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Foreword

Presidents of The Wildlife Society occasionally appoint ad hoc committees to study and report on selected
conservation issues. This has worked reasonably well, but experience indicated a need to standardize the
procedures. On advice from the Publications Commitiee in 1989, the Society’s governing Council agreed to
refine its oversight role, to appoint an editor or editors to assist committees, and to establish standard formats
for the committee reports.

The reports ordinarily appear in 2 related series called either Technical Review (formerly "White Paper”) or
Position Statement. The review papers present technical information and the views of the appointed committes
members, but not necessarily the views of their employers or The Wildlife Society. Position statements are
based on the review papers, and the preliminary versions ordinarily are published in The Wildlifer for comment
by society members. Following the comment period, revision, and Council’s approval, the statements are
published as official positions of The Wildlife Society.

Both kinds of reports are copyrighted by the Society, but individuals are granted permission to make single
copies for noncommercial purposes. Otherwise, copies may be requested from:

The Wildlife Society

5410 Grosvenor Lane

Bethesda, MD 20814
(301) 897-9770

This report may be cited as: Longcote, J. R., et al. 1993. Acidic depositions: Effects on wildlife and habitats.
Wildl. Soc. Tech. Rev. 93-1. 42pp. ‘

Acknowledgments

We thank T. A. Haines, L. J. Garrett, and P. W. Manning for providing access to documents for this review.
W. M. Healy, D. H. Rusch, and H. Salwasser composed the Steering Committee and reviewed an early draft of
this Technical Review.

Cover art generously provided by the Publications Section, Public Affairs, the University of Maine, Orono.




Table of Contents

Foreword . . .. . . e e e i
ACKNOWICHBINEIS . . . . v ot ittt e et et e e e e e e e e i
Y MODSIS . . v e e e e e e e e e e e e i
IntrodUction . . . . . . . e e e e e 2
Purpose aﬁd 0P . . . e e e e e e e 2
Historical Perspective of Acidic Depositions . .. ... ... ... .. it 2
Sensitivity of North American Habitat to Acidic Depositions . . . . .. ... ... ottt 3
Changes in Acidic Depositions in North America . . .................. e e e e . 4
Effects on Wildlife Habitat . . .. ... ..ot e et e e e 4
S0l L L e e e e e e e e e e e 4
7 5
Terrestrial Vegetation . . . . . . . . . ottt e e e e 7
Aquatic Macrophytes . . . . . . .. e e 8
Effects on Mammals . ... ................................................. 8 |
Direct Bffects . . . . ... i e e e e e 8
Indirect Bffects . . . . o o v i e e e e e e 8
LSS OF HADIAL .« « o v v vt e e e e e e e e e e e 8
Changes in Quantity of Foods . . . ... ... . . i i e e e 9
Changes in Quality of Foods . . . . .. . .. ... . it i e e e e 10
Effects on Birds . . . .. .. . e e e e e 11
Toxicological Effects . . . . . .. o oo i i e e e 13
Mercury . . o e e e e e e e e e 13
Aluminum . .. . e e e e e e 14
Other Metals (Cadmium and Lead) . . . . . ... .. . . . . . . . ... 15

i




Table of Contents continued

Ecological Effects . . . . .. . . .. . e e e e 15
Modification of Food Webs of Aquatic Birds . . .. ... ... ... . ... 15

Habitat Selection by Waterbirds . . . .. . ... ... .. . e e 18

Reproductive Performance of Waterbirds . . . .. ... .. ... .. 19

Changes in Soil pH and Invertebrates . .. ... ... .. ... .. iu i, 21

Effects on Amphibians and Reptiles . . . . ... . . L e e 21
COnCIUSIOnS . . . . e e e e e e e e e e 23
Literature CIted . . . . o v it e e e e e e e e e e e e 25

i




R

Acidic Depositions: Effects on Wildlife and Habitat

SYNOPSIS

The phenonmenon of "acid rain” is not new; it was
recognized in the mid-1800s in industrialized Burope.
In the 1960s a synthesis of information about acidifica-
tion began in Europe, along with predictions of ecologi-
cal effects. In the U.S. studies of acidification began in
the 1920s. By the late 1970s research efforts in the
U.S. and Canada were better coordinated and in 1980 a
10-year research program was undertaken through the
National Acid Precipitation Assessment Plan (NAPAF)
to determine the causes and consequences of acidic
depositions,

