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Executive Summary

Conservation organizations have most often focused orus@@hange, climate change,

and invasive species as prime threats to biogityeconservation. Though air pollution

is an acknowledged widespread problem, is it rarely considered in conservation planning.
This report summarizes the state of scientific knowledgherffects of air pollution on
plants and animals in the Nortls¢éern and MidAtlantic regions of the U.S. Most of the
information in the report is derived from a workshbat wasorganized by the Nature
Conservancy and the Institute of Ecosystem Stuahésvasattended by 3experts in air
pollution science and ceervation. The informatiomom the workshop was

supplemented with literature review for this report. The report considers four air
pollutants (sulfir, nitrogen, ozone and mercury) and eight ecosystem types.

Effects of air pollution were identified,ith varying levels of certainty, in all the
ecosystems examinedhe scope of the problem is illustrated in the accompanying table,
which documents the level of knowledge of these impacts in the ecosystem types
considered in this repoflone of these eystems is free of the impacts of air

pollution, and most are affected by more than one pollutantn aquatic ecosystems,
effects of acidity, nitrogen and mercury on organisms and biogeochemical processes are
well documented. Air pollution causes or cdmnites to acidification of lakes,
eutrophication of estuaries and coastal waters, and mercury bioaccumulation in aquatic
food webs. In terrestrial ecosystems, the effects of air pollution on biogeochemical
cycling are very well documentedytthe effecton organisms 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. Soill
acidification is known to be occurring some northeastern ecosystems and is likely to
affect the composition and function of forests in esmdsitive areas over the long term.
Ozone is known tgausereductions in photosynthesis in many terrestrial plant species.

For the most part, theffects of these pollutants are chronic, not acute, at the egposur
levels common in the eastern U.3/ortality is often observed only at experimentally
elevated exposure levels or in combination with other stresses such as drought, freezing
or pathogas. The notable exception is 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 oftesubtle, they aramportant. Changes in species composit
caused by terrestrial ogaaticacidification oreutrophication can propagateoughout

the food webs to affect mammyganisms beyond those that are directly sensitive to the
pollution. Likewise, sublethal doses of toxic pollutants meguce the ggroductive

ability of the affected organisior make itmoresusceptible to pathogens that can Kkill it.

We identifiedmany seriougaps in knowledge that warrant further research. Among
those gaps are the effects of acidification, ozone and mercutgioa aystems, 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
environmental changes such as climate changernaadive species. Unfortunately,



research funds for air pollution (other than greenhouse gases) have dwindled
considerably in the last several decades, so progress on these issues will come slowly if at
all.

These gaps in knowledgegupled with the sting likelihood of impacts osystemghat

have not been studied the Northeastead us to believe that this summafycurrent
knowledgeunderestimates thteueimpact of airpollutants orbiodiversity. tis likely

that new and significant impacts Wie discovered upon further research, andkhatvn

effects will turn out to be more widespread than is currently appreciated. Good examples
are the recent discoveries of elevated levels of mercury in mowweiing bird species

and the shifts in gssland plant species composition associated with excess nitrogen
deposition.

Overall, this synthesis revedlsat known or likelyimpacs of air pollutionon the

biodiversity and function of natural ecosystesins widespread ithe Northeast and Mid
Atlantic regions We believe it is time for the conservation community to consider air
pollution as a serious thrett conservation of biodiversiin this region It is clear that

the species, communities and ecosystems of concern to conservations egmotédied

by land preservation alone, and that action to reduce air pollution should be part of any
long-term conservation strategy.



Tablel. Level of certaintyhat air pollutants result in significant negative impacts on a
selected biodiversitgonservation target groups based on expert review. Level of
certaintywas divided into four categories for ease of comparison across target and
pollutant groups: known, likely, unlikely and unknownown = Studies documenting
impacts in the region arenbwn. Likely = Studies documenting impacts are knolaurt

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 inggative impacts are not supported at this time
within or outside this region. Unknown No applicable studies documenting impamts

lack of impacts werglentified within or outside this region.

Air pollutants and their products

Conservation Nitrogen  Sulfur Ozone Mercury  Percent (number)

Target Groups of air pollutants
with known or
likely impacts

Alpine and Likely Likely  Unknown Unknown 50% (2)

subalpine

ecosystems

Forests (both Likely Known Known Likely 100% (4)

upland and

wetland types)

Bogsand fens Likely Known Likely Likely 100% (4)

Grasslands Likely  Unknown Unknown Unknown 25% (1)

High gradient Known Known  Unlikely Likely 75% (3)

headwater

streams

Lakes and Known Known  Unlikely Known 75% (3)

ponds

Low gradient Likely*  Unlikely  Unlikely Likely 50% (2)

rivers

Estuaries, bays, Likely*  Unlikely  Unlikely Likely 50% (2)

and saltmarshes

Percent 100% (8) 63% (5) 25% (2) 75% (6)

(number) of

target groups
with known or
likely impacts

*Nitrogen eutrophication effects are known for theseesyst Although atmospheric
nitrogen deposition is often a significant contributor to the total nitrogen loaditigese
systemsit is usuallynot the major source of nitrogen.
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1. Introduction

Background

The Nature Conserovomriernywes tmhe se amt h&s tor gani s
habitats they need t o s ufogusemoridentifyiidie Conser va
important areas oftenlarge landscapesas priorities for conservation actianthin a

largerscale, ecoregional assessme@nce thesamportant areas for conservatiare

identified, the Conservancy works widndowners and other partners in the area to

insure that crucial habitats and ecosystem types remain available for the organisms that

need them. Recent analysis loé¢ tstatus and threats to conservation in theAtahtic

and Northeast regions has led to the understanding that this Kowhbfareasbased

conservation planningnd actionis necessary but may be insufficient. Some scientists

propose that seriousrtfats to ecosystems in the eastern U.S. arise from agents, such as

air pollution and exotic species, that are regional or continental in scope and therefore

beyond the control of landowners or conservation organizations working locally.

This report is &ynthesis of scientific information dhe impacts of air pollution on
elemens of biological diversity (e.g., species, natural communities, and ecosystems)
the Northeastern and Midtlantic regions of the U.SThese elementscalled
conservation tagetsby the Conservancyare intended to best represent biological
diversity in planning efforts used to guide and focus conservation adtfenreport
incorporates the findings of a workshop convenechbyNature Conservancy (TNC) and
the Institute oEcosystem Studies (IES) to evaluate the evidence that air pollution causes
harm toconservation targets. h€ workshop, which was held at IES in Millborook New
York from May 1012, 2004, was attended by 32 inviteasits, including 2 academic,
governmenand independerscientistsand 10TNC staff (see Appendik for participant
list). This report also includes information added by workshop participants after the
workshop concludeth order to keep the information as current as possibtethe

extent posible, we attempt to quantify the levels of air pollution that produce adverse
impacts, and to assess the certainty of scientific knowledge on the subject.

Objectives of the report

Assessing the impacts of air pollution on ecosystems is not a nesxffdogcience. The
U.S.government created the National Acid Precipitation Assessment Program for this
purpose in the 1980s, and NAPAP produceevaldme report in 1991 (NAPAP 1991).
The European Union has focused their assessment activity on the desmti@bm

Acr it i cwhichdreaefided afibe highest load of a pollutant that will not cause
chemical changes leading to letegm harmful effects on the most sensitive ecological
systems, according to present knowledgéilsson 1986). These conhentatscale

efforts required scores of scientists and many years of effort to complete. More locally
and more recently, the New England Governors and Eastern Canadian Premiers
(NEG/ECP) commissioned a study designed to determine critical loads forynercu
sulfur and nitrogen deposition for northeastern North America. (Quatrad.2006,



Miller 2006). Many other assessment and synthesis activities have been undertaken,
ranging from scientific review papers to reports from industry groups, think sswks
NGOs.

What could we hope to add to all this prior assessment activity? Ouragoat®re
focused in several ways than previous assessment effortareWxeerested primarily in
the U.S Northeast and Mi#éitlantic regions, and ware focused onhie biological
responses to air pollution, specifically the species, communities, and ecosystems that
comprise the set of conservation targets designated by TNC for those rafieimmped

to gain a better appreciation for the combined impacts of airtfpollon multiple
taxonomic groups and egatem types in order to bett@form biodiversity conservation
efforts about the relative significance of this threat. To our knowledge, this type of
collective synthesis of impacts to biological diversity hatdbezn previously attempted
for multiple pollutants across multiple conservation target groups.

Our approacto the workshopvas to invite experts on air pollution responses of various
biological taxa (e.g. birds, salamanders, trees) and ecosystenfeypdsrests, streams,
salt marshes) to review the evidence on impacts of air pollution. The experts we invited
were familiar with the primary and secondary literature so we could take advantage of
prior assessment activities and include the latestng@seaBecause we wished to limit

the size of the workshop to keep it manageable, we did not have experts on every
possible biological response. However, we assessed the level of knowledge within our
group as we went along and focused on the taxa angsteostypes for which we had

the most knowledgeBY focusing on TNC targets, we hoped to provide TNC with
sufficient information to gauge the scope and severity of the threat of air pollution in the
Northeast and Midhtlantic regions.

Air pollutants considered

The workshop considered four air pollutants: sul&r nitrogen(N), mercury(Hg) and
ozone(O3). These four pollutants were agreed upon by TNC and IES prior to the
workshop as thenajorair pollutants of concern, and were used to help natineviocus
of the workshop.

Sulfur and nitrogen are primarily released from fossil fuel combustiorSasdN
oxides and these gasam®transformed in the atmosphere to acidic particles and acid
precipitation. The gases and particles may be depabiestily to vegetation and soil
surfaces in a process known as dry deposition, or they may be incorporated into cloud
droplets, raindrops or snowflakes to become acid precipitationoimtaintopand

coastal areas where cloud and fog are common, higidicacloud droplets can deposit
directly to vegetation. Sulfur oxides are released primarily from coal combustion,
whereas any combustion can proddicexides. Thus the contribution of motor vehicles
to the pollution problem is greater froxides tha for S oxides.

Nitrogen can also be released from 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 ammonium particles carydakegosited to
vegetation or can be dissolved in precipitation. In areas of intense agricultural activity,
e.g, downwind of feedlots or heavily fertilized crops, ammonium can be the dominant
form of N deposition.

The dfects ofSandN pollution on eosystemsre generally ot caused bylirect

physiological effects of exposure to the gasesepkin sites that are very co®

pollution sources. More commonly, the effects are related to the chronic accumulation of
SandN in plants and soils anddgtthanges in soil and water chemistry caused by
deposition of sulfate, trate and ammoniumNitrogen ands can be transported long
distances in the atmosphere and can impact ecosystems far from the emission sources.
Becausesulfate and nitrate ions céie eady leached from soils to surface waters,
deposition of these pollutants to terresteatsystems may cause a cascade of effects that
includes lakes, streams, rivers, estuaries, and the coastal ocean.

Ozonei s a fsecondar y the ginto$phevetfraphdtocherhicalr me d 1 n
reactions involvingN oxides and hydrocarbon&roundlevel Oz is a widespread

regional pollutant in the eastern U.S. but tends to occur in particularly high

concentrations downwind of major urban areBecauseOs; andits precursors can be
transported long distances, it is a threat to wildlands far removed from urban centers.
Aside from its welHknown effects on human lung§)sis known to reduce

photosynthesis in most plants and cause foliar lesions in sensitive (skeAppendix 2

for a list of sensitive plant specied}s effects on animals other than humans and animals
that serve as medical models for humans (e.g. Norway rats) have not been well studied,
but are likely to be significantMenzel 1984.

Mercury is released primarily from coal combustion and waste incineration and
deposited to the earth precipitation as well as igaous angbarticulatedry deposition.

The different chemical forms éfg in the atmosphereave varying residence times (0
300days) and transport distances (local to global). Mercury is a known neurotoxin that
biomagnifies in the food chain and bioaccumulates in individuals, thus organisms at the
highest trophic levels that live the longest have the greatest risk of high exesears

et al. 2005). Its most toxic form is methylmercury, which is formed primarils-by
reducing, monamethyl bacteria, particularly under leexygen and acidic conditions.

Such conditions are common in freshwater aquatic sediments, wetlands atesiasoils
(Wiener et al. 2003).

Structure of this report

This primary soure of material for this report wake information assembled and

discussed by the participantstire TNC/IES workshop.We summarize those

discussions here by organizing Sectibaf this report around the ecosystem types for

which some knowledge was available within the grotipxperts assembled for the

workshop Specific biological taxa are discussed within the context of the ecosystem

type with which they are most closelysasiated. In the discussion of each taxon or
ecosystem type, we attempted to reach consensus on 1) the certainty or uncertainty of the



scientific information on air pollution impacts on that target, 2) the nature of those
impacts, and 3) if possible, thevels of loading of the pollutant that are known to
produce the impacts.

Certainty of information. In some cases, there has been much study of air
pollution effects on specific targets in the Northeast andMiantic, and in

other cases there hast. In general we reserved the highest level of confidence

for targets in which air pollution impacts are known from experimental and/or
gradient studies within the region. (Experimental studies manipulate the exposure
to the pollutant in field or laborary situations; gradient studies assess the

impacts along a gradient of ambient exposure to the pollutant.) We had
moderate confidence in conclusions inferred from studies on similar species or
ecosystems outside the region. We had low confidenaaniciusions drawn

from mechanistic arguments about what species are likely to be sensitive to
pollution, when those arguments were accompanied by little or no direct empirical
support either inside or outside the region. We tried to capture even these low
confidence conclusions in our report because, in the absence of hard data, there is
value in the reasoned opinion of experts on what species are likely to be sensitive.
We tried to assess confidence levels no matter what the level of impact; e.g., in
somecases 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 on biological functioning of organisms (e.g.
toxicity, mortality, effects on growth or reproduction), effects on species
composition in communities, effects on abiotic ecosystem characteristics that are
likely to affect the biota over the long term, and indirect effects in which species
are affectedhrough food web or competitive interactions (enggative 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 between exposure to the

pollutant and impacts on the ecological systems. To do this, we followed the lead

of Fox et al. (1989) in a repattsigned to help managers of 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. proposed determining a

green line and a red line of air pollutionpasure (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 deposition or concentration

level above which there is high certainty of adverse impmact least some

component of the system. Bet ween the red
zoneo where more information is needed to
significant impact on the systénfor instance, that information could be

patticularly characteristic of the site or the specifics of the exposure conditions.



The Fox et al. (198%pproach recognizes both the difficulty in designating a

single threshold for damage (i .e. a fAcrit
substantial vaation in pollution sensitivity among ecosystems of the same type.

The red line and green line values in the Fox et al. report represent the collective

judgment of a similar group of experts convened in 1988; our approach was to use

this information as atarting point, updating it with more recent information and

the findings of critical load assessments attempted by other groups. As discussed

below, in some cases we were successful in specifying the red and green line

values for target taxa and ecogyss, but in many cases we were not.

The ecosystem types considered in section 2 are:

Terrestrial Ecosysten{including embedded freshwater wetlands)
1 Alpine and subalpine systems
91 Forests (both upland and wetland types)
1 Bogs and fens
1 Grasslands
AquaticEcosystems (including freshwater, brackish, and marine):
1 High gradient headwater streams
1 Lakes and ponds
1 Low gradient rivers
1 Estuaries, bays and satarshes

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

In section 3 of the report we discuss issues that cut across the various ecosystems and are
important for understanding the full impact of air pollution on TNC conservation targets.

For instance, the issues of inrstem transport of pollution and interaction among

pollutants are discussed in this section. Finally, in section 4, we summarize the overall
conclusions of the workshop and discuss its
conservation mission.



Forest Service Screening Model

High probability of some damage Red line
©
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Low probability of damage

Figure 1. Red line/ green line model used by €oal.(1989) to screen potential air
pollution impacts on Forest service wilderness areas.

2. Effects of Air Pollution

Terrestrial Ecosystems

While thepublic is generally aware of the effects of ailption on aquatic ecosystems
because of media coverage of aath damaged lakes aityy-contaminated fish, the

public is much less aware of effects on terrestrial ecosystems. In some ways the
terrestrial effects are more subtle because many soilsefirbwfered against acid inputs
and the long life span of many terrestrial plants means that biological community changes
play out in slow motion. Terrestrial reseagcs have tended to focus mricrobial and
geochemical effects the soilas indicatos of ecosystem sensitivjtwith a few

exceptions, effects on thpdant and animal communitiégmve received less research
attention. (The exceptions include the direct physiological effec@;ahn plants and of

acid deposition on certain trees, esplbgired spruc€Picea rubenk) As a result,

while much is known about deposition, accumulation and mechanisms of damage of air
pollutants in terrestrial systems, much less is known ahoegholds of impaain biotg

in particular the ultimate thresid of death for an organisnmRegardless, evidenéeom

many terrestriabcosystems indicat¢hatthe significance, severity and scope of this

threat is worthy of conservation concern.

In general, thdiogeochemicalmpacts ofS andN on ecosystems depeupon their

mobility 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 anda$aiduable nutrient cations



(positively charged ions) such as calcium and magnesiura.keaching of sulfate and
nitrate can cause acidification of soils and surface waters and mobilization of aluminum.
Aluminum is a natural component of soils, but adaconditiongt becomes more soluble
and this more concentrated in soil water, where it can be toxic to roots, and it can leach
into surface waters, where it is toxic to fish.

Both SandN can also accumulate the vegetation and spikading to delyed effects as

the accumulated material bleeds out slowly years or decades after its initial deposition.
Accumulation ofN in terrestrial ecosystems can cause shifts in species composibibn as
loving species outcompete those species better adaptess fettiele soil{Gough et al.

2000) Nitrogen accumulation may also lead to a condition knowsh seguration, in

which overabundance of this key nutrient results in a cascade of impacts on microbial and
plant production andll cycling (Aberet al.1998).

Ozone is a welstudied pollutant known to be toxic to plants and animals. In pl&nts,
appears to affect membrane function, leading to reduction in photosynthesis, slower
growth and in severe cases, death. In anin@®ffects have mainly beestudied in
humans, where it damages lung tissue and exacerbates respiratory problems such as
asthma.

Mercury is known to accumulate in soils, but effects research has primarily focused on
aguatic ecosystems where anaerobic canstfacilitate the pragttion ofthe highly

toxic form called methylmercury. The main terrestrial organisms considered to be at risk
wereanimalsthat feed onother animals from the aquatic food web, such as birds feeding
on aquatic insects or raccoons that eattigjinvertelyates. Only recently have

researchers begun to examine the methylation and bioaccumulakigriroferrestrial

food websand more conclusive information is likely forthcoming in the next few years.

The following sections highligtgpecific ecosysta types summarizing the discussion at
the workshop about what is known about air pollution effects in those ecosyatems,
also dentifyingmany areas where additional research is warranted

2.1 Alpine Ecosystems

Nitrogen

The workshop participantsiew of nodirect studies from the eastern U.S. on the effects

of N deposition on the herbaceous and shrub communities that constitute the alpine zone
of northeastern mountains. However, there have been studies on the effects of N on
alpine ecosystems the Rocky Mountains and in Europe. At Niwot Ridge in the Rocky
Mountains of Colorada@anN enrichment stuglin an alpine meadow showed that N

addition increases overall plant diversity, primarily by increasing the abundance of a
sedgeCarex rupestrisard several other spec€Bowman et al. 2006). Thisusty

concludel that species composition is a more sensitive indicator of changes due to N
deposition than is than soil chemical response, and the plant respomseglenat N
deposition rates as loas4 kg N/ha/y. The authors speculated thaglmer levels of N



deposition or longerm accumulation of N in the system may cause a decrease in plant
species diversity as nitrophilous species start to dominate over those species less
responsive to N (Bownmaet al. 2006).

Because of the effects of N shown in the experiments in the Rockies and the overall
floristic and structural similarity of alpine ecosystems in the Rockies and the eastern U.S.,
we have moderate confidence that N deposition is affectmigeaécosystems in the

eastern U.S. Deposition loads in eastern alpine zones probably range {28nkd.0

N/haly, and have probably been at that level for several decades, so it is possible that
productivity and species shifts have already occurred setheosystems. However, in

the absence of direct experimental evidence, gradient studies, gefamnghonitoring of
vegetation in these ecosystems, the nature and magnitude of the effects remain highly
uncertain.

Sulfur, acidity, mercury and ozon e

No direct studies of the effects of S deposition, acid deposkignor Oson alpine
ecosystems are known by this group, either in the eastern or western U.S. Because of
their high elevation, these ecosystems are exposed to high deposition rates thiesk
pollutants. For red spruce treessolated patchewithin the alpine zone, one might
expect a sensitivity to acitciduced calcium leaching as for red spruce in forests (see
discussion in Forestection below); bwever, this has not been demoatid
expeimentally in alpine red spruceMost alpine plants have never been tested for
sensitivity to Oz. Likewise, we know of no studies Bfy accumulation in food chains in
alpine systems. Small wetlands and frequently saturated soils in alpgystecos may
offer an opportunity for the methylation reaction which transforms inord4gpioto

highly toxic methylmercury. Thus, for all of these pollutants we consider the potential
exposure levelt behigh and impacts to be likeljgutwe have low onfidence in any
prediction of specific impacts because of the lack of relevant studies.

2.2 Bogs and fens

Nitroge n

Bogs and fens may be among the most sensitive ecosystems to the eutrophication effects
of N deposition because they tend to be nutygor, and ombrotrophic bogs in

particular receive all of their nutrients from atmospheric deposition. Bogs and fens are
listed by Bobbinket al.(1998)as among the ecosystems at highest risk of species
compositional shifts due td deposition. This dyject has received extensive research
attention in Europe, where increases in N deposition have been associated with decline in
typical bog species such as the sun@saseraand certain species 8phagnum Often

favored are graminoids such@eschampsi andEriophorumthat can grow tall and
outcompete the bog species for light. Bedftrdl.(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 mest tix show N limitation or N and P



co-limitation. However, species adapted to {blenvironments may be quite sensitive

to inputs of added N. A enrichment study in bogs in New England showed substantial
effects on growth and reproduction of the pitchlantSarracenia purpure&Ellison and

Gotelli 2002). If there is no change in current N deposition rates, these changes suggest a
substantial probability of extinction of local populations within-P30 years (Gotelli

and Ellison 2002, 2006, see Box 1)

Box 1. Nitrogen impacts on thmtcher plant.

The pitcher plantRarracenia purpurea a common sight in northeastern
bogs, is a carnivorous plant that has adapted to low nutrient conditions |
evolving the ability to capture
modified leaf Research in bogs in Massachusetts and Vermont has shqg
that addition of excess nitrogen to pitchers, simulatirgniched rainfall,
changes pitcher plants by causing them to have fewer and smaller pitch
and more photosynthetic leaves (Ellison arudeBi 2002. Models using the
results of these experiments showed that even slight increases in N
deposition will increase the risk of extinction of pitcher plants in the bogs
studied (Gotelli and Ellison 2002, 2006). Other carnivorous plants, such
the common bladderwortricularia macrorhizg, have also been shown f{
be sensitive to nutrient enrichment of their environments (Knight and Fr
1991).

Recent results reported from a letggm Canadian experiment suggest that chronic N
deposition may initially lead to enhanced carbon uptake as the microbial community
changes and decomposition sloiBsisiliko et al. 206). However, in the longer term,
there may be a shift to decreased carbon sequestration and increasgara C&
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emissions as vegetation changes associated with higher N availability lead to production
of plants that decompose more rapidly. Thesdtsgstombined with the accumulated
evidence from Europe and elsewhere and the direct experimental evidence from New
England, give us high confidence that N deposition will strongly affect bog and fen
ecosystems. The evidence suggests a red line valuegdiifa/y Because most of the
eastern U.S. receives deposition at that level or higher, it is probable that N effects are
already occurring in many areas. We were not able to estimate a green line value,
because most of these ecosystems are alreaslg #ired line and N removal
experiments have not been attempted. However, because bogs are so sensitive to N
inputs, it is possible that any increase over background levels of N deposition has an
effect.

Sulfur and acidity

One biogeochemical resportseS deposition in wetlands is important and well
understood. As mor8is deposited, the activity &reducing bacteria is increased.

These bacteria gain energy from the chemical reduction of sulfate to sulfide in anaerobic
conditions such as those tlmecur in wetland soils and sediments. Because these
bacteria also methylatég, the increase in their activity increases the potential for the
formation of methylmercury. This interaction betweenStadHg cycles results in
increased toxicity oHg in high-S wetlands Heyes et al. 2000

Mercury

The workshop participants wenet aware of any direct study By on the organisms of
bogs and fens. However, the role of acidic wetlandtginycling is well known

(Wiener et al. 2003). Becausetbé anaerobic conditions in their soils and sediments,
wetlands are hotspots for methylationHy in the landscapgéGrigal 2003. Thus the less
toxic inorganicHg draining from a watershed can be converted to methylmercury in a
wetland, where it can thebe transported to a stream or lake or consum#te wetland
and transferred up the food chain. We would expect the highmric level consumers
in bogs and fens (e,dirds that consume bog insects) to be at high riskifpr
accumulation.

Ozone

To the best knowledgef the workshop participantghe effects ofOz; on the herbaceous
plants, shrubs and mosses of bog and fen ecosystems have not been imd&der,
several of the tree specidsat arecommony foundin or around wetlands ithis region
are considered sensitive 3 (e.g. green aslirraxinus pennsylvanicand speckled alder
Alnus rugosa(See Appendix 2 suggesting that primary and secondary impacts are
plausible, but relatively undocumented.
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2.3 Forests

Forests have retved more air pollutiomelated research attention than any other

terrestrial ecosystem type. However, the studies have largely focused on biogeochemical
responses, and the linksgpecies compositioare often unclear. This is probably

because the damant organisms in foregis trees- are so longived that studying the
population and community responses to a chronic stress such as air pollution requires
long-term research. Nonetheless, some recent studies have begun to reveal a web of
actual and pential biological responses that are a cause for concern.

Nitrogen

There has beemuch research on the effects of N deposition on forests, both within the
eastern U.S and elsewhere, particularly the western U.S. and western Europe. This
research hasaused a major shift in the way forest ecologists think akdouRreviously,

N was considered solely as a limiting nutrient for forest production, and fertilization with
N was used to enhance production. In the last 20 years, however, research has shown
that chronidN addition can have toxic effects that alter plant, soil, and microbial
interactions and can lead to loss of solil fertility, reduced productivity, and even tree
death. The basic processes involved have been organized in a conceptual framework
referred to as fgnibereata. . d398). Whidtisusrstdl aniactived (e
area of researcimost scientists agree that continued accumulation of N in terrestrial
ecosystems causes significant responses in ecosystem function.

Temperag-zone forests in unpolluted areas are usually limited byhich means that
additions ofN can stimulate productivity. Most of tiethat is deposited from the
atmosphere is taken up by plants or microbes and retained in the vegetation or in soil
organc matter. Leaching dfl from these forests in drainage water is usually minimal,
except in the case of older or damaged forests, which have redugeedke capacity

because of slower growth rates. As depositioN ofcreases due to air pollution, N
accumulates in the soils and vegetation, increasing the rate of N cycling in the ecosystem.
The increased cycling increases the opportunity for N leaching, which occurs primarily as
the mobile anion nitrate. Foliar and waddoncentrations increase, ate tmicrobial
processes that transform N in the soil are enhanced. In the U.S., there is little evidence
for increased tree growth from the fertilizing effect of this addeprobably because

most of the N appears to be retained in the soil organic mdttxe it is unavailable to

the plants (Nadelhoffest al.1999). However, increased nigdeaching is observed in

some but not al) forested ecosystems in the Northeadtl @aeposition levels increase
(Aberet al. 2003). The differences between th@cosystems that show increased N
leaching and those that do not is probably related to forest history (e.qg. fire, logging, etc.),
tree species composition and soil properties, especially the carbon:nitrogen ratio
(Goodale and Aber 200 Lovettet al.20(2). Similar results have been found in Europe,
where the most important factors controlling the amount of nitrate leaching are the
amount of N deposition and tlearbon:nitrogematio of the forest floor (MacDonalet

al. 20@). Nitrate leaching is imptant because it acidifies soils, stripping away

important nutrients such as calcium and magnesium and mobilizing aluminum. In this



12

regard, it acts in concert with sulfate leaching, thus N and S pollution can have additive
effects

The effects oN satuationon species composition of foresti® 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 studies revealed such shifts, it would be difficult to attribute them
unambiguously to N deposition to eastern forestsch are simultaneously being

exposed to many new stresses (&g, climate change, and exotic pests) in addition to N
deposition. Changes in abundanead composition of understory shrubs and heright

also be expected in response to N depositisthas been shown Europe (Bobbink et

al. 1998). h the eastern U.$he data are not as cleathe few studies thdtave

examinedhis effect haveised fertilization experiments as opposed to gradient studies or
long-term measurements, and the studies have shown varying resplondas €t al.
1997,Hurd et al. 1999, Rainey et al. 1999, Gilliam 2P0& is known from studies in &
eastern U.S. thad 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 U.S., changes in mli¢tfobi
cycling activity are seen in some forest typesrmt others (McNultyet al.1991, Lovett

and Rueth 1999). Shifts in abundance and species composition of mycorrhizal fungi,
which form the crucial interface between roots and soil for most plants,liegn

observed in response to N deposition in Europe, Alaska and soutiéanra (Arnolds

1991 Lilleskov et al. 2001Siguenzeet al.2006. Herbivorous insects tend to prefer

plants with higher N concentration, and there is some evidence thasedrd may be
predisposing trees to attack by insect pests o lure 1991, Lattet al.2003.

Increased susceptibility to pests could be a serious liability for eastern forests, given the
number of exotic insect pests that are being introduced catiyirthrough enhanced

global tradgLovett et al. 2006)

In the last 15 years, experimental studies of N addition to forest stands or watersheds
have been reported from Maine, New Hampshire, Vermont, Massachusetts, New Yor
and West Virginia (Norton etl. 1994 Mitchell et al 1994,McNulty et al 1996 Adams

et al. 1997Magill et al 1997, Templeret al 2005. The N application rates vary from
about 2 15 times ambient N deposition levels. A few stands show nearly compete
retention of N with litte biological or biogeochemical response, but most show increases
in plantN content, microbial N cyclinggroduction and leaching of nitrate, and leaching

of cations such as magnesium and calciumhieecases, a higlelevation sprucdir

forest on Mt Ascutney, VT, a red pine forest in central Massachuseitsa mixeebak

forest in southern New Yorkhe N addition resulted in declines in productivity and
increases in tree mortality (McNulty et 4B96, Magill et al1997, Wallace et al. in

pres$. The mechanism of this effect is not yet understood, bai threecasessoil
acidification and the resulting aluminum toxicity to roots is a strong possibility (Aber et
al. 1998). Itis alarming to see tree mortality in response to the additiorutfient that

was previously thought to be beneficial, 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 under the current ambient degositis in the
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eastern U.S. What remains unclear, and will be extremely important to resolve, is
whether forests will respond the same way to {tergh accumulation of N from
atmospheric deposition as they do to experimental N additions.

Little is known about the response of forest animals in the eastern U.S. to N deposition,
although one might expect that increases in the N content of plant tissue and shifts in soil
microbial activity would cause subtle ramifications throughout the agowend and
bdow-ground food webs.

The workshop participantsad high confidence in the conclusion that N deposition

produces both biogeochemical and biological effects in forests. Thavadsble

criteria for setting red and green line values is nitratehieg, which appears to be very

rare in forests receiving < 5 kg N/ha/y and increasingly common as deposition levels
increase beyond 8 kg/haly (Abetral.2003). Similar thresholds have been reported for
European forests (e.g. Dise and Wright 19998ecause we considered the nitrate

leaching as a symptom 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/haly, respectively.

Sulfu r

Much research has also been done with regard to the effegts fidrest ecosystems.
Because S is usually not a biologically limiting element, the responses are in many ways
less complex than those of N.  Atmospherically deposited sulfate ergrtaptl

microbial pools, but th& itself does not appear to cause any direct biological responses
other than the stimulation &reducing bacteria in anaerobic environments. Because S
deposition in the eastern U.S. far exceeds the biological requiréonéimé element,

most of the depositeflis either leached from the ecosystem or retained in the soils in
both inorganic and organic forms. In glaciated regions of the Northeast, soils have little
sulfate adsorption capacity, so most of the depositdédtsuéaches 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, when it enters surface waters, to fisth ather aquatic organisms (Cronan and

Grigal 1995 Driscoll et al.2001).

In unglaciated areas, the sulfate leaching is mitigated to varying extent by sulfate
adsorption in the subsoil, although evenltwve levels ofsulfate leachingn these
ecosystmscan acidifystreams in sensitive areas (Galloway et al. 1983hb et al.
1994. Some of the sulfate retained in the soil may bmobilized in the future aS
deposition levels decline, leading to a lelegm legacy of elevated sulfate in stream
wate that would slow the rate of recovery of streams in response to ded@ining
emissions.

Thus the biological effects &deposition in forests are largely due to the acidification
and cation losses caused by sulfate leaching. In areas of high haiseswapply, such as
areas with calciunnich bedrock (e.g. limestone), the soil cation losses are less of a
problem, and the soils and streams are buffered against acidification. In more sensitive
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areas, loss of soil cations can be a problem for plantsegaire a high calcium or
magnesium supply, such as sugar m@pteer saccharum white ash(Fraxinus
americana) basswoodTilia americangd, and flowering dogwoo@Cornus florida)
Declines in sugar maplhave been observed in calcipmor areas in céral and western
Pennsylvania, attributed to a combination of acid deposition and insect outbreaks
(Horsleyet al. 2002. Fertilization of plots witttalciumandmagnesiumappears to
reverse the decline (Loreg al. 1997)

In systems without substaritemounts of base cations in the bedrock or till,

replenishment of these nutrient cations by rock weathering and atmospheric deposition is
a very slow process. Therefore, soil acidification and base cation depletion aterfang
processes that may takecddes or even centuries to reverse after the leaching losses are
stopped. The recovery time is further lengthened by the continued slow release of
accumulated S and N from within the ecosystem after deposition af S iareduced.

In the mountainsf the eastern U.S. red spruce has been shown to be sensitive to acid
deposition because the acidity leaches calcium from the foliage. The loss of foliar
calcium especially the small portion of thedlciumthat is membranbound, renders the
tree less lale to develop frost hardiness in the autumn, leading to winter damage and in
many cases, tree death (DeHageal.1999 (SeeBox 2). This mechanism is thought to
be responsible for the widespread spruce decline observed in na@atheastntains
duringthe 1980s, a problem that continues to this day (Hawley et al. 2006).

Animals may also be affected by soil acidification. Earthwosigs, millipedes
centipedes, slugs, collembotaand isopods are among the soil animals known to be
sensitive to acidy, although most of the studies are from hdgposition areas in Europe
(Rusek and Marshall 20000ne recent study reports that productivity\ddod Thrush
(Hylocichla mustelinapopulations is negatively correlated with acid deposition levels
acrosshte northeastern U.S. (Hametsal.202). This is purely a correlative result, but
the proposed mechanism for the response is pladsitilat acid rain reduces the
guantity of quality of the soil invertebrates that are the main soura@@imfor wood
thrushes

The workshop participantdid not estimate red and green line valuesSfdeposition

because it was considered too simplistic an approach given the more advanced state of
our knowledge of the biogeochemical effects. Much more sophisticateulations and
models have been applied to forests throughout the region to project soil and stream
acidification, taking into account such crucial factors as soil and bedrock chemistry
(Miller et al. 2006 GbondeTugbawa and Driscoll 200&osby et al1985. Our
recommendation is that these models be applied to sites of interest to TNC to estimate
potential acidification responses.



Box 2. Highelevation forest damage.

High-elevation forests of the eastern U.S. are subject to high levels of acid
deposition, partly because they are frequently bathed in acidic clouds. The 4
deposition depletes some nutrient ions (such as calcium and magnesium) frg
soilatthesamei me it strips those nutivo i en
puncho can knock out sens.iRiceargens pe
Research in Vermont and elsewhere has shown that the loss of calcium from
spruce needles reduces theildigpto develop coléhardiness in the autumn and
leads to freezing damage during cold winters (DeHayes et al. 1999, Schaber
2000). This acikdnduced cold sensitivity is probably the main cause of the
observed decline of red spruce in the mountafrteke Northeast during the 1980

Mercury

15

Mercury is a widespread pollutant in the forests of the easternitt&n accumulate in
soils and izonverted to its most toxic form, methylmercury, in anaerebigronments
such as wetlandsiparian zones, and any other upland area with moist soils. Plants

appear to be insensitive to methylmercury, but in animals it is a potent neurotoxin that
cancause physiological, behavioral, and ultimately reproductive impacts. Mercury is
biomagnified in food webs; thus, animals that are at highest risk of Hg toxicity are those
feeding relatively high on #hfood chain, especially their food originates frorhabitats

with moist soils or water that are conducive to methylation. Animals that ardivedg

are also at high risk, particularly in individuals where the input of methlymercury exceeds

its ability to depurate or demethyldtg.
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Wildlife in bothwetland and upland forests wemeevioudy considered safe from the
impacts of methlymercury because of conventional thought that only aquatic systems
have the ability to biomagnify methlymercury and that a-fiaked foodveb was the

only one of concerrRecent findings now show that species that are not linked to the fish
foodweb can contain surprisingly elevated levels of methlymercury. Elevated
methylmercury levels have been found in birds of subalpine ecosystems, such as the
blackpoll warblerandthe n d e mi ¢ B i ¢ k mmdr ét 8.2006)h Appasehtly ( R
moist, acidic soils of higlelevation forests provide an environment conducive to
potentially high levels of Hg deposition (Miller et al. 2005) and Hg methylation. Rimmer
et al. (2005) documentdbe strong and predictive relationship of litterfall Hg values
model ed by Miller et al. (2005) and the bl

The workshop participantsad high confidence that Hg pollution is affecting

biogeochemical processes (mg#tion) and animals of eastern forests. However, we did
not set red and green line values, because the science is still young and not yet quantified
at the confidence level needed.

Ozone

Ozone has been the subject of much research because i ie a fa | Acriteriao
that is, the concentration regulated by the EPA, and states are required to comply with
those regulations. The regulatory standards arelgasearily on the effects of £on
human health, but effects on plants are also welidn. Ozone is a potent oxidant, and
once it enters a plant througtomatat reduces photosynthesis and alters carbon
allocation. Ozone at the levels found in the eastern U.S. often does not kill plants
outright, but slows their growth and may makenthmore susceptible to other fatal
stresses such as insect or pathogen attack. Ozone exposure cadugisdlowering
(Bergweiler and Manning 199@)nd alter the decomposition rate of leaves after theey ar
shed from the plant (Findlay and Jones 19®¥cause spees vary in their sensitivity,

O3 can shift the competitive balance in plant communities to the detriment of sensitive
speciegMiller and McBride 1999 Further, because individuals of a given speeiary

in their sensitivity, @ exposure aa cause changes in genetic structure of populations,
reducing or eliminating sensitive genotypes (Taylor et al. 1B@%ison and Reiling

1995).

At a broad scale, sensitivity of plants@gis dependent olevel ofexposure, species,

and soil moisturstatus. The dependence on soilishae reflects the fact that:@nters

the plant through the stomates, and in dry conditions the stomates are more often closed.
Thus,O3; exposure in a dry year or at a dry site may be less damaginththaame

exposue in more moist conditions.

The complexity of the physical and chemical sources and sinks for atmosphessuilts

in complex patterns of exposure in space and time. In lowland areas subject to air
pollution influence O3 concentration tends to ireaise duringite day and reach a peak in
late afternoon, then decline during the night to a minimum in early morn@g.
mountaintops this daily cyelmay be absent, resulting in higher exposures for montane
plants, especially in the morning houBecawseO; reaches its greatest concentration

00
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downwind of rather than withinmajor urban areadO; 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 scneel forO; sensitivity, but the screening is usually based on
the development of visible foliar injury rather than on the more subtle responses of
reduced photosynthesis or pathogen resistaAppendix 2 isa list of plants on U.S.
National Park Servicproperties that are known to be particularly sensitiv@sto
exposure (National Park Service 2003).

Despite the considerable research on plants, there igritilenation on the effects of O
on animals other thadomo sapienand the animals that seras its medical models,
such aghe Norvay rat. Given the effects ofs@n the human respiratory system, one
might expect significant impacts @ exposure on any animals with similar respiration
mechanism¢gMenzel 1984) Howeverwe know of no informaon on Q effects on
animals in natural ecosystems.

TheOsresearch community has devoted considerable effort to syntigesiformation

on effects of @on plants. Several different indices@fexposure are used, but one that
is used commonly in pid research is the Sum@éhe maximum, rolling 9@ay sum of

the average daytime (08d®59) hourly concentrations 0 0. 06 ppm for t he
conference held to revie@; exposure research and identify threshold levels of exposure
that produce impacts on plants identified a SumO06 levelld Bpmhr as likely to

produce foliar injury to some plants in natural ectays (Heck and Cowling 1997).
Following the recommendation of the experts at that conference, we recomit2nd 8
ppmthr as a red line value for TNC. Because @ggan be injurious to sensitive plants
(Fox et al. 1989)the best green line value is pafiy the background, unpollutddvel

of O3 exposureput there is yet no consensus on what that backgrowfelel wasin the
eastern U.S.

2.4 Grasslands

Grasslands are a minor ecosystem type imtrtheastert.S., and there is little
information onthe effects of air pollution on either the biota or the biogeochemistry of
these systems. Grasslamttvelop distinctly different communities depending upon
whether their soils are acidic calcareous Acid grasslands are more common but
calcareous gratands tend to have more rare species (Stevens et al. 2006).

Nitrogen

We are aware of no direct studiesMeffects on grasslands in the eastern U.S.

However, experimental and gradient studies from elsewhere give us moderate confidence
that effectson species composition are liképise and Stevens 20P5In MinnesotaN
fertilization of an acid grasslandt(a level of 10&g N/ha/y) resulted in a 40% reduction

in species richness over 12 years (WedidTilman 1996. In Great Britain a recenh
comparison of species composition in acid grasslands along a gradient of N deposition
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showed that species composition was affected at N deposition rates as low as 5 kg N/haly
(Stevens et al. 2004 This deposition level is below the mean N depositioriie

eastern U.S., suggesting that current levels of N deposition are currently affecting
grassland species composition in many areas. Thus, we have moderate confidence in the
conclusion that N deposition is affecting acid grasslands in the easteyahd Sve

chose 5 kg N/haly as a preliminary green line value, bearing in mind that no data are
available from within the regionAt the levels of deposition found in this region, the

effects are likely to be shifts in relative abundance of species, rigvibie nitrophilic
speciegsuch aAgropyron repensiNedin and Tilmari996), rather thaoss of species

or local extinction

We know of no studies of N deposition on calcareous grassiatios U.S.,
Biogeochemically, they are likely to be less sewsito acidification because the
calcareous soils buffer the acidity. HoweverEurope, species composition of
calcareous grasslands is quite sensitive to N enrichment (Seva&n2004. Species
compositional shifts due td enrichment may be motikely to cause species extinctions
in calcareous grasslands because they tend to contain more rare species.

Sulfur, ozone and mercury

We know of no studies dhe effects of5, O3, or Hg deposition on eastern U.S.
grasslands. Because there ar@ynalant and animal species that require grassland
habitat, the lack of information on pollution effects is disquieting. Howegvasslands
are generally considered to have minimal abilities to yiettHg and data froma few
studies indicate low Hg bgdourdens of grassland bird species (Evers et al. 2005).

Aquatic Ecosystems

The four air pollutantarevery differentin theireffects on aquatic ecosystems. Sulfur is
largely an agent of acidification through the mechanisms discussed above. Ns@ogen
contribute to acidification but also can cause eutrophication-@wéchment with

nutrients) in aquatic systems that are limited\bgupply. Mercury is a potent neurotoxin
that accumulates in aquatic food webs to alter the behavior and reprodction

organisms at high trophic levels. Ozone has little effect in the water, but may have effects
on emergent aquatic plants or-areathing animals that are part of aquatic ecosystems.
These potential effects @z on aquatiglants and animalsave notfo our knowledge,

been studied, so we will ignof®; in the following discussion

The effects of acid deposition on the chemistry and biology of aquatic ecosystems have
been well known since the 1970s, and there is little doubt about the serious impact
acidification has on a wide range of aquatic organisms. 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, arAgiong

studies of acidification or recovery in lakes or streams subject to increases or decreases in
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acid loading. Many of the key studies have been done in the target area of this report
(Northeastern and Midtlantic regions of the U.S.). We have high conficethat acid
deposition is adversely affecting aquatic ecosystems in this region.

Effects of acidic deposition on water quality include reduced pH (increased acidity),
reduced acid neutralizing capacity (ANCand increased aluminum (Al) concentrations.
(Driscoll et al.2001). The primary variables of concern to organisms are pH and Al
concentration. In gilbreathing organisms, Al interrupts gas and ion transport across
respiratory membranes, leading to disruption of the five major functions of ithE) gin
transport, 2) osmoregulation, 3) atidse balance, 4) N excretion, and 5) respiration
(Brakke et al. 1994). The effects of Al on fish were known as early as th&amis
(Schofield 1978). Other physiological effects also occur in aquatioisrga, including
altered hormonal and behavioral responses (Brakke et al. 1994). Aquatic organisms vary
widely in their sensitivity to acidification. The most sensitive organisms tend to be
adversely affected when pH drops below about 6, while somanblerganisms 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.
These general patterns are listed in Box 3.

It is important to notéhat stream and lake acidification can be chronic or episodic, with
episodic acidification usually occurring during large water flow events such as large
storms or snowmelt periods. The chemistry may be different in chronic vs. episodic
acidificatiord for example, in the Northead{, leaching is more important in episodic
than in chronic acidification (Murdoch and Stoddard 1993, Driscoll et al. 2001).
Nonetheless, episodes of acidification can be as damaging to aquatic biota as chronic
acidity because argjle 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
concentration of dissolved organic canb(DOC) in lakes, allowing light to penetrate

further into the lake. This increases the light available for macrophytes and benthic algae
that grow on lake bottoms, and in addition the increased visibility alters the relationship
between predators andeyrin the lake. Dissolved organic 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 insthace

predator is tolerarof acidity but its prey are not, the predator will not be able to survive

in an acidified lake.

1 Acid Neutralizing capacity (ANC) is the ability of water to neutralize strong acids, and

is one of the primary measures of surface water acidification and recovery. Waters with
ANC < 0 neqg/L (micro -equivalents per liter) are considered chronically acidic, those with
ANC between 0 and 50 neqg/L are considered sensitive to acidification, and those with
ANC > 50 neg/L are often considered relatively resistant to acidification. 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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Research on atmospheric deposition effects in lakes and streams clearly show that certain
characteristics make lakes more susceptible to inputs of stcatsy(&toddard et. al,

1998). In general, streams and lakes at higher altitudes, with thin till depth, non
carbonate geology, associated wetlands, and low ANC are considered sensitive to
acidification. Perched seepage lakes recharged by rain wates@moasidered

sensitive (Young and Stoddard, 1996). Other factors influencing sensitivity to acid
deposition include the ability of watershed soils to retain sulfate and nithdtde some

Sis retained through biotic immobilization in soils and vegetatimost retention is

through adsorption ofudfateoniron and aluminum oxides in the soil, and is usually

highest in unglaciated soils (Galloway et al. 1983). In confxas#tention is largely

biological and is most complete watershedsvith rapidly growing forests. Forest type

and previous land use or disturbance history can also inflidéneention. Hydrology

also comes in to play in stream acidification because flow paths that route water directly
to the stream and minimize contact with tbé seeduce the capacity for neutralization. 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
environments.

Streams anthkes are not homogeneous environments, rather they encompass a range of
habitat types that can vary in their acidification. For instance, many streams increase in
pH as water moves downstreaifiven in headwater streams, some sections may be
influencedby seepage from webuffered ground water and may represent a refuge for
fish in anotherwiseacidified stream. Similarl\some invertebrates in a lake may escape
from acidified water by sheltering in teell-buffered sedimentsn the bottom of the

lake. Thusspatid heterogeneity in aquatic systems is important for both the tolerance of
and recovery from acidification. Further, this heterogeneity indicates that behavioral
responses of organisas.g., the propensity of fish to drift downstream or neferates

to burrow into the sediments during acid episédean influence the tolerance of the

biota to acidification.

Mercury is deposited to aquatic ecosystems and their watersheds primarily in inorganic
form. HoweverHgbs t oxi ¢ e f f issorgasic farmpaethdnzerclsye d by
therefore those factors that influertdg methylation also influence the extent to which
systems are harmed big deposition. The methylation process often proceeds with the
involvement of sulfateeducing bacteria and soruditions conducive to these bacteria
such as high sulfate, low oxygen, and low pldp promote more accelerated rates of
methylation (Wiener et al. 2003). Most methylatiorHgfoccurs in the anoxic sediments
of lakes, streams, and wetlands. LevelDOIC alsoappear to influencklg methylation

but these effects are not completely understood and are the subject of current research.
Methylmercury production and availability are also dictated by hydrolmgyvater

bodies where large areas of substraigengo wetting and drying, metmyercury levels

are elevated

Mercury is particularly dangerous in aquatic food chains where biomagnification is
common. Food chain lengths are primarily dictated by zooplankton diversity and
abundance (Chen and Folt 20@Hen et al. 2005). Greater zooplankton diversity can
result in an order of magnitude increase in methylmercury in higher trophic level
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methylmercury levels are dampen&hen et al. 2005).
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Box 3. Sensitivity of aquatic taxa to acidification (from Baker et al. 1990).

General Bological Effects

Little community change; possible effects on
highly-sensitive fish species (e.g. fathead minn
striped bass)

Loss of sensitive species of minnows and dace
(fathead minnow, blacknose dace). Perhaps
decreasedeproduction 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 sonmoplankton spees
and many species of clams, snails, mayflies,
amphipods, and some crayfish.

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

Loss of most fish species. Further decline in t
biomass and species richness of zooplankton &
benthic invertebrate communities Loss of all
clams and many insects and crustaceans.
Reproductive failure of some aesgnsitive
amphibians, including spotted salamanders,
Jefferson salamanders, and the leopard frog.
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The known biological effects of methylmercury are numerous and lgkkedgt all major
vertebrate taxa at individual, population, and potentially at metapopulation levels.
Effects can be categorized@sysiological, behavioral, and reproductive. They are
relatively welldescribed for fiskeating wildlife and increasingly so for figkee Evers

2005) Although traditional emphasis of Hg in fish has been on exposure to determine
human and ecological eftts, recent efforts have increasingly been placed on direct
effects of methylmercury on fish that include inhibition of normal growth and gonadal
development (Friedman et al. 1996), predator avoidance (Webber and Haines 2003) and
on reprodation (Hammerdemidt et al. 2002 There are few exposure and effects

studies on herpetofauna, althoughis sometimes considered among the possible causes
of long-term and widespread declines in amphibian populations

Efforts with birds have been more comprehenaive have included both laboratory and
field studies.Bird species in which theffects of Hg are weknown from laboratory
studies include¢he Mallard Anas platyrhychgs(Heinz1979) and Ringhecked Pheasant
(Phasianus colchicQgFimreite 1971).Sympbms of mercury exposure in birds include
reduced reproductive success, behavioral changes such as a reduction in time spent
hunting, and neurological problems such as brain lesions, spinal cord degeneration and
tremors (Evers 2005)Until recently, result from Hg dosing studies on mallards have
been used by the USEPA (USEPA 1997) and other agencies for setting universal
threshold levels or lowest observed adverse effect levels (LOAELS) for all bird species.
Now, it is well understood that bird speciesyar their sensitivities to methylmercury
exposure. Sensitivity appears to be grouped by foragingigstlict granivores appear

to be most sensitive, while insectivores are more sensitive than omnivores, which are
more sensitive than piscivores. Muafthe effects literature is focused on piscivores,
and for good reason, as piscivores have some of the st apecies. The species

with the greatest literature on exposure and effects is the Common&auia (mmey.

Lab andfield studieson bothindividuals and populations have developed national
exposure profiles (Evers et al. 1998, 2003) as well as regional risk profiles (Evers et al.
2004) that are now related to biological hotspots (ER@66) Lakes within these

hotspots are now viewed pepulation sinks. Connectivity of these population sinks
within the regional metapopulation of loons is currently being assessed. Other
piscivorous birds in which Hg haseen shown tharmreproductive success of

populations includthe Bald EagleHaliaeetus leucocephalus; Maine(DeSorbo and
Evers 200band wading birds such as the Great Egketiéa albg in Florida (Bouton et

al. 1999, Spalding et al. 2008nd Snowy EgretHgretta thuld in Nevada (Henny et al.
2002).

Recent studies suggest thia terrestrial invertebrate food web may have the ability to
biomagnify Hg as much or more than the aquatic food wanile to the zooplankton
foodweb, the transfer of methylmercury from one trophic level to the next (or from one
secondary consumer &mother) provides the ability for methylmercwgncentrationso
increase one order of magnitudgpiders are predators in invertebrate food webs, and
large spiders may carry as much of a methylmercury body burden as gandefiah
result,insectivorousirds such as songbirds and rails are likelynuch higher riskhan
previously realizedeven instrictly terrestrial habitats (Rimmer et al. 2005). Other more
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novel forage pathways for methylmercury are also coming to light and includevédsd
with periphyton and mollusks.

MammalHg exposure and effect levels, particularly for piscivorous species, are

relatively weltknown. Thebeststudiedspecisinclude mink Mustela visopand river

otter (Lontra canadensjs, for which sublethal effects incleadmpairment of motor skills

and weight lossYates et al. (2005) summarized exposure levels for the past two decades
for much of northeastern North America. Laboratory studies on mink that establish
LOAELSs indicate effects in the wild are highly likglulerich et al. 1974Wren et al.

1985, 1987, Dansereau et al. 1999)

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

2.5 High gradient headwater streams

Sulfur and Nitroge n

Sulfur andN deposition have two principal effects on headwater streams. First, if sulfate
and nitrate leach through watershed soils, they can mobilize acidity and aluminum which
have direct effects on stream ecosysterSgcondN is often a limiting nutrient in

aguatic ecosystems, and thus addezin produce eutrophication. In the past, headwater
systems in the temperate zone have usually been found to be limited by phosphorus, thus
it has generally been assumed thateutrophication effects are primarily expected in
downstream ecosystems such as bays and estuaries that are more comlnaitey N
Recently, however, some headwater systems have been reported-isnided\ and the
eutrophication issue is currenthging reassessedBernhardtet al. 200%. With little
information available, however, we will confine this discussion to acidification effects of
sulfate and nitrate.

As streamacidity increasessensitive species (s8ex 3) will either die out or Vil seek
refugia in lessacidified sections of the stream. Mobile species such as fish and
invertebrates will often Adrifto, essentiall
in search of better habitat conditions. If therease in acidity is &f (e.g.,in response

to heavy rainfall or snowmelt), there may be little fish mortality unless species are
prevented from leaving the system. When streams become chronically acidic, fish
species can be lost from the syst@imere is strong evidence fromany studies in this
region and elsewhere that acidification can result in loss of fish populations and decline
in fish species diversitydénkins 200b Research at Shenandoah National Park in
Virginia suggests that one fish species is lost for appratdiy every 21reqg/L decrease

in ANC (Sullivanet al. 2002).

Effects on benthic species such as mussels and snails are not well studied. Naturally
acidic headwater streams at high elevation do not normally support many mussel.species
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In episodicdly acidic streams mussels may close up to avoid toxic effects. Mussels
would likely be eliminated from chronically acidic streams.

Mercur y

Only recently has methylmercury in biota been measured in headwater streams.
Salamanderbave shown elevatddg levels (Bank et al. 2005) and absence of some
salamander speciéss been linketb potential chemical changes such as greater
acidification and increased methylmercury availability (Bank et al. 2006). Further work
has shown thatrayfishin low order steams generally havegher Hgburdens than

crayfish inrivers, lakes, and reservoirs within the same watershed (Pennuto et al. 2005).
There is compelling evidence that the high input of Hg&imdthe Appalachian

Mountains could have negative populatiemel impactonthe high diversity of

salamander species that reside in upper watershed streams andBpamkist al. 2006

2.6 Lakes and ponds

The region under review atakvorkshop includd the lake and pondch glaciated
regions of théNortheaternUnited States, as well as the unglaciated, lake and-pond
depauperate regions of the mflantic. Northeastern lakes were the focushef
workshopdiscussions, as insufficient information is available for the small number of
natural lakes in the miAtlantic. Atmospherically depositeégdlandN are both significant
contaminants to this system. Mercury is also a significant contaminant, affecting a
number of taxa across trophic levels.

Sulfur and Nitrogen

The workshop participants hagry high cofidence that acidic deposition is affecting

the biota of lake and pond ecosystems in the study area, particularly in the Northeast.
Comparative studies of highnd lowacidity lakes within the region and experimental
lake acidification studies elsewhgyvide a scientifically coherent picture of the effects
of acidification. Animal species differ in their sensitivity to acidification (Box 3), but in
general as pH drops belddtaxa are progressively losih the Adirondacks, one fish
species is lodor every 0.8 unit decline in lake pH (Jenkins 200/b)lakes of the
Adirondacks and the White Mountains of New Hampshire, an average of 2.4 crustacean
species were lost with each pH unit decrease (Confer et al. 1R88)aining species

may suffer diretly from the effects of acidification but also indirectly if some important
food sources disappeas a result ofcid stressor species may respond positively if their
predators are sensitive to acidityn fact, the experimental removal of fish from
unacidified lakes brings about some of the same changes that occur with acidification.
Invertebrate predators like corixids anda@borusbecome abundant along with a
concomitant change in spec@mposition and a decrease in biodiveréyiksson et al.
1980). Increased acidity ialsolinked to increased water clarity and, consequently,
increased light penetration. This results in warming of the water column, and altered
stratification and seasonal turnover regimes.
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Establishing one contaminant dsjfieon threshold for all lakes across a diverse landscape
is extremely difficult, since there is a range of variability in natural ANC, pH, and base
cation sipply. Several available models, such as MAGIC (Cosby di%5)andPnET

BGC (GbondeTugbawa ad Driscoll 2003 predict stream and lake acidification based

on deposition levels and watershed characterisAtthough the parametantensive

nature of these models has allowed their application to only a limited number of
watersheds in the regioncarrent TNC effort is aimed at broader extrapolation of the
modeling results.

Atmospherically deposited N may have a eutrophying effeaditian to an acidifying
effect. Export of N to estuaries can haweportant consequences,discussed below.
Nitrogen is not usually a limitg nutrient in lakes and ponéBriscoll et al. 2008
however, there is some evidence Wety low-N surface watermay be limited or co
limited by N and therefore respond to N additioBxamples are streams in the New
Jessey Pin&ands (Morgan and Philipp 198&ndcoastal plain ponds on Cape Cod
(Kniffen et al. 2007and possibly on Long Island as well

Mercury

Atmospheric depositigrdirectly on the lake surface as well as on the watershed,
significant source ofig in lakes A recent synthesis dfg efforts from the Northeast
showed thaHg concentrations in fish tend to decrease with increasing pH, sulfate, and
ANC in lakes (Chen et al. 2005). Land use also affects the sensitivity of lotic systems to
Hg deposition, with a tendency for lowetg levels in fish fromaquatic ecosystenveith

higher residential and urban development in the watershed (Chen et al. 2005).

Much work has been conducted on piscivores residing in lakes including the summary of
large Hg exposurdata for fish (Kamman et al. 2005), birds (Evers et al. 2005), and
mammals (Yates et al. 2005) for northeastern North America. This effort provided
insight into what species are at greatest risk. Fish species with the higher Hg levels
include primarilyintroduced species such as walleye, northern pike and both largemouth
and smallmouth bass. Other species with elevated levels were yellow and white perch
and lake trout. Although actual impacts from Hg on native fish species in lakes of the
Northeast mgbe of lower concern than the ability of fish to transfer methylmercury to
people, the known and potential impacts to-gsiing birds and mammals is of high
conservation concerrilhere arealocumented impacts from methylmercury on the
reproductive sucasof several piscivorous bird speciesluding the Common Loon and

the Bald Eagle Other species of concern based on compilations of Hg exposure levels
and theimpiscivorous dietnclude the Belted Kingfisher, Great Blue and Green Heron,

and Common anHooded Mergansers and mammals such as the mink and river otter
(Everset al. 2005, Yates et al. 2005

There was a high degree of confidence at the workshopithlaas significant impacts

on aquatic biota in the study area. Because the toxicligalgpends on the extent to
which it is methylated, and there is a wide variation in methylation abilities among lakes
of different types, it is difficult to determine a thresholdHgfdeposition that affects

biota. Even relatively low levels éfg depositionmay have significant impacts if
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methylation rate is high and biomagnification occurs in the food web. Cuncateling
efforts will hopefully provide an ability to preditiie propensity of Hg methylation in
watersheds.

Box 5. Mercury impacts to the Common Loon.

29 )\\\\ e ___0-_::,
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CommonLoons are among the bestidied animals for mercury exposutsoons are
especially susceptible to mercury contamination because they eat fish and are thi
subject to the results of biomagnification of mercury in the aquatecvie®. High
mercury levels in loons can cause behavioral effects that can lead to reduced
reproductive rates and thus to declining populations.

2.7 Low gradient rivers

Sul fur and Nitrogen

Larger, low gradient, lower elevation streams and rivers in the Northeast and Mid

Atlantic do not generally show impacts from acid deposition. In larger watersheds,
effects of atmospheric deposition are buffered bstieam processesdthe neutralizing
capacity of the watershed. Howeweversmay be sensitive tN pollution, especially as

they near the sea and become estuaries or tidal rivers. We discuss the issue below under
AfAEstuaries, bays and salt marshes. 0

Mercury
Theforeded floodplainof large rivershavesubstantial ability to methylatdg, and

recent work at threlg-contaminated rivers in the region (the Sudbury River in
Massachusetts and branches of the Shenandoah and Holston Rivers in Virginia) has
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demonstratetheimportance of floodplain forests angarian wetland$or generation of
high methylmercury levelg.g. Waldron et al. 2000nsectivorous birédpecies that live
in these floodplains such as the Carolina Wren, Weatmg and Yellowthroated
Warblers, Mrthein and Louisiana Waterthrushessdvinged Blackbird, and Song and
Swamp Parrows have blood Hg levels that well exckadwn toxic leveldor songbirds
(Evers et al. 2005)

2.9 Estuaries, bays, and salt marshes

Sulfur and Nitrogen

Estuaries, bayand salt marshes are generally not severely impacted by acidic deposition,
but they are subject to eutrophicatiaused byexcess loadingf N from atmospheric
depositionand other sources (Boyer et al. 2002hese ecosystems are usually directly
on, a receive water fromarge rivers where there are high levels of N (and other
nutrients) from a diversity of point and npoint sources, including agricultural and

urban runoffindustrial andnunicipal wastewateand atmospheric deposition to the
estuay and to its watershed. The mix of these sources is unique to each watershed but
typically atmospheric deposition accosifior 2540% of the total (Boyeet al.2002).

Thus atmospheric deposition is not the major source of N pollution in these systems a
it is expected that only a modest improvem&atild be achieved by reducitgyels of
atmospheriaeposition. However,point sourcesindagricultural runoff of Nare
generallydecreasing as better controls are put in place, while atmosphéepositon is
holding steadyDriscoll et al.2003) Thus, the percentage contribution of atmospheric
deposition to this problem is increasing over time

Most estuaries and bays in this region have some degree of eutrophication due to excess
N loading(Scavia ad Bricker2006§. The eutrophication leads to excess algal growth,

and when the algae die and decompose, low oxygen roaitens may result, especially

in deeper waterfriscoll et al. 2003) The low oxygen is a danger to fish and shellfish,
among olier organisms.

Salt marshes are well known for their ability to incorporate inorgdnaften responding
with higher plant growth (Valiela et al. 1975). High plant growth and large
accumulations of litter allow for substantial immobilizatiorN\olirectly in plant tissug
microbial biomassnd organic matteaccumulating during detritus decay (Find&tyal.
2002). A significant amount of research, much of it in the study area, has shown that
nutrient additions to salt marshes can change speciesidimp,generally allowing
tall-form Spartina alterniflora to expand in coverage at the expense of higher marsh
species, and that the plant species change has measurable effects on animal consumers.
(Sarda et al. 1996Levine et al. 199& mery et al. 201). These experiments typically
involve levels of N deposition well above typical loading rates, so extrapolating to
ambient conditions is difficult. Nonetheless, if the systems are N limited, even small
increments in N loading will probably have effggberhaps subtle, on production and
species composition Comparative studies of salt marshes in Rhode Island show a
negative relationship between N loading (much of the variation is driven by sewage
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loads) anglantspecies richness such that over a eanigwatershed N loadings (~ 1 to

30 kgN/ha marsh arealyr) 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 charactesist

Submerged aquatic vegetatig@AV) is known to be very sensitive to water quality with
well-documented effects of eutrophication on water clarity and growth of epiphytes

(Dennisoret al. 1993Stevenson eAl. 1993). SAV supports a diversity of imiebrates

and fishes and is al most always a key variab
Aheal t ho. There have been several -attempts
system comparisons of N loads and SAV extent (e.g. Short aikicB1996). Values

known to cause shifts in species composition (usually towards a macidahgelated

system) occur at loadings of about 25 kg N/ha/y and possibly less (see Hauxwell et al.

2003). These loadings are probably sevidl higher thandadings 100 years ago and

this N is derived from multiple sources with a predominanceastewater (Roman et al.

2000).

Mercury

It is well known that freshwater wetlands generally serve as areas of high Hg
methylation, thus making obligate birds espkgnaulnerable to high levels of Hg
contamination (Evers et al. 2005). The role of saltmarsh habitats in methylating Hg and
enhancing its bioavailability (MarviDiPasquale et al. 2003), however, is lesd
documented, but is of increasing concern egfigdn urban areasSaltmarsiSharp

tailed Sparrows are obligate saltmarsh passerines W&% of their global population
breeding within the Northeast. Spending their entire annual cycle in saltmarsh habitats
makes them excellent indicators of ldantamination. Saltmarsh Shatqled $arrow

blood Hg concentrations tend to be higher than other songbirds (Lane and E@rs 200

It is likely that Saltmarsisharptailed Sparrows have significantly higher blood Hg levels
because they feed at a high®phic level or consume different préhansympatric

Nel sonds Sparrimpess). ( Shriver et al

3. Synthesis and Linkages

In the previous section, we summarized the known effects of air pollution, ecosystem
type by ecosystem type and pollutant by yalht. This approacbbscures issues and
themes that cut across ecosystem boundaries and pollutant types. In this section we
explore some integrative themes that emerged from the workshop.

3.1 Intersystem transfer of pollutants

Many of the pollutantsve discussed here are mobile and can be transported through a
landscape, most often by moving water. This has two principal consequences: (1) an
atom of pollutant (S, N or Hg) can have multiple effects as it moves from ecosystem to



29

ecosystemstamalan® )ediusystems can alter the
i nputs to AdownstreamoO ecosystems. We <cite

The nitrogen cascade

An atom ofN released from fossil fuel combustion can have multiple efeectsworks

its way through the environment. First, while in the atmosphere, it is a contributor to the
formation ofO3; and photochemical smog, harming both human health and ecosystem
function. Next, if it is deposited to a terrestrial ecosystem, itoatribute taN

saturation and its attendant efféctgrincipally species compositional shifts and soil
acidification. If the atom o is denitrified in the soil and released to the atmosphere as
nitrous oxide, it can contribute to the greenhouse efigdinstead, it is leached through

the soil into surface waters, it contributes to soil and stream acidification. Finally, as the
N reaches estuaries and the coastal oceans, it can cause eutrophication, resulting in algal
blooms, hypoxia, and other segatisruptions of the aquatic ecosystem. This series of
effectsoNi n t he environment has been ter med the
al. (20@), and is the reason wiN/pollution is so dangerous to the environment. It is

also the reason why redian of N emissions is so cosfffective in terms of

environmental benefit per dollar spent in emission control costs.

Mercury methylation and transfer

Throughout most of the eastern Ur& deposition is high enough to be dangerous if the
depositedHg is converted to organic forms (by methylation) and incorporated in the food
chain. The main factor controlling the exposuréltps therefore the rate of

methylation, which is a microbial process occurmignarily in anaerobic environments.
The conentration of the dangerous methylmercury in surface waters is determined both
by methylation in those surface waters and in the surrounding watershed. In particular,
presence of wetlands in the watershed increases the delivery of methylmercury to lakes
because of the anaerobic soils in wetlands (G&§&aP). ThusHg transformations in a
terrestrial wetland can affect the rateHzf bioaccumulationn a lake further

downstream.

Aluminum in soils and surface waters

As discussed above, depositionSdindN can acidify soils. Aluminum, an abundant
natural component of soils, is in higher concentration in soil water from acidic soils
because aits increased solubilityn acidic solutions Aluminum is toxic to roots because
it can inhibit the uptake ofutrient cations such as calcium (Cronan and Grigal 1995).
The soluble aluminum can also be leached into surface waters where it interferes with
respiration of fish by binding to their gill€fonan and&chofield1979. Thus, a natural
constituent of siis is mobilized by acid pollution and moves downstream to be toxic in
an ecosystem some distance from where it originally residfiesieover, the terrestrial
ecosystemegulates theate and timing oflelivery of Al to surface watetsy retaining or
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releasingsulfate and nitrate, the mobile anions that must accompany the Al. Changes in
acid deposition rate may not be immediately reflectqaraportional changes in Al
leaching ifS and Nare storedn watershed soiland later released.

3.2 Interaction of pollutants

Although we discussed pollutants individually in section 2, in reality they are all present
simultaneously in most ecosystems in eastern U.S., and they can interact, sometimes in
complex ways. Theses interactions can occur in the famateposition, or effects of

the pollutants.

An example of amteractioneffect on the formation of pollutants is the wietiown role

of N oxides in the photochemical reactions tlwatn Oz;. Thus the emissioof one

pollutant (nitric oxide) affestthe formation of anothez). This process is complex

and nonlinear, depending on the air temperature and the presence of hydrocarbons and
sunlight.

An example of interaction in the deposition of pollutants is the role of ammonia in
enhancing deposadn of S. Assulfurdioxide gas is deposited to leaf surfaces, it acidifies
those surfaces, which tends to slow down the sulfur dioxide deposition process. In the
presence of ammonia (a pollutant gas released from agricultural operations) however, the
alkaline nature of the ammonia gas counteracts the acidifying effect of the sulfur dioxide,
leading to enhance8deposition Fowler et al. 200p

There are many examples of interaction of pollutants after they are deposited to
ecosystems. Perhaps theaglest is the additive interaction $fandN deposition on

soil acidification. Soil acidification is primarily driven by leaching of anions, which

strip the soil of basic cations such as calcium, magnesium and potassium. Both sulfate
and nitrate are aons that can cause acidification, and their effect is additive. (However,
the situation becomes more complex if we try to predict the leaching of these ions based
on their deposition rates, because of the many biological and abiotic processes that
contrd the retention of depositeslandN in ecosystems.)

Another example of the interaction of pollutants is interactive biogeochemical cycling of
SandHg. Deposition of sulfate stimulates the activity of a certain type of anaerobic
bacteria that derivenergy from the chemical reduction of sulfate. These same bacteria
also methylatédg, producing the organic form éfg that accumulates in food chains.

Thus the deposition @ stimulates the biogeochemical pathway that enhances the
toxicity of Hg.

Interactions among pollutants can also be positive. Though not considered here, carbon
dioxide is also a combustiaterived air pollutant. Increased concentrations of carbon
dioxide tend to cause plants to reduce their stomatal opening, and this may make the
plants less sensitive to other gaseous pollutants su@hasl sulfur dioxide.
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In general, much less research has been done on the interaction of pollutants than on the
effects of single pollutants. The interactions are often complex, nonlimegpoarly
understood. Our understanding of the effects of air pollution will not be complete until

we understand these interactions in much more detail and can predict their consequences.

3.3 Time lags and legacies

Ecosystems are complex amalgamatiohisiotic and abiotic materials, some of which
respond quickly to environmental change and some of which respond very slowly. If air
pollution affects one of the slowly changing components of an ecosystem, the pollutant
effect is likely to endure for @hg time. This seems obvious, but it bears some
elaboration in examples that illustrate the ubiquity and time scale of these effects. For
biotic effects, the issue of life span is critical. Effects of air pollution have primarily been
demonstrated on sht-lived organisms (e.g. aquatic invertebrates, mycorrhizae, grasses)
and are much harder to demonstrate on-loregl organisms such as trees. Nonetheless,

if air pollution does produce changes in tree species composition, it may take centuries
for theecosystem to recover because of the long generation time of trees. A similar
example is the accumulation 8fN andHg in the organic matter of soils and lake
sediments which can have very slow decomposition rates. The accunBudeteéN can

A bl e eslowly foom the soils over many decades after the cessation of the pollutant
input. Recovery from base cation depletion in soils can also be a verielomgrocess

if the geologic substrate is low in these cations. If the pool of exchangeable basons
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
accumulation in plants. The net rates are often low compared to the totaqthog
recovery can take decades or centuries (Drigtal.2001).

Aquatic ecosystems are also subject to lag effects. 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 deposition causes chemical recovery
of the water quality, there may still be a time lag in the biotic response because dispersal
and recovery of the organisms can be slow. Bef@largtivorousfish pgoulation 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 teeatablish in

the pond, and finally the fish population itself mustoéonize the pond in sufficient

numbers to insure 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 eistut often a single acid episode can Kkill

the biota and require the recovery process to start from the beginning again.

3.4 Food web effects

The discussion above leads to consideration of how food webs can control the expression
of, and recovery fnm, pollutant effects. Many examples of this were illustrated at the
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workshop. In lakes, for example, if a particular invertebrate species isewdive, the

loss of that species as a lake acidifies will have ramifications not only for that species but
also for the specidbat consume it, and likewise throutyie links of the fooaveh. In

addition to direct pollution effectdhe biological effects ofadification include altered
predatofprey interactions following the decline and disappearancstof f

Bioaccumulation oHg also depends strongly on food webs. Mercury toxicity is most
often seen in animals of high trophic levels, becaigeoncentrations tend to increase

with each step up the food chain. Similar food web effects may ocamreastrial

ecosystems, though they are less well documented. For example, the primary hypothesis
for the effects of acid deposition on land birds is that soil acidification can reduce the
abundance of groundwelling invertebrates that some birds reqfireadequate calcium
supply (Hames et a2002.

3.5 Interactions between atmospheric deposition and other
environmental changes

Just as the various pollutants that we considered interact with one another, their effects
also interact with those of othenvironmental changes that are happening concurrently.
It was clear from the discussions at the workshop that this is considered an important and
understudied issue, though we did not dwell on it for lack of time. There are myriad
examples. Changingrteoerature affects every biological and chemical process in
ecosystems, from respiration of the leaves at the top of a forest canopy to microbial
methylation ofHg in the sediment at the bottom of a lake. Microbial processes and
activity of poikilothermic(cold-blooded) organisms are expected to be especially
sensitive. Examples include the increasbkanterial nitification with increasing

temperature (Murdoch et dl998 and the effect of warming temperatures on the
seasonal onset of calling in vargspecies of frogs (Gibbs and Breisch 2001)
Temperature also effects the duration of ice cover on lakes (L2##3; the frost

hardiness of spruce trees subject to acid depos@ieH&yes et all999, and many

other aspects of ecosystem functionmperature and moisture strongly affect the
distribution of organisms (e.g. Iverson and Pra&a@), so the whole biotic assemblage

of ecosystems can change as climate shifts. Consequently it is extremely difficult to
predict the effects of pollutants ecosystems, and the recovery of those ecosystems
from reduced pollution, against the background of a changing climate.

Invasion of exotic species also interacts with air pollution. Depositibhrody make
some habitats more suitable for weedy invapiaats Howard et al. 2004Jordan et al.
1997, and may make trees more susceptible to exotic pegtsLatty et al2003.

Invasive aquatic species can radically change the community composition of surface
waters, thus altering the effects afcdadgpositionon the biota.

Land use changes also influence the effects of air pollution, both by changing the
distribution of emission sources and by changing the nature of the receiving ecosystems.
Again, there are many examples, and we only list a few. h#ost forest ecosystems in
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the northeastern U.S. are in a phase of regrowth from a period of heavy clearing in the
19" and early 20 centuries. Their successional state strongly affects their retention and
processing oN and their species compositi. Harvesting of timber and acid deposition
both deplete crucial base cations from forest sbisi€rer et al. 1989 Land use

changes in watersheds affect pollutant loading to aquatic ecosystems; for edample,
from atmospheric deposition, agriculiirunoff and sewage treatment facilities all
contribute to e eutrophication of estuari@Sisher and Oppenheimer 1991

In general, while we may understand the effects of pollutants from controlled studies, the
concurrent imposition of multiple forsnof environmental chandeair pollution, climate
change, land use change, and exotic sp&aieakes prediction of the responses of
ecosystems to changing pollutant loading \&rgllenging

4. Conclusions

4.1 Air pollution has significant impacts on the biodiversity and
functioning of many ecosystem types.

Effects of air pollutiorare known or likely to occun all the ecosystems examined

(Table 1. Thus,none of these ecosystem types is freéheiimpacts of air pollutionand
most are affected hiyore than one pollutantn aquatic ecosystems, effects of acidily,
andHg on organisms and biogeochemical processes are well documented. Air pollution
causes or contributes to acidification of lakes, eutrophication of estuaries and coastal
waters, andHg bioaccumulation in aquatic food webs. In terrestrial ecosystems, the
effects of air pollution on biogeochemical cycling are very well documented, and the
effects orspecies compositioare less well understood. Nevertheless, there is strong
evidencdor effects ofN 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 composition and function tof fiores
acid-sensitive areas over the long term. Ozone is known to produce reductions in
photosynthesis in many terrestrial plant spec@gerall, we believe that air pollution is
having a serious impact on the biodiversity and function of natural ¢eosysf the

eastern U.S

4.2 Air pollution impacts may be subtle but are important

For the most part, the effects of these pollutants are chronic, not acute, at the exposure
levels common in the Northeast. Mortality is often observed only at expdaéliye

elevated exposure levels or in combination with other stresses such as drought, freezing
or pathogens. The notable exception is the acid/aluminum effects on aquatic organisms,
which can be lethal at levels of acidity observed in many surfacesnattre 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
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effects can propagate through a food web to affect many orgamsmsecosystem.
Likewise, increasing 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 reprodtive 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 introduction of exotic species, to produce severe
stress a natural ecosystems.

4.3 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 damag@ethe red line and green line values discussed aboWhile we

are aware of the problems with setting si mpl
heterogeneous ecosystems, we know that identifying red and green line levels would be
of considerable value to the conservation community, providing afoasisapping

impacts and thus allowing focus on sensitive areas and specification of target loading
levels. We identified these levels where we could, but unfortunately in many cases the
lack of specific information rendered us unable to specify a patigalue(Table 2)

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.

4.4 There are major gaps in our knowledge

Our discussions exposed major gaps in knowledge that will require much future research
to fill. Among these gaps are:

1 The effects oS andN deposition on species composition of terrestrial
ecosystems, especially forests

Controls orHg methylation inlakes, wetlandggerrestrial ecosystems
Atmospheric dry deposition rates of pollutants, especiddjy

Exposure and effects dfig on organisms in terrestrial ecosystems

Base cation weathering rates in soils

Effects of Oson grassland, wetland, and alpine plaautsl on wild animals
Interactive effects of pollutants

Factors controlling recovery ratéem acidic deposition in lakes, streams and
soils

= =2 =4 _-8_-49_-9_-9

Filling these knowledge gaps will require a sustained investment in research.
Unfortunately, funding for air pollution resear(@ther than greenhouse gases$

declined precipitously since the 1980sdahows no sign of increasing in the foreseeable
future. This puts us in a precarious situation of knowing enough to be very concerned
about the effects of air pollution on natural ecosystems, knowing that there is much that
we dondt undegunabledoringprove ghatdituatian fonlack of funding.
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Tablel. Level ofcertaintythat air pollutants result irsignificant negative impacts on a
selected biodiversity conservation target groups based on expert review. Level of
certaintywas divided into four categories for ease of comparison across target and
pollutant groups: known, likely, unlikely and unknoWinown = Studies documenting
impacts in the region are known. Likely = Studies documenting impacts are kbatvn
none documented for this regi; and/or plausible mechanisior impacts identified, but
no specific studies to confirm the plausible linkeveentified.
Unlikely = Plausible links resulting in negative impacts are not supported at this time
within or outside this region. Unkwn = No applicablestudies documenting impaais
lack of impactsvereidentified within or outside this region.

Conservation
Target Groups

Alpine and
subalpine
ecosystems

Forests (both
upland and
wetland types)

Bogs and fens
Grasslands

High gradient
headwater
streams

Lakes and
ponds

Low gradient
rivers

Estuaries, bays,
and saltmarshes

Percent
(number) of
target groups
with known or
likely impacts

Air pollutants and their products

Nitrogen

Likely

Likely

Likely
Likely
Known
Known

Likely*

Likely*

100% (8) 63% (5)

Sulfur Ozone  Mercury
Likely  Unknown Unknown
Known Known Likely
Known Likely Likely
Unknown Unknown Unknown
Known  Unlikely Likely
Known Unlikely  Known
Unlikely  Unlikely Likely
Unlikely  Unlikely Likely
25% (2) 75% (6)

Percent (number)
of air pollutants
with known or

likely impacts

50% (2)

100% (4)

100% (4)
25% (1)
75% (3)
75% (3)

50% (2)

50% (2)

*Nitrogen eutrophication effects are known for these systems. Although atmospheric
nitrogen deposition is often a significant contributor to the total nitrogen loading in these
systems, it is usually not the major source of nitrogen.
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One particular type of research is especially crucial and deserves special mention. The
U.S. does not have an integrated biological monitoring system. Without monitoring data,
we are in many casesiable to say if populations are declining, or, if pollution is

reduced, if they are recovering. Chemical monitoring of precipitation and surface waters
is sparse but has been used very effectively in policy formulétmrett et al. in press)
Biological monitoring is primarily an addoc activity by individual scientists who try to
sustain the necessary loteym funding. We need an equivalent emphasis on biological
monitoring to track the status of the biological resources of the nation.

Table 2.Compilation of red line and gredine values for the four pollutants and eight

Conservation Target Groups. The green line (values in green in the chart) is the

deposition orexposure level below which there is high certainty that no adverse impacts

will occur, and the red line (valués red in the chart) is the deposition or exposure level

above which there is high certainty of adverse impacts on at least some component of the
Ssystem. AUO indicates that red and or gree
indicatescases in whichcritical loads can bealculatedmore accuratelypy existing

models that incorporate characteristics of specific sit8say shading indicates cells in

which effects are unlikely (see Table 1).

Air pollutants and their products
Conservation Nitrogen (kg  Sulfur (kg Ozone(Sum06  Mercury

Target Groups N/haly) S/haly) index, ppmt-hr)

Alpine and subalpine 4/U U/u u/u u/u
ecosystems

Bogs and fens u/5 U/U u/u u/u
Forests 5/8 Model u/8-12 u/u
Grasslands 5/U U/u u/u u/u
High gradient uU/U Model U/U
headwater streams

Lakes and ponds uU/U Model U/U
Low gradient rivers u/U u/u
Estuaries, bays, and uU/U U/uU

saltmarshes
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4.5 Air pollution impacts are most likely being underestimated

It is apparent from ik review that we currentlydve limited understanding ebme
potentialeffectsof specific air pollutants (e.g. effectsfdeposition on alpine

ecosystems, effects dD; on wildlife), the strength of interactions among pollutants, the
extent and implications of time lags, the relative amount of primary and secondary food
web effects, and nature of interactions with other environmental thidatertunately

there are many aas of research that have been largely discontinued (e.g., gemaehd
Ozimpacts to plants), and other areas of inquiry that illustrate impacts are much more
pervasive than previously thought (eldg). Taken bgether, iseemdikely thatour
currentknowledge, as summarized in this report, represamtsnderestimation of the
problem.

5. Implications for Conservation

The impacts of air pollution on humans and the natural world have been known for a long
time. However, in most cases these impaatelbeen studied as smaller pieces of a

larger puzzlé such as a single polluta@rtimpact to aindividual species or ecosystem.

Foe effective conservation dfiodiversitywe mustook across multiple species and
ecosystemand assess tleeope ande\erity of the threat presented by multiple

pollutants at the same time This report attempts, for the first time to our knowledge, to
look broadly at the impacts of air pollutants to those species, ecological communities, and
largescale ecosystems that dine focus of biodiversity conservation. Our assessment
revealed that in the Northeast aviid-Atlantic regions the impacts are significant and
widespread across many ecosystems types, disrupting the functioning of many of these
ecosystem$o varying exénts Impacts to humans tabeen the driving force behind

most air quality regulatiom the United State@NRC 2004) However we believ is

time toconsider the impacts of air pollutiam biodiversity conservationp protect the

wildlife speciesat risk, the ecosystems that provide valuable services to our society, and
the centuries gbersonal and financiahvestmens made topreserve thesecosystemsor
humans and wildlife.
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