likewise through the links of the
food web. In addition to direct pollution effects,
the biological effects of acidification include al-
tered predator–prey interactions following the
decline and disappearance of fish.

Bioaccumulation of Hg also depends
strongly on food webs. Mercury toxicity is most
evident in animals of high trophic levels, be-
cause Hg concentrations increase with each
step up the food chain. Similar food-web effects
may occur in terrestrial ecosystems, though
they are less well documented. For example,
the primary hypothesis for the effects of acid
deposition on terrestrial birds is that soil acidi-
fication can reduce the abundance of ground-
dwelling invertebrates that some birds require
for adequate calcium supply (Hames et al.

2002).

Interactions Between Air Pollution
and Other Environmental Changes

Just as the various pollutants that we con-
sidered interact with one another, their effects
also interact with those of other environmen-
tal changes that are happening concurrently.
There are myriad examples. Changing climate
affects every biological and chemical process in
ecosystems, from respiration of the leaves at the
top of a forest canopy to microbial methylation
of Hg in the sediment at the bottom of a lake.
Microbial processes and activity of poikilother-
mic (cold-blooded) organisms are expected to
be especially sensitive. Examples include the
increase in bacterial nitrification with increas-
ing temperature (Murdoch et al. 1998) and the
effect of warming temperatures on the sea-
sonal onset of calling in various species of frogs
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(Gibbs and Breisch 2001). Temperature also ef-
fects the duration of ice cover on lakes (Likens
2000), the frost-hardiness of spruce trees sub-
ject to acid deposition (DeHayes et al. 1999),
and many other aspects of ecosystem func-
tion. Temperature and moisture strongly affect
the distribution of organisms (e.g., Iverson and
Prasad 2001), so the whole biotic assemblage of
ecosystems can change as climate shifts. Con-
sequently, it is extremely difficult to predict the
effects of pollutants on ecosystems, and the re-
covery of those ecosystems from reduced pol-
lution, against the background of a changing
climate.

Invasion of exotic species also interacts with
air pollution. Deposition of N may make some
habitats more suitable for weedy invasive plants
(Howard et al. 2004; Jordan et al. 1997), and may
make trees more susceptible to exotic pests (e.g.,
Latty et al. 2003). Invasive aquatic species can
radically change the community composition
of surface waters, thus altering the effects of
acid deposition on the biota.

Land-use changes also influence the effects
of air pollution, both by changing the distri-
bution of emission sources and by changing
the nature of the receiving ecosystems. Again,
there are many examples, and we only list a few
here. Most forest ecosystems in the northeast-
ern United States are in a phase of regrowth
from a period of heavy clearing in the nine-
teenth and early twentieth centuries (Foster et al.

1998). Their successional state strongly affects
their retention and processing of N and their
species composition (Aber and Driscoll 1997).
Harvesting of timber and acid deposition both
deplete crucial base cations from forest soils
(Federer et al. 1989). Land-use changes in water-
sheds affect pollutant loading to aquatic ecosys-
tems; for example, N from atmospheric deposi-
tion, agricultural runoff, and sewage treatment
facilities all contribute to the eutrophication
of estuaries (Fisher and Oppenheimer 1991).
Increases in nutrient loading associated with
urban and agricultural activities enhance the
productivity of receiving waters but also may
decrease fish Hg concentrations due to the

biodilution phenomenon (Chen et al. 2005;
Driscoll et al. 2007).

In general, while we may understand the
effects of pollutants from controlled studies,
the concurrent imposition of multiple forms
of environmental change—air pollution, cli-
mate change, land use change, and exotic
species—makes prediction of the responses of
ecosystems to changing pollutant loading very
challenging.

Conclusions and Implications

Air Pollution Has Significant Impacts
on the Biodiversity and Functioning

of Many Ecosystem Types

Effects of air pollution are known or likely to
occur in all the ecosystems examined (Table 2).
Thus, none of these ecosystem types is free of
the impacts of air pollution, and most are af-
fected by multiple pollutants. We do not yet
understand all of the impacts of air pollution
on ecosystems, but the available evidence indi-
cates that air pollution is having a serious im-
pact on the biodiversity and function of natural
ecosystems across the eastern United States. In
aquatic ecosystems, effects of acidity, N, and Hg
on organisms and biogeochemical processes are
well documented. Air pollution causes or con-
tributes to acidification of lakes, eutrophication
of estuaries and coastal waters, and Hg bioac-
cumulation in aquatic food webs. In terrestrial
ecosystems, the effects of air pollution on bio-
geochemical cycling are well documented, and
the effects on species composition are less well
understood. Nevertheless, there is strong evi-
dence for effects of N deposition on plants in
grasslands, alpine areas, and bogs, and for N
effects on forest mycorrhizae. Soil acidification
is known to be occurring in some northeastern
ecosystems, and is likely to affect the compo-
sition and function of forests in acid-sensitive
areas over the long term. Ozone is known to
produce reductions in photosynthesis in many
terrestrial plant species.



Lovett et al.: Biodiversity & Air Pollution 125

TABLE 2. Level of Certainty that Air Pollutants Result in Significant Negative Impacts on Conservation
Target Groups Discussed in This Reviewa

Air pollutants and their products

Conservation target groups Nitrogen Sulfur Ozone Mercury

Alpine and subalpine ecosystems Likely Likely Unknown Unknown
Forests (both upland and wetland types) Likely Known Known Likely
Bogs and fens Likely Known Likely Likely
Grasslands Likely Unknown Unknown Unknown
High-gradient headwater streams Known Known Unlikely Likely
Lakes and ponds Known Known Unlikely Known
Low-gradient rivers Likelyb Unlikely Unlikely Likely
Estuaries, bays, and salt marshes Likelyb Unlikely Unlikely Likely
Percent (number) of target groups

with known or likely impacts 100% (8) 63% (5) 25% (2) 75% (6)

aLevel of certainty was divided into four categories for ease of comparison across target and pollutant groups:
known, likely, unlikely, and unknown. Known = studies documenting impacts in the region are known. Likely =
studies documenting impacts are known, but none documented for this region; and/or plausible mechanism for
impacts identified, but no specific studies to confirm the plausible link were identified. Unlikely = plausible links
resulting in negative impacts are not supported at this time within or outside this region. Unknown = no applicable
studies documenting impacts or lack of impacts were identified within or outside this region.

bNitrogen eutrophication effects are known for these ecosystems. Although atmospheric nitrogen deposition is often
a significant contributor to the total nitrogen loading in these ecosystems, there are also many other sources of nitrogen.

Air Pollution Impacts May Be Subtle,
but Are Important

For the most part, the effects of these pollu-
tants are chronic, not acute, at the exposure lev-
els common in the Northeast. Mortality is often
observed only at experimentally elevated expo-
sure levels or in combination with other stresses
such as drought, freezing, or pathogens. The
notable exception is the acid/aluminum effect
on aquatic organisms, which can be lethal at
levels of acidity observed in many surface wa-
ters in the region.

The effects of these pollutants are subtle, but
they can be serious. Changes in plant-species
composition due to N enrichment may not
cause immediate extinctions, but the effects can
propagate through a food web to affect many
organisms in an ecosystem. Likewise, increas-
ing the N content of a tree may not kill it, but
it may make it more susceptible to pests and
pathogens that can kill it. Mercury may not kill
fish but may reduce the reproductive success of
the loons that eat them. Further, the effects of

air pollution can interact with those resulting
from other environmental changes, including
climate change, land use change, and introduc-
tion of exotic species, to produce severe stress
on natural ecosystems.

Critical Loads Are Important but Often
Difficult to Identify

One of the goals of this effort was to identify
levels of pollution that could help identify areas
at risk of environmental damage—the red-line
and green-line values discussed earlier. While
we are aware of the challenges with setting
simple critical-load or exposure values for com-
plex and heterogeneous ecosystems, we know
that identifying critical loads would be of con-
siderable value to the conservation community,
providing a basis for mapping impacts and thus
allowing focus on sensitive areas and specifica-
tion of target loading levels (Porter et al. 2005).
We identified these levels where we could, but
unfortunately in many cases the lack of spe-
cific information rendered us unable to specify



126 Annals of the New York Academy of Sciences

a particular value. Often we were able to say
with high or moderate certainty that impacts
of a pollutant are occurring, even though we
did not have sufficient information to identify
a critical exposure level. Further research and
further analysis of existing data should be fo-
cused on determining the most reasonable val-
ues for critical-load and exposure levels.

There Are Major Gaps in Our
Knowledge

This review revealed major gaps in knowl-
edge that will require much future research to
fill. Among these gaps are:

• the effects of S and N deposition on species
composition of terrestrial ecosystems, es-
pecially forests;

• controls on Hg methylation in lakes, wet-
lands, and terrestrial ecosystems;

• atmospheric dry deposition rates of pollu-
tants, especially Hg;

• exposure and effects of Hg on organisms
in terrestrial ecosystems;

• base cation weathering rates in soils;
• effects of O3 on grassland, wetland, and

alpine plants and on wild animals;
• interactive effects of pollutants;
• factors controlling recovery rates from

acidic deposition in lakes, streams, and
soils.

Filling these knowledge gaps will require
a sustained investment in research. Unfortu-
nately, funding for air-pollution research (other
than greenhouse gases) has declined precipi-
tously since the 1980s, and shows no sign of
increasing in the foreseeable future. This puts
scientists and resource managers in a precar-
ious situation of knowing enough to be very
concerned about the effects of air pollution
on natural ecosystems, knowing that there is
much that we don’t understand, and being
unable to improve that situation for lack of
funding.

One particular type of research is espe-
cially crucial and deserves special mention. The

United States does not have an integrated en-
vironmental monitoring system. Without mon-
itoring data, we are in many cases unable to
determine if populations are declining, or, if
pollution is reduced, if they are recovering.
Chemical monitoring of precipitation and sur-
face waters is sparse but has been used very
effectively in policy formulation (Lovett et al.

2007). Biological monitoring is primarily an ad
hoc activity by individual scientists who try to
sustain the necessary long-term funding. With-
out a comprehensive, integrated environmen-
tal monitoring program, it is difficult to track
the chemical and biological responses to air
pollution.

Air-Pollution Impacts Are Most Likely
Being Underestimated

It is apparent from this review that we cur-
rently have limited understanding of some po-
tential effects of specific air pollutants (e.g.,
effects of N deposition on alpine ecosystems,
effects of O3 on wildlife), the strength of in-
teractions among pollutants, the extent and
implications of time lags, the relative amount
of primary and secondary food-web effects,
and the nature of interactions with other en-
vironmental threats. Unfortunately, there are
many areas of research that have been largely
discontinued (e.g., ground-level O3 impacts
to plants), and other areas of inquiry that
illustrate impacts are much more pervasive
than previously thought (e.g., soil acidifica-
tion, Hg). Taken together, it seems likely that
our current knowledge, as summarized in this
chapter, represents an underestimation of the
problem.

Implications for Conservation

The impacts of air pollution on humans and
the natural world have been known for a long
time (Weathers and Lovett 1998). However,
in most cases these impacts have been stud-
ied as smaller pieces of a larger puzzle—such
as a single pollutant’s impact to an individual
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species or ecosystem. For effective conserva-
tion of biological diversity we must look across
multiple species and ecosystems and assess the
scope and severity of the threat presented by
multiple pollutants at the same time. In this
synthesis we attempt, for the first time to our
knowledge, to look broadly at the impacts of
air pollutants to those species, ecological com-
munities, and ecosystems that are the focus of
biodiversity conservation. Our assessment re-
vealed that in the Northeast and Mid-Atlantic
regions of the United States, the impacts are
significant and widespread across many ecosys-
tem types, disrupting the functioning of many
of these ecosystems to varying extents, and
harming species and communities of conserva-
tion concern. Conservation organizations have
largely focused on habitat protection as the
main tool for preserving important species and
communities. However, preserving land will not
protect these species and communities from
threats such as air pollution that do not rec-
ognize property boundaries. We believe that
conservation organizations should consider the
impacts of air pollution in their conserva-
tion agendas, in order to protect the wildlife
species at risk, the ecosystems that provide valu-
able services to our society, and the centuries
of personal and financial investments made
to preserve these ecosystems for humans and
wildlife.

Recommendations for Policy
and Science

Based on our evaluation of the science as
summarized in the preceding sections, further
action should be taken to help protect ecosys-
tems and biodiversity from the damaging ef-
fects of air pollution. Two principal changes
are most important at this time: (1) the nation
should set ecologically relevant air-pollution
standards, and (2) federal, state, and private
organizations should work together to develop
a comprehensive monitoring program for air
pollution and its effects.

Set Ecologically Relevant
Air-Pollution Standards

Current air-pollution regulations are based
on the National Ambient Air Quality Stan-
dards (NAAQS), which are set for “criteria pol-
lutants,” including sulfur dioxide, nitrogen ox-
ide, and ozone, among others. The primary
NAAQS standards are set to protect human
health, and although the Clean Air Act also al-
lows for secondary standards that are intended
to protect “public welfare,” including buildings,
crops, and natural ecosystems, in most cases
secondary standards have simply been set equal
to primary standards. The primary standards
represent levels of concentration of the pollu-
tant in the air which, if exceeded, are deemed
to represent a significant threat to health. While
necessary, these standards are insufficient to
protect ecosystems from air pollution.

Ecosystems respond to different pollutants,
different exposure indices, and over different
timescales than human bodies. For S, N, and
Hg, the most logical index of exposure of
ecosystems is total annual deposition, such as
kilograms of the pollutant deposited per hectare
per year. Ecosystem response is best captured in
a measure of total deposition of S and N, rather
than concentrations of chemical species such as
sulfur dioxide or nitrogen oxide. For Hg, there is
much less information to assess the appropriate
exposure index, but total annual deposition also
appears to be a reasonable choice. For ozone,
a cumulative exposure statistic such as Sum06
(see the earlier discussion) is probably a more
relevant index of the effects on plants than is a
mean or maximum concentration.

Deposition standards for S and N are most
often expressed as critical loads. Critical loads
have been used for assessing the impacts of
S and N deposition in Europe for over two
decades (Burns et al. 2008). We recommend
that the U.S. adopt a critical-loads framework
for assessing the effects of S and N deposition
on sensitive ecosystems, and explore this ap-
proach for Hg as well. Critical loads should
be viewed as evolving standards, and should
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be periodically updated based on the latest
research, as is done for the criteria pollutants.
Investment in research and scientific consensus-
building will be required to develop an initial
estimate of the critical load for each pollutant
and ecosystem type. It may be prudent to estab-
lish an initial set of critical loads based on best
available science that are tested with empirical
data collected from priority areas with sensitive
ecosystems. This will require improvements in
current monitoring systems and a process to
feed this information back into air pollution
regulations.

Develop a Comprehensive Monitoring
Program for Air Pollution and Its Effects

Despite years of research documenting the
impacts of air pollution on wildlife and ecosys-
tems, currently there is no integrated na-
tional monitoring program in place to measure
the comprehensive effects of changing emis-
sions. Monitoring of atmospheric deposition
and surface-water chemistry has been essen-
tial to U.S. policy formulation and assessment,
but the funding for these programs is constantly
under threat. Further, there is no comprehen-
sive monitoring of the impacts of air pollution
on forests, soils, or most plants and animals.
Therefore, we recommend that the federal and
state governments and nongovernmental orga-
nizations such as universities and conservation
organizations work together to create and in-
tegrated and comprehensive monitoring pro-
gram for the natural resources at risk from air
pollution. Such an initiative should include and
expand current networks for measuring precip-
itation chemistry, air quality, and surface-water
chemistry, and would include new programs to
monitor forests, soils, wildlife, and other natural
resources that are threatened by air pollution.
A comprehensive and integrated monitoring
network would help address important infor-
mation gaps and inform the development and
refinement of critical loads. The comprehen-
sive monitoring program should be long-term
and national in scope, and increased funding

and commitment to long-term stability of the
programs will be required. Without an effective
monitoring program in place, we cannot eval-
uate the impacts of air pollution on ecosystems,
nor can we determine if legislation intended
to reduce these impacts is having the desired
effects.
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Findlay, S. & C. Jones. 1990. Exposure of cottonwood
plants to ozone alters subsequent leaf litter decom-
position. Oecologia 82: 248–250.



Lovett et al.: Biodiversity & Air Pollution 131

Findlay, S.E.G., S. Dye & K.A. Kuehn. 2002. Microbial
growth and nitrogen retention in litter of Phragmites

australis compared to Typha angustifolia. Wetlands 22:
616–625.

Fisher, D.C. & M. Oppenheimer. 1991. Atmospheric ni-
trogen deposition and the Chesapeake Bay estuary.
Ambio 20: 102–108.

Foster, D.R., G. Motzkin & B. Slater. 1998. Land-use his-
tory as long-term broad-scale disturbance: regional
forest dynamics in central New England. Ecosystems

1: 96–119.
Fowler, D., J. Muller, R.I. Smith, et al. 2005. Nonlinear-

ities in source receptor relationships for sulfur and
nitrogen compounds. Ambio 34: 41–46.

Fox, D.G., A.M. Bartuska, J.G. Byrne & G. James. 1989. A

Screening Procedure to Evaluate Air Pollution Effects on Class

I Wilderness Areas. U.S. Department of Agriculture,
Forest Service, Rocky Mountain Forest and Range
Experiment Status. Gen. Tech. Rep. RM-168, . Fort
Collins, CO.

Friedmann, A.S., M.C. Watzin, T. Brinck-Johnson & J.C.
Leitner. 1996. Low levels of dietary methylmercury
inhibit growth and gonadal development in juvenile
walleye (Stizostedion vitreum). Aquat. Toxicol. 35: 265–
278.

Gagnon, Z.E. & D.F. Karnosky. 1992. Physiological-
response of 3 species of sphagnum to ozone exposure.
J. Bryol. 17: 81–91.

Galloway, J.N., J.D. Aber, J.W. Erisman, et al. 2003. The
nitrogen cascade. Bioscience 53: 341–356.

Galloway, J.N., S.A. Norton & M.R. Church. 1983. Fresh-
water acidification from atmospheric deposition of
sulfuric acid—A conceptual model. Environ. Sci. Tech-

nol. 17: A541-A545.
Gbondo-Tugbawa, S.S. & C.T. Driscoll. 2003. Factors

controlling long-term changes in soil pools of ex-
changeable basic cations and stream acid neutraliz-
ing capacity in a northern hardwood forest ecosys-
tem. Biogeochemistry 63: 161–185.

Gibbs, J.P. & A.R. Breisch. 2001. Climate warming and
calling phenology of frogs near Ithaca, New York,
1900–1999. Conserv. Biol. 15: 1175–1178.

Gilliam, F.S., A.W. Hockenberry & M.B. Adams. 2006.
Effects of atmospheric nitrogen deposition on the
herbaceous layer of a central Appalachian hardwood
forest. J. Torrey Bot. Soc. 133: 240–254.

Goodale, C.L. & J.D. Aber. 2001. The long-term effects
of land-use history on nitrogen cycling in northern
hardwood forests. Ecol. Appl. 11: 253–267.

Gotelli, N.J. & A.M. Ellison. 2002. Nitrogen deposition
and extinction risk in the northern pitcher plant,
Sarracenia purpurea. Ecology 83: 2758–2765.

Gotelli, N.J. & A.M. Ellison. 2006. Forecasting extinction
risk with non-stationary matrix models. Ecol. Appl.

16: 51–61.

Gough, L., C.W. Osenberg, K.L. Gross & S.L. Collins.
2000. Fertilization effects on species density and pri-
mary productivity in herbaceous plant communities.
Oikos 89: 428–439.

Graveland, J., R. Vanderwal, J.H. Vanbalen, & A.J. Van-
noordwijk. 1994. Poor reproduction in forest passer-
ines from decline of snail abundance on acidified
soils. Nature 368: 446–448.

Gregg, J.W., C.G. Jones & T.E. Dawson. 2003. Urban-
ization effects on tree growth in the vicinity of New
York City. Nature 424: 183–187.

Grigal, D.F. 2002. Inputs and outputs of mercury from
terrestrial watersheds: a review. Environ. Rev. 10: 1–
39.

Grigal, D.F. 2003. Mercury sequestration in forests and
peatlands: a review. J. Environ. Qual. 32: 393–405.

Hames, R.S., K.V. Rosenberg, J.D. Lowe, et al. 2002.
Adverse effects of acid rain on the distribution of the
Wood Thrush Hylocichla mustelina in North America.
Proc. Natl. Acad. Sci. USA 99: 11235–11240.

Hammerschmidt, C.R., M.B. Sandheinrich, J.G. Wiener
& R.G. Rada. 2002. Effects of dietary methylmer-
cury on reproduction of fathead minnows. Environ.

Sci. Technol. 36: 877–883.
Hauxwell, J., J. Cebrian & I. Valiela. 2003. Eelgrass (Zostera

marina) loss in temperate estuaries: relationship to
land-derived nitrogen loads and effect of light lim-
itation imposed by algae. Mar. Ecol. Prog. Ser. 247:
59–73.

Hawley, G.J., P.G. Schaberg, C. Eagar & C.H. Borer.
2006. Calcium addition at the Hubbard Brook Ex-
perimental Forest reduced winter injury to red spruce
in a high-injury year. Can. J. For. Res. 36: 2544–2549.

Heinz, G.H. 1979. Methylmercury: reproductive and
behavioral effects on three generations of Mallard
ducks. J. Wildl. Manage. 43: 394–401.

Henny, C.J., E.F. Hill, D.J. Hoffman, et al. 2002. Nine-
teenth century mercury: hazard to wading birds
and cormorants of the Carson River, Nevada.
Ecotoxicology 11: 213–231.

Horsley, S.B., R.P. Long, S.W. Bailey, et al. 2002. Health
of eastern North American sugar maple forests and
factors affecting decline. North. J. Appl. For. 19: 34–44.

Howard, T.G., J. Gurevitch, L. Hyatt, et al. 2004. For-
est invisibility in communities in southeastern New
York. Biol. Invasions 6: 393–410.

Hurd, T.M., A.R. Brach & D.J. Raynal. 1998. Response
of understory vegetation of Adirondack forests to
nitrogen additions. Can. J. For. Res. 28: 799–807.

Iverson, L.R. & A.M. Prasad. 2001. Potential changes
in tree species richness and forest community types
following climate change. Ecosystems 4: 186–199.

Jenkins, J., K.M. Roy, C.T. Driscoll & C. Buerkett. 2007.
Acid Rain and the Adirondacks: An Environmental History.
Cornell University Press. Ithaca, NY.



132 Annals of the New York Academy of Sciences

Jeremiason, J.D., D.R. Engstrom, E.B. Swain, et al. 2006.
Sulfate addition increases methylmercury produc-
tion in an experimental wetland. Environ. Sci. Technol.

40: 3800–3806.
Jordan, M.J., K. Nadelhoffer & B. Fry. 1997. Nitro-

gen cycling in forest and grass ecosystems irrigated
with 15N enriched wastewater. Ecol. Appl. 7: 864–
881.

Kamman, N.C. & D.R. Engstrom. 2002. Historical and
present fluxes of mercury to Vermont and New
Hampshire lakes inferred from 210Pb dated sedi-
ment cores. Atmos. Environ. 36: 1599–1609.

Kamman, N.C., A. Chalmers, T.A. Clair, et al. 2005. Fac-
tors influencing mercury in freshwater surface sed-
iments of northeastern North America. Ecotoxicology

14: 101–111.
Karnosky, D.F., D.R. Zak, K.S. Pregitzer, et al. 2003.

Tropospheric O-3 moderates responses of temperate
hardwood forests to elevated CO2: a synthesis of
molecular to ecosystem results from the Aspen FACE
project. Funct. Ecol. 17: 289–304.

King, J.S., M.E. Kubiske, K.S. Pregitzer, et al. 2005. Tro-
pospheric O-3 compromises net primary produc-
tion in young stands of trembling aspen, paper birch
and sugar maple in response to elevated atmospheric
CO2. New Phytol. 168: 623–635.

Kniffen, M.L., C. Neill & R. McHorney. 2007. Nutrient
limitation of periphyton and phytoplankton growth
in freshwater coastal plain ponds on Cape Cod. Ab-
stract #311, ASLO 2007 Aquatic Sciences Meeting,
Santa Fe, NM.

Kohut, R. 2007. Assessing the risk of foliar injury from
ozone on vegetation in parks in the U.S. National
Park Service’s Vital Signs Network. Environ. Pollut.
149: 348–357.

Lane, O.P. & D.C. Evers. 2006. Developing a Geographic Ex-

posure Profile of Methylmercury Availability in Salt Marshes

of New England. Report BRI 2006-0x. BioDiversity
Research Institute, Gorham, ME.

Latty, E.F., C.D. Canham & P.L. Marks. 2003. Beech
bark disease in northern hardwood forests: the im-
portance of nitrogen dynamics and forest history for
disease severity. Can. J. For. Res. 33: 257–268.

Levine, J.M., J.S. Brewer & M.D. Bertness. 1998. Nu-
trients, competition and plant zonation in a New
England salt marsh. J. Ecol. 86: 285–292.

Likens, G.E. 2000. A long-term record of ice cover
for Mirror Lake, New Hampshire: effects of global
warming? Verh. Internat. Verein. Limnol. 27: 2765–
2769.

Likens, G.E., C.T. Driscoll, D.C. Buso, et al. 2002. The
biogeochemistry of sulfur at Hubbard Brook. Biogeo-

chemistry 60: 235–316.
Lilleskov, E.A., T.J. Fahey & G.M. Lovett. 2001. Ecto-

mycorrhizal fungal aboveground community change

over an atmospheric nitrogen deposition gradient.
Ecol. Appl. 11: 397–410.

Long, R.P., S.B. Horsley & P.R. Lilja. 1997. Impact of
forest liming on growth and crown vigor of sugar
maple and associated hardwoods. Can. J. For. Res.

27: 1560–1573.
Lorey, P. & C.T. Driscoll. 1999. Historical trends of mer-

cury deposition in Adirondack lakes. Environ. Sci.

Technol. 33: 718–722.
Lovett, G.M. 1994. Atmospheric deposition of nutrients

and pollutants in North America: an ecological per-
spective. Ecol. Appl.4: 629–650.

Lovett, G.M. & J.D. Kinsman. 1990. Atmospheric pollu-
tant deposition to high-elevation ecosystems. Atmos.

Environ. 24A: 2767–2786.
Lovett, G.M. & H. Rueth. 1999. Soil nitrogen transfor-

mations in beech and maple stands along a nitrogen
deposition gradient. Ecol. Appl. 9: 1330–1344.

Lovett, G.M., D.A. Burns, C.T. Driscoll, et al. 2007. Who
needs environmental monitoring? Front. Ecol. Environ.

5: 253–260.
Lovett, G., C.D. Canham, M.A. Arthur, et al. 2006. Forest

ecosystem responses to exotic pests and pathogens in
eastern North America. Bioscience 56: 395–405.

Lovett, G., K.C. Weathers & M.A. Arthur. 2002. Control
of N loss from forested watersheds by soil C:N ratio
and tree species composition. Ecosystems 5: 712–718.

MacAvoy, S.E. & A.J. Bulger. 1995. Survival of brook
trout (Salvelinus fontinalis) embryos and fry in streams
of different acid sensitivity in Shenandoah National
Park, USA. Water Air Soil Pollut. 85: 445–450.

MacDonald, J.A., N.B. Dise, E. Matzner, et al. 2002. Ni-
trogen input together with ecosystem nitrogen en-
richment predict nitrate leaching from European
forests. Global Change Biol. 8: 1028–1033.

Magill, A.H., J.D. Aber, J.J. Hendricks, et al. 1997. Biogeo-
chemical response of forest ecosystems to simulated
chronic nitrogen deposition. Ecol. Appl. 7: 402–415.

Marvin-DiPasquale, M.C., J.L. Agee, R.M. Bouse & B.E.
Jaffe. 2003. Microbial cycling of mercury in contam-
inated pelagic and wetland sediments of San Pablo
Bay, California. Environ. Geol. 43: 260–267.

McClure, M.S. 1991. Nitrogen fertilization of hemlock
increases susceptibility to hemlock woolly adelgid. J.

Arboric. 17: 227–231.
McNulty, S.G., J.D. Aber & R.D. Boone. 1991. Spatial

changes in forest floor and foilar chemistry of spruce-
fir forests across New England. Biogeochemistry 14:
13–29.

McNulty, S.G., J.D. Aber & S.D. Newman. 1996. Nitrogen
saturation in a high-elevation spruce-fir stand. For.

Ecol. Manag. 84: 109–121.
Menzel, DB. 1984. Ozone: An overview of its toxicity

in man and animals. J. Toxicol. Environ. Health 13:
183–204.



Lovett et al.: Biodiversity & Air Pollution 133

Miller, E. 2006. Assessment of Forest Sensitivity to Nitro-

gen and Sulfur Deposition in Maine. Report to Maine
Department of Environmental Protection by Ecosys-
tems Research Group, Ltd. Norwich, VT.

Miller, E.K., A. Vanarsdale, G.J. Keeler, et al. 2005. Esti-
mation and mapping of wet and dry mercury deposi-
tion across northeastern North America. Ecotoxicology

14: 53–70.
Miller, P.R. & J.R. McBride, Eds. 1999. Oxidant Air Pol-

lution Impacts in the Montane Forest of Southern California.
Springer. New York.

Mitchell, M.J., C.T. Driscoll, J.H. Porter, et al. 1994. The
Adirondack Manipulation and Modeling Project
(AMMP): design and preliminary results. For. Ecol.

Manage. 68: 87–100.
Monteith, D.T., J.L. Stoddard, C.D. Evans, et al. 2007.

Dissolved organic carbon trends resulting from
changes in atmospheric deposition chemistry. Nature

450: 537–540.
Morgan, M.D. & K.R. Philipp. 1986. The effect of

agricultural and residential development on aquatic
macrophytes in the New Jersey Pine Barrens. Biol.

Conserv. 35: 143–158.
Murdoch, P.S. & J.L. Stoddard. 1993. Chemical charac-

teristics and temporal trends in eight streams of the
Catskill Mountains, New York. Water Air Soil Polutl.
67: 367–395.

Murdoch, P.S., D.A. Burns & G.B. Lawrence. 1998. Re-
lation of climate change to acidification of surface
waters by nitrogen deposition. Environ. Sci. Technol.

32: 1642–1647.
Nadelhoffer, K.J., B. Emmet, P. Gundersen, et al. 1999.

Nitrogen deposition makes a minor contribution
to carbon sequestration in temperate forests. Nature

398: 145–148.
National Park Service. 2003. Ozone Sensitive Plant

Species on National Park Service and US Fish

and Wildlife Service Lands. NPS D1522, Nat-
ural Resource Report NPS/NRARD/NRR-
2003/01, Air Resources Division. Denver, CO.
www2.nature.nps.gov/ard/pubs/index.htm

Norton, S.A., J.S. Kahl, I.J. Fernandez, et al. 1994. Re-
sponse of the West Bear Brook watershed, Maine,
USA to the addition of (NH4)2SO4: 3-year results.
For. Ecol. Manage. 68: 61–73.

Ollinger, S.V., J.D. Aber, G.M. Lovett, et al. 1993. A spatial
model of atmospheric deposition in the northeastern
U.S. Ecol. Appl. 3: 459–472.

Pabian, S.E. & M.C. Brittingham. 2007. Terrestrial liming
benefits birds in an acidified forest in the northeast.
Ecol. Appl. 17: 2184–2194.

Pennuto, C.M., O.P. Lane, D.C. Evers, et al. 2005. Mer-
cury in the northern cray fish, Orconectes virilis (Ha-
gen), in New England, USA. Ecotoxicology 14: 149–
162.

Porter, E., T. Blett, D.U. Potter & C. Huber. 2005. Pro-
tecting resources on federal lands: implications of
critical loads for atmospheric deposition of nitrogen
and sulfur. Bioscience 55: 603–612.

Potter, L., J.P. Foot, S.J.M. Caporn & J.A. Lee. 1996. The
effects of long-term elevated ozone concentrations
on the growth and photosynthesis of Sphagnum re-

curvum and Polytrichum commune. New Phytol. 134:
649–656.

Rainey, S.M., K.J. Nadelhoffer, W.L. Silver & M.R.
Downs. 1999. Effects of chronic nitrogen additions
on understory species in a red pine plantation. Ecol.

Appl. 9: 949–957.
Rimmer, C.C., K.P. Mcfarland, D.C. Evers, et al. 2005.

Mercury concentrations in Bicknell’s thrush and
other insectivorous passerines in Montane forests of
northeastern North America. Ecotoxicology 14: 223–
240.

Roman, C.T., N. Jaworski, F.T. Short, et al. 2000. Estuaries
of the Northeastern United States: habitat and land
use signatures. Estuaries 23: 743–764.

Rusek, J. & V.G. Marshall. 2000. Impacts of airborne
pollutants on soil fauna. Annu. Rev. Ecol. Syst. 31:
395–423.

St. Clair, S.B., J.E. Carlson & J.P. Lynch. 2005. Evidence
for oxidative stress in sugar maple stands growing
on acidic, nutrient imbalanced forest soils. Oecologia

145: 258–269.
Sarda, R., I. Valiela & K. Foreman. 1996. Decadal shifts in

a salt marsh macroinfaunal community in response
to sustained long-term experimental nutrient enrich-
ment. J. Exp. Mar. Biol. Ecol. 205: 63–81.

Scavia, D. & S.B. Bricker. 2006. Coastal eutrophication
assessment in the United States. Biogeochemistry 79:
187–208.

Schindler, D.W., K.H. Mills, D.F. Malley, et al. 1985. Long-
term ecosystem stress: effects of years of experimen-
tal acidification. Can. J. Fish. Aquat. Sci. 37: 342–
354.

Schofield, C. 1978. Metals toxicity. In Limnological As-

pects of Acid Precipitation. G.R. Hendry, Ed.: U.S. EPA,
Brookhaven National Laboratory. Upton, NY.

Schofield, C.L. & C.T. Driscoll. 1987. Fish species distri-
bution in relation to water quality gradients in the
North Branch of the Moose River. Biogeochemistry 3:
63–86.

Short, F.T. & D.M. Burdick. 1996. Quantifying eelgrass
habitat loss in relation to housing development and
nitrogen loading in Waquoit Bay, Massachusetts. Es-

tuaries 19: 730–739.
Shriver, W.G., D.C. Evers,T. Hodgman, et al. 2006. Mer-

cury in Sharp-tailed Sparrows breeding in coastal
wetlands. Environ. Bioindicators 1: 129–135.

Siguenza, C., D.E. Crowley & E.B. Allen. 2006. Soil mi-
croorganisms of a native shrub and exotic grasses



134 Annals of the New York Academy of Sciences

along a nitrogen deposition gradient in southern Cal-
ifornia. Appl. Soil Ecol. 32: 13–26.

Spalding, M.G., P.C. Frederick, H.C. McGill, et al. 2000.
Histologic, neurologic, and immunologic effects of
methylmercury in captive great egrets. J. Wildl. Dis.

36: 423–435
Stevens, C.J., N.B. Dise, J.O. Mountford & D.J. Gowing.

2004. Impact of nitrogen deposition on the species
richness of grasslands. Science 303: 1876–1879.

Stevens, C.J., N.B. Dise, D.G. Gowing & J.O. Mountford.
2006. Loss of forb diversity in relation to nitrogen
deposition in the UK: regional trends and potential
controls. Global Change Biol. 12: 1823–1833.

Stevenson, J.C., L.W. Staver & K.W. Staver. 1993. Water
quality associated with survival of submersed aquatic
vegetation along an estuarine gradient. Estuaries 16:
346–361.

Stoddard, J.L., C.T. Driscoll, J.S. Kahl & J.H. Kellogg.
1998. A regional analysis of lake acidification trends
for the northeastern U.S., 1982–1994. Environ. Monit.

Assess. 51: 399–413.
Sullivan, T.J., B.J. Cosby, J.R. Webb, et al. 2002. Assessment

of the Effects of Acidic Deposition on Aquatic Resources in

the Southern Appalachian Mountains. Report for South-
ern Appalachian Mountain Initiative, Prepared
by E&S Environmental Chemistry, Inc. Corvallis,
OR.

Sullivan, T.J., C.T. Driscoll, B.J. Cosby, et al. 2006. As-

sessment of the Extent to Which Intensively-Studied Lakes

are Representative of the Adirondack Mountain Region. Final
Report 06-17. New York State Energy Research and
Development Authority. Albany, NY.

Sullivan, T.J., B.J. Cosby, J.R. Webb, et al. 2008.
Streamwater acid-base chemistry and critical loads
of atmospheric sulfur deposition in Shenandoah Na-
tional Park, Virginia. Environ. Monit. Assess. 137: 85–
99.

Taylor, G.E., Jr., L.F. Pitelka & M.T. Klegg, Eds. 1991.
Ecological Genetics. Springer-Verlag. New York.

Templer, P.H., G.M. Lovett, K.C. Weathers, et al. 2005.
Influence of tree species on forest nitrogen retention
in the Catskill Mountains, New York, USA. Ecosystems

8: 1–16.
Thormann, M.N. 2006. Lichens as indicators of forest

health in Canada. For. Chron. 82: 335–343.
U.S. EPA. 1997. Mercury Study Report to Congress. Volume VII:

Characterization of Human Health and Wildlife Risks from

Mercury Exposure in the United States. EPA-452/R-97-
009.

U.S. EPA. 2006. Air Quality Criteria for Ozone and Related

Photochemical Oxidants Volume I . EPA 600/R-
05/004aF. National Center for Environmental
Assessment-RTP Office Office of Research and De-
velopment U.S. Environmental Protection Agency
Research Triangle. Park, NC.

Valiela, I., J.M. Teak & W.J. Sass. 1975. Production and
dynamics of salt marsh vegetation and the effects of
experimental treatment with sewage sludge. J. Appl.

Ecol. 12: 973–981.
Waldron, M.C., J.A. Colman & R.F. Breault. 2000. Dis-

tribution, hydrologic transport, and cycling of to-
tal mercury and methyl mercury in a contaminated
river-reservoir-wetland system (Sudbury River, east-
ern Massachusetts). Can. J. Fish. Aquat. Sci. 57: 1080–
1091.

Wallace, Z.P., G.M. Lovett, J.E. Hart & B. Machona.
2007. Effects of nitrogen saturation on tree growth
and death in a mixed-oak forest. For. Ecol. Manag.

243: 210–218.
Warneck, P. 1988. Chemistry of the Natural Atmosphere. Aca-

demic Press. San Diego, CA.
Weathers, K.C. & G.M. Lovett. 1998. Acid deposition re-

search and ecosystem science: Synergistic successes.
In Successes, Limitations, and Frontiers in Ecosystem Sci-

ence. M.L. Pace, Ed.: 195–219. Springer-Verlag. New
York.

Weathers, K.C., G.M. Lovett, G.E. Likens & R. Lathrop.
2000. The effect of landscape features on deposition
to Hunter Mountain, Catskill Mountains, New York.
Ecol. Appl. 10: 528–540.

Weathers, K.C., G.E. Likens & T.J. Butler. 2006a. Acid
rain. In Environmental and Occupational Medicine, 4th ed.
W. Rom, Ed.: 1549–1561. Lippincott-Raven Pub-
lishers. Philadelphia, PA.

Weathers, K.C., S.M. Simkin, G.M. Lovett & S.E. Lind-
berg. 2006b. Empirical modeling of atmospheric de-
position in mountainous landscapes. Ecol. Appl. 16:
1590–1607.

Webb, J.R., F.A. Deviney, J.N. Galloway, et al. 1994. The

Acid-Base Status of Native Brook Trout Streams in the Moun-

tains of Virginia. Department of Environmental Sci-
ences, University of Virginia. Charlottesville, VA.

Webber, H.M. & T.A. Haines. 2003. Mercury effects on
predation avoidance behavior of a forage fish golden
shiner (Noemigonus crysoleucas). Environ. Toxicol. Chem.

22: 1556–1561.
Wedin, D.A. & D. Tilman. 1996. Influence of ni-

trogen loading and species composition on the
carbon balance of grasslands. Science 274: 1720–
1723.

Wiener, J.G., D.P. Krabbenhoft, G.H. Heinz & A.M.
Scheuhammer. 2003. Ecotoxicology of mercury. In
Handbook of Ecotoxicology. D.J. Hoffman, B.A. Rattner,
G.A. Burton, Jr. & J. Cairns, Jr., Eds: 409–463. Lewis
Publishers. Boca Raton, FL.

Wigand, C., R.A. McKinney, M.A. Charpentier, et al.
2003. Relationships of nitrogen loadings, residential
development, and physical characteristics with plant
structure in New England salt marshes. Estuaries 26:
1494–1504.



Lovett et al.: Biodiversity & Air Pollution 135

Wigington P.J., Jr., J.P. Baker, D.R. DeWalle, et al.
1996. Episodic acidification of small streams in the
northeastern United States: Episodic Response
Project. Ecol. Appl. 6: 374–388.

Wren, C.D. 1985. Probable case of mercury-poisoning
in a wild otter, Lontra-canadensis, in northwestern
Ontario. Can. Field-Nat. 99: 112–114.

Wren, C.D. 1986. A review of metal accumulation and
toxicity in wild mammals. 1. Mercury. Environ. Res.

40: 210–244.
Yan, N.D., K.M. Somers, R.E. Girard, et al. 2008. Long-

term trends in zooplankton of Dorset, Ontario,
lakes: the probable interactive effects of changes

in pH, total phosphorus, dissolved organic carbon,
and predators. Can. J. Fish. Aquat. Sci. 65: 862–
877.

Yates, D.E., D.T. Mayack, K. Munney, et al. 2005. Mer-
cury levels in mink (Mustela vison) and River Otter
(Lontra canadensis) from northeastern North America.
Ecotoxicology 14: 263–274.

Young, T.C. & J.L. Stoddard. 1996. The temporally in-
tegrated monitoring of ecosystems (TIME) project
design. 1. Classification of northeast lakes using a
combination of geographic, hydrogeochemical, and
multivariate techniques. Water Resour. Res. 32: 2517–
2528.