Much of the bedrock in the northeastern U.S. and
Canada contains total alkalinity of <200 peq I, thus, it
lacks acid-neutralizing capacity. In the U.S. about 5%
of the land area and in Canada about 43% of the land
arca is sensitive to acidic depositions. Further, these
areas receive >20 kg/hafyr of wet sulphate depositions
and are vulnerable to acidifying processes.

Acidic depositions contribute directly to acidifying
processes of soil and soil water. Soils must have suffi-
cient acid-neutralizing capacity or acidity of soil will
increase. Natural soil-forming processes that lead to
acidification can be accelerated by acidic depositions.
Long-term effects of acidification are predicted, which
will reduce soil productivity mainly through reduced
availability of nutrients and mobilization of toxic met-
als. Severe effects may lead to major alteration of soil
chemistry, soil biota, and even loss of vegetation.
Several species of earthworms and several other taxa of
soil-inhabiting invertebrates, which are important food
of many vertebrate wildlife species, are affected by low
pH in soil. Loss of canopy in declining sugar maples
results in loss of insects fed on by certain neotropical
migrant bird species,

No definitive studies categorically link atmospheric
acidic depositions with direct or indirect effects on wild
mammals. Researchers have concentrated on vegetative
and aquatic effects. Circumstantial evidence suggests
that effects are probable for certain species of aquatic-
dependent mammals (water shrew, mink, and otter) and
that these species are at risk from the loss of foods or
contamination of these foods by metals, especially
methylmercury. Continued acidification of terrestrial
habitats, to the extent that earthworm populations are

broadly reduced, might expose some fossorial mamma-
lian species to risk because of decline in their major
prey species,

Acidic deposition affects primarily aquatic habitats of
avian species by disrupting food webs (ecological ef-
fects) and increasing amounts of available heavy metals
(mercury, aluminum, cadimum) in prey of avian species
(toxicological effects). The ecological effects of acidi-
fying wetlands are to reduce acid-intolerant prey (inver-
tebrates) and to change prey quality from high-calcium
bearing prey to low-calcium bearing prey. The toxico-
logical effects are to increase contamination by heavy
metals, especially methlylated mercury, in foods of
breeding waterbirds. The combination of these 2 types
of effects results in potentially lower survival of adults
and reduced production, growth, or survival of young
of many bird species.

Effects of acidification on herpteofauna and their habi-
tats are mainly reproductive failure of susceptible spe-
cies and reduced or metal-contaminated foods for both
amphibians and reptiles.
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INTRODUCTION

Fish and wildlife have served for decades as barometers
of environmental contamination. One of the earliest
uses was that of canaries to warn coal miners of toxic
gases. Under protocols of the National Contaminant
Biomonitoring Program (O’Shea and Ludke 1979,
Jacknow et al. 1986) analysis of wings of hunter-har-
vested waterfowl for organochlorine contaminants began
in 1964 and analysis of whole carcasses of starlings
(Sturnus vulgaris) and freshwater fish started in 1967
and has continued. These programs are now under
review and the emerging Biomonitoring of Environmen-
tal Status and Trends (BEST) program probaby will be
focused to monitor a broad array of lands, species, and
contaminanis (C. M. Bunck, U.S. Fish and Wildl.
Serv., pers, commun.). Herring gulls (Larus argenta-
tus) have been monitored to determine dynamics of
contaminants in the Great Lakes (Mincau et al. 1984),
and aquatic mammals have served as monitors of heavy
metals (Newman and Schreiber 1984, Wren 19864).
Clark et al, (1988), using wildlife species, stressed the
importance of establishing quantitative links between
contaminant emissions, abiotic concentrations, concen-
trations in wildlife, and ecological viability. Fish and
wildiife, especially fish, have served as the biological
"red flag" manifesting adverse effects of wetland acidi-
fication from anthroprogenic acidic depositions,

Purpose and Scope

A review of effects of acidic depositions on wildlife is
appropriate under the 2 primary objectives of The
Wildlife Socicty (TWS): (1) to develop and promote
sound stewardship of wildlife resources and the envi-
ronments upon which wildlifc and humans depend and
(2) to undertake an active role in preventing human-
induced environmental degradation. In 1987 TWS
President Lytle Blankenship formed the Acid Rain on
Wildlife Technical Advisory Committee {4d Hoc} and in
his letter to the Chairman charged that "The basic
responsibility of this commitiee is to prepare a technical
report (review paper) based on current information
available on the effect of acid precipitation (acid rain)
on wildlife, with special emphasis on the terrestrial
ecosystem.” Although the emphasis was to be directed
toward the terrestrial ecosystem, data from wildlife
species (mostly migratory birds) associated with aquatic

ecosystems are included because more specific data
existed for these organisms in aquatic habitats.

A number of terms in this review require definition.
Acidic deposition is the deposition of airborne contami-
nants commonly known as acid rain or acid precipita-
tion that is in 2 forms: dry deposition by absorption of
gases or by particle collection at surfaces, and wet
deposition by chemical scavenging and deposit via
precipitation (rain, snow, fog) (Ulrich 1982, Gibson
1984, Hidy 1987, Schwaiz 1987). The pH (acidity) is
the negative logarithm of the hydrogen ion concentra-
tion that ranges from 14 (alkaline/basic) to O (acidic}.
Substances (water, soil) with low pH are acidic; a
decrease of 1 pH unit indicates 1@ times more acidity.
Acidification is the phenomenon of coupled chemical
reactions: one that produces hydrogen ions (acidifying
process) and the other that consumes hydrogen ions
{neutralizing process) (Paces 1985). Concentration of
hydrogen ions is usually small, thus rate of production
and consumption of hydrogen ions is of utmost impor-
tance. Before the industrial era and use of fossil fuels,
the weathering process maintained hydrogen ions in a
relatively balanced state through production of neutraliz-
ing cations. About 150 years ago the balanced state
was disrupted when burming of fossil fuels and smelting
of ores began producing large amounts of sulfur and
nitrogen oxides (Paces 1985). Acid Neutralizing Ca-
pacity (ANC) is the capacity of a substance to neutralize
added acids by reaction of hydrogen ions with inorganic
or organic bases (bicarbonate or organic ions). Alkalin-
ity, also referred to as "buffering capacity” (see Norton
1980, Norton et al. 1982), is the measure (in peq 1)
of a substance’s (water, soil) ability to neutralize acid,
as determined by titration with a known strong acid
{Lerman 1978). A large alkalinity value indicates a
farge "buffering capacity”. The inflection point Gran
method is the acceptable method for determining alka-
linity (Hendrey et al. 1980qa). Wildiife is considered
vertebrate organisms (mammals, birds, amphibians, and
reptiles, excluding fish) that inhabit aquatic and terres-

_ trial ecosystems. Of necessity, fish and organisms of

lower taxonomic order (invertebrates) will be discussed
only as needed to depict effects on wildlife.

Historical Perspective of
Acidic Depositions

History of the "acid rain" phenomenon is detailed by
Cowling (1982, 1983) and others (Gordon 1987,
Schwarz 1987), who documented key events, peopie,
and progress through 1981 toward understanding acidic
depositions. The following points are paraphrased from
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Cowling’s (1982) review. (1) Acid rain is not a recent
phenomenon as Smith (1852, cited in Cowling 1982;
Smith 1872) first coined the term "acid rain" and ex-
pressed many ideas about sources, processes, and ef-
fects of acid rain. (2) Gorham (1955, 1957, 1958,
1961) built the major foundations for our understanding
of the causes of acidic depositions and their effects on
aquatic ecosystems. Gorham (1981) also prepared a
detailed analysis of Smith’s pioneer work. (3) In the
late 1960s the first major synthesis of information about
acid precipitation in the fields of limnology and agricul-
tural and atmospheric chemistry was achieved by Oden
(1968) who clearty documented that (a) acid precipita-
tion was a large-scale regional phenomenon in much of
Europe with well-defined source and sink regions, (b)
both precipitation and surface waters were becoming
more acidic, (c} long-distance (100-2,000 km) transport
of sulfur- and nitrogen-containing air pollutants was
taking place among various nations of Europe, (d) there
were marked seasonal trends in deposition of major ions
and acidity, and {e) long-term trends in acidity could be
detected in many countries of Europe. Oden also pre-
dicted ecological consequences: changes in surface
water chemistry, decline in fish populations, leaching of
toxic metals from soils into surface waters, decreased
forest growth, increased plant diseases, and accelerated
damage to materials.

Scientific debate followed publication of Oden’s (1976)
ideas and 2 major scientific initiatives resulted. In 1972
the Norwegian Interdisciplinary Research Programme
called "Acid Precipitation---Effects on Forest and Fish"
(SNSE Project) was established with 2 goals: (1) to
establish as precisely as possible the effects of acid
precipitation on forests and freshwater fish, and (2) to
investigate the effects of air pollutants on soils, vegeta-
tion, and water to the extent required to support the
primary objective. The second initiative was by the
Organization for Economic Cooperation and Develop-
ment (OECD) during 1973-75. It began study of the
long-range transport and deposition of atmospheric sul-
fur in eastern and western Europe.

In the U.S. the first studies of precipitation chemistry
were completed by Maclntire and Young (1923). Re-
search and monitoring accelerated (see Cowling 1982)
and now Canada and the U.S. have long-term programs
for chemical analysis of precipitation. The Canadian
Network for Sampling Precipitation began in 1976
{Cowling 1982) and in the U.S. The National Atmo-
spheric Deposition Program (NADP) was started in
1978 (Galloway and Cowling 1978).

In the late 1970s more effort was made to coordinate
research programs between Canada and the United

- States within North America. In 1977 a document for

A National Program for Assessing the Problem of Atmo-
spheric Deposition (Acid Rain) was developed
(Galloway et al. 1978). In 1980 a 10-year program of
research on the causes and consequences of acid precip-
itation was called for and enacted through the Energy
Security Act (PL 96-264) under the National Acid
Precipitation Assessment Plan (NAPAP). Research on
all aspects of acid rain has continued and expanded
since Cowling’s (1982, 1983) reviews. Many recent
findings were presented at the International Symposium
on Acidic Precipitation held at Muskoka, Ontario in
1985. The final report and review for the NAPAP is
now available (NAPAP, 1991). The preceding brief
history is only a sketch of some of the influentiat scien-
tists and events in the acid rain investigations.

SENSITIVITY OF NORTH
AMERICAN HABITAT TO
ACIDIC DEPOSITIONS

Effects of acidic depositions on ecosystems are variable
and depend largely upon the type of underlying bedrock
that affects capacity of the drainage basin bedrock to
assimilate acid (H" ions) during chemical weathcring
{Kramer 1976, Norton et al. 1982). Acid-neutralizing
capacity (ANC) is related to mineral solubility and
kinetics of solution and ion-exchange properties of soil.
Consequently, presence of any carbonate mineral yields
essentially infinite buffering (ANC). Galloway and
Cowling (1978) depicted most of northeastern North
America and the Rocky Mountain area as sensitive
(total alkalinity <200 ueq I') to acidic deposition (also
see Likens et al. 1979). Norton et al. (1980, 1982)
refined sensitivity predictors and Hendrey et al. (1980b)
tested bedrock as predictors of sensitivity in Maine,
N.H., N.Y., Va,, and N.C. and reported that
alkalinities were low, <200 peq 1. Also, he
documented that marked declines in alkalinity and pH
occurred in sensitive waters of N.C, and N.H. For the
lower 48 states of the U.S. about 5% of the land area
(91% in the northeastern and southeastern states) is
sensitive to acidic deposition using the threshold of
sensitivity as alkalinity of <200 peq I! (Omernik and
Powers 1982, Omernik and Kinney 1984, Omernik and




4 The Wildlife Society Technical Review 93-1

Griffith 1985). In Canada, 46% of the land area is
considered sensitive to acidic deposition (Anon, 1988),
mostly in eastern Canada. Many of these sensitive
areas also receive enough wet sulphate deposition (>
20 kg/halyr) so that they are acidified (Wisniewski and
Keitz 1983, Pearse et al. 1985).

CHANGES IN ACIDIC
DEPOSITIONS IN
NORTH AMERICA

Documentation of the degree and timing of changes in
acidic depositions has been tentative and criticized (see
Hansen and Hidy 1982, Stensland and Semonin 1982)
because early measurements of pH and alkalinity were
less reliable and data sets were often incomplete. This
prevented calculation of jonic balances, which is the
currently accepted method to verify chemical accuracy
(Schindler 1988). Data have documented, however,
since the 1950s that rainfall was acidic in northeastern
United States (Herman and Gorham 1957, Gambell and
Fisher 1966, Granat 1972, and Likens et al, 1972).
Cogbill and Likens (1974) and Cogbill (1976) reported
that acid precipitation has occurred throughout the
northeastern United States since 1950-55 and, assuming
a stoichiometric formation process, 65% of the acidity
was caused by H,S0, and 30% by HNO,. Later, after
criticism by Stensland (1979) and by Hansen and Hidy
(1982), Likens and Butler (1981) reported that the
trend of increasing acidity of precipitation in the north-
eastern United States from 1955-56 to 1965-66 was
substantiated (Cogbill et al. 1984) by use of an error
analysis of these data (Liljestrand and Morgan 1979).
Further, the 1975-76 data of Likens and Butler (1981)
revealed that the area receiving acidic precipitation has
expanded substantially southward and westward with
intensification of acidity in the northeastern and south-
castern regions of the U.S. since the 1950s. These
published trends in acid rain were questioned by Hansen
and Hidy (1982) and Stensland and Semonin (1982), but
validity of the trends was further substantiated by
Cogbill et al. (1984) and supported by studies of
Battarbee and Charles (1986) and Dixit et al. (1987)
through reconstruction of diatomaceous fossils, Also,
Schindler (1988:154) stated that analyses of SO,* and
NOy in ice cores from south Greenland revealed in-
creases in deposition of these ions from 1900 onward,
thereby supporting the thesis of Likens and colleagues.

Recently, decreases in SO, emissions have been associ-
ated with decreased concentration of SO,% in precipita-
tion at the Hubbard Brook Experimental Forest (HBEF)
in New Hampshire (Hedin et al. 1987), but increases in
NO; and concentration of base cations and C1' have
obscured trends in acidity. The authors concluded (p.
246), however, that "... decrease in SO, content of
precipitation at HBEF generally attributed to decreases
in 8O, emissions has resulted in large scale decreases in
both concentration and deposition of H*, thereby dimin-
ishing the potential effects of acidification on organ-
isms, water and socil." Driscoll et al. (1989) later cau-
tioned that, although elevated sulfur loadings clearly
have affected water quality, including at the HBEF,
atmospheric deposition of basic cations also may alter
the acid-base status of surface waters. In eastern Cana-
da significant decreases in amounts of SO, in air and
sulphate in precipitation (up to 30%) have been record-
ed in the last decade, particularly at sites in or down-
wind of regions in which SO, emissions have decreased
by > 10 percent (RMCC 1990). Associated with de-
creased SO, emissions in the Sudbury, Ontario area
after restrictions on industry have been signs of recov-
cry of surface waters and biota (Gunn and Keller 1990,
Keller et al. 1992), However, the long-term benefits of
reductions in SO, may be partly eroded by NO, deposi-
tions. Although NO, depositions have been low relative
to those of sulphate, nitrates in eastern Canada have
changed little in precipitation during the 1980s, consis-
tent with constant nitrogen oxide emissions.

EFFECTS ON
WILDLIFE HABITAT

Soils

Scils constitute the interface between the atmosphere
and lithosphere over much of the terrestrial portion of
the earth’s crust. They are produced by interactions of
complex geologic and biological processes over thou-
sands to millions of years. Soils form the substrate that
provides, directly or indirectly, most of the food and
many of the materials on which our civilization
depends. Even the chemical quality of streams and
lakes is influenced by soil-forming processes. Through-
out most of geologic time, the major acidic agent in-
volved in weathering and soil-forming processes has
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been carbonic acid. As a consequence, a by-product of
these reactions is bicarbonate alkalinity, which is deliv-
ered to surface waters. The acid/base chemistry of
most natural waters has been dominated by the dis-
solved carbon system and throughout geologic time
organisms have evolved within the range of pH dictated
by that system. With the beginning of the industrial
revolution, additional anthropogenic acidic components
(H,50,, HNO;) have composed greater amounts of
atmospheric depositions. Initially effécts were observed
locally around heavily industrialized cities (Smith
1872). Now, virtually every industrialized nation is
receiving "acid rain" over large regions that are not
confined to the vicinity of industrial development
{Cowling 1982),

Concern has been raised that acid rain may adversely
affect soil productivity and other soil characteristics.
Soils can respond to acidic additions in a variety of
ways. A primary concern is that soils may become so
acidified that they can no longer support vegetation.
Acidification develops through the leaching of alkali and
alkaline earth cations (base cations) by acid depositions
(Reuss and Johnson 1985). Base cations on exchange
sites in soils are replaced by hydrogen ions from acid
rain leading to a decrease in base saturation and an
increase in soil acidity (McFee et al. 1977). Replenish-
ment of base cations on soil exchange sites simply
cannot keep pace with the loss.

Aluminum and trace metals are mobilized from soil
minerals as soils become increasingly acid (Cronan and
Schofield 1979). Acid soils and elevated amounts of
dissolved aluminum in soil water combine to interfere
with proper transfer of nutrients and electrolytes across
root membranes, thereby inhibiting growth of vegetation
{Ulrich et al. 1980). Increased concentration of trace
metals may exacerbate these inhibiting effects. In agri-
cultural areas where fertilizer and lime are commeonly
added to soil, this is not of serious consequence, but it
may be serious on nonagricultural lands such as forests.
Water from lakes and streams that drain watersheds
where soil is acidified may contain dissolved aluminum
at concentrations that are toxic to fish (Schindler and
Tumer 1982).

Loss of vegetation from watersheds may lead to
increased soil erosion and an increased sediment load in
streams that drain these watersheds, Elevated sediment
loads in streams may adversely affect aguatic organ-
isms. Soil loss, on a human time scale, is essentially
an irreversible process. Other less extreme effects of
acid rain, however, may have long-term implications
relative to soil productivity. Decreases in decomposi-

tion of organic matter and carbon mineralization have
been observed as a result of soil acidification (Francis
et al. 1980, Lohm 1980, Moloney et al. 1983). Micro-
bial communities shift from bacteria to fungi, which
are bettef adapted to tolerate acidic conditions (Lohm
1980). Nitrification and ammeonification are diminished
in acid soils (Alexander 1980, Francis et al. 1980).
Among inorganic constituents of soil, Al-hydroxy inter-
layers of clay minerals increased under acidic condi-
tions (Jackson 1963). Cation exchange capacity is
decreased by clay alumination (Sawhney 1968). Base
saturation decreases and soil acidity increases as acidifi-
cation develops (Abrahamson 1980, Paces 1986).
Leaching of aluminum and heavy metals increases with
acidification and nutrient cations are lost from soil.
When mobilized in soil waters, aluminum and heavy
metals eventually reach sireams and lakes where they
adversely affect aquatic life. Similar changes take place
in soils whether they are acidified by the activities of
man or by natural processes, but on different time
scales and to different intensities. Many natoral soil-
forming processes commonly iead to acidification,
however, rate of acidification may be increased by
acidic atmospheric deposition (Rosengvist 1978, Krug
and Frink 1983, Ulrich 1983). Thus, soils are an indis-
pensible part of the basic life-support system for virtual-
ly all terrestrial organisms; any contamination of them
may have broad ecological effects.

Water

The status of acidification of North American surface
waters (lakes, ponds, and streams) has been determined
during local and regional surveys. In Minnesota, all of
85 lakes sampled had pH of >6.0, but alkalinities
ranged from a low of 2.7 peq 1! to 85.6 (Glass and
Loucks 1980). For 265 wetlands sampled in northwest
Wisconsin, 16 (6%) were in the 5.0-6.0 pH range and
249 (94%) were >6.0 and all afkatinities were >21
peq I' (Lillie and Mason 1980). In the Adirondack
Mountains arca, 212 (25%) of 849 lakes had a pH of
<5.0, 255 (30%) had a pH of 5.0-6.0, and 382 (45%)
had a pH of > 6.0 (Pfeiffer and Festa 1980). Alkalini-
ties were similarily lower for 692 lakes with 284 (41%)

<20 peq 17, and 297 (43%) >200 peq 1'. In New

England, 8 (18%) of 226 (193 lakes, 33 streams) sus-
face waters sampled were <5.0 pH, 47 (21%) in the
5.0-6.0 range and 160 (71%) >6.0 pH (Haines and
Akiclaszek 1983). Fifty-two (23%) had alkalinities
<20 peq 1" and 68 (30%) had akalinities of < 200 peq
I'l. For 9 (Ist-3rd order) Atlantic salmon (Salmo salar)
streams in Maine and Connecticut pH was 5.31, which
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for the 1st-order streams approaches the negative effect
level (Haines and Akielaszek 1984).

The National Surface Water Survey was initiated in
1983 and included a National Lake Survey and a Na-
tional Stream Survey (Landers ¢t al. 1988). For the
Eastern Lake Survey, the Northeast Region was esti-
mated as having 326 lakes (4.6%) with ANC <0,
which generally corresponds to a pH of <5.2 (Landers
et al. 1988) and 4,258 (60%) lakes with ANC <200
peq 1. In the Upper Midwest Region 148 (1.7%) lakes
had an ANC <0, and in the Southern Blue Ridge
subregion there was only 1 lake with pH <6.0.
Florida had the largest percentage (12.4%), number
(259) and surface area (7,936 ha) of lakes with pH
<35.0. Note that the study areas for this survey were
restricted to areas where most lakes were expected to
have ANC <400 peq I''. Also, small lakes (<4 ha up
to 10 ha) are not included or poorly represented in the
sample.

For the Western Lake Survey (Landers et al. 1987) pH
values were not low: 99% of the lakes had a pH of
>6.0 and ranged from a median of 6.94 in California
to 7.6 in the Southern Rockies. Likewise, ANC was
generally greater than in the Eastern Lake Survey with
the lowest values (ANC <50 ueq ') in the California
subregion (800 lakes, 36.7%) and the Pacific Northwest
{333 lakes, 19.5%). No lakes in the west had ANC
<0 peq I, except for 1 lake associated with a hot
spring (Landers et al. 1987).

In 1986 the U.S. Environmental Protection Agency
(Kaufmann et at. 1988) conducted a National Stream
Survey (NSS) in Mid-Atlantic (MA) and Southeast (SE)
U.S. to determine how many streams had low ANC or
were now acidic. Stream "reaches" (either just above
the downstream point of confluence or just below the
upstream point of confluence) with drainages <155 km?
(60 mi®) were sampled (500 reaches per each of the
nine subregions).

Excluding Florida, 51 % (18,542) of MA reaches and
52% (9,642) of SE reaches had ANC <200 peg I'! at
their upstream ends. In the MA region 7.4% (2,677)
of the reaches were acidic (ANC <0 peq 1) at their
upstream ends and 3% (1,098) were acidic at their
downstream ends. Among the subregions of the MA
region the greatest number of acidic stream reaches
were in the MA Coastal Plain where 12% of the upper
reach ends had pH between 5.0 and 5.5. In other MA
subregions (Poconos/Catskills, Valley and Ridge, and
Northern Appalachians) relatively few reaches were
acidic at downstream ends. Among the Interior South-

east subregions, excluding Florida, acidic reaches were
found only in the Southern Appalachians where 120
reaches (2%) were acidic at their upstream ends. The
Florida subregion stands out with a relatively high
percentage of acidic, low ANC, and low pH streams,
i.e. at upstream ends an estimated 678 (39%) of the
reaches were acidic (ANC <0 peq I'') and another 531
(31%) had ANC between 0 and 50 peq I'. At the
upstream ends an estimated 539 reaches (31%) had pH
<35.0; another 324 (19%) were between pH 5.0 and
5.5. Of the currently acidic streams based on the NSS,
26% are acidic because of acid mine drainage and 27 %
because of organic acids (NAPAP 1990). Further,
atmospherically derived sulfate was the dominant non-
sea salt anion in the remaining 47 % of the acidic
streams: these were streams in forested, higher eleva-
tion areas (>>300 m), mountainous catchments with
watershed area <30 km?,

In Canada several studies have documented numbers of
acidified wetlands. For lakes in the La Cloche Moun-
tains of Ontario, 42 (28%) of 152 lakes had a pH of
<5.0 and 52 (34 %) lakes were in the 5.0-6.0 range
{Beamish and Harvey 1972). In the Sudbury region of
Ontario 20 (13%) of 150 lakes had pH <5.0 and 22
(15%} in the 5.0-6.0 range (Conroy et al. 1976). In
central Ontario 2 (8%) of 26 lakes had pH < 5.0.and
15 (58%) were in the 5.0-6.0 range (Scheider et al.
1979a). In Nova Scotia 11 (52%) of 21 wetlands had a
pH of <5.0 and 5 (24%) were in the 5.0-6.0 pH range
(Watt et al. 1979), In Quebec 3 (12%) of 25 surface
waters had pH <5.0 and 10 (40%) in the 5.0-6.0 pH
range (Jones et al. 1980). Kelso et al, (1986) estimated
that in Canada 14,000 lakes were acidified (i.e., pH
<5.0 and 150,000 iakes with pH <6.0)} and an esti-
mated 5% of the lakes in eastern Canada have ANC of
<0 (NAPAP 1990). The federal/provincial Research
and Monitoring Coordinating Committee (RMCC 1990)
assessment report for 1990, as paraphrased in the fol-
lowing paragraph details current aquatic resources at
risk in Canada,

Forty-three percent of Canada’s land area (generally
corresponding to the Canadian Shield) is sensitive to
acidic depositions. The area of primary concern for
adverse effects in aquatic systems is where sensitive
terrain is overlapped by acidic depositions, namely the
area east of the Manitoba-Ontario border (about 95° W
lengitude) and south of the 10 kg/ha/yr wet sulphate
deposition isopleth (about 52° N latitude), just south of
James Bay. In an area slightly smaller than the region
of concern delineated above, an inventory identified
800,000 water bodies >0.18 ha, with 53.7% < 1.0 ha.
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By analysis of chemical data from 8,505 lakes in 324
tertiary watersheds, for lakes >0.18 ha 31,000 were
acidic and for lakes >1.0 ha 14,000 were acidic (i.e.
ANC <0). Except for regions containing SO, emitters
(e.g. Sudbury and Noranda), the Atlantic provinces
contain the highest proportion of acidic lakes, reflecting
their greater sensitivity. Acidification of lakes in east-
eri Canada is from depositions of atmospheric sulphate

- and not from nitrogen depositions or natural organic

acids and sulphide minerals in bedrock. Hence, the
highest median sulphate amounts in lakes coincide with
the areas of greatest depositions (i.e. central and south-
ern Ontario and southern Quebec). Acidification from
land-use changes is considered insignificant. In western
and northern Canada the meager data available suggest
that the current low amounts of acidic depositions have
not altered water chemistry in that region, although
local pollution sources have acidified some wetlands.
Furthermore, some waters are temporarily acidified
during spring snowmelt because of either storage of
acids within the winter snowpack or temporary storage
of sulphate in the catchment, particulary in wetlands,
during dry secasons.

In addition to the regional variability in occurrence of
acidic wetlands related to bedrock sensitivity, wetland
acidity may be dominated by strong, anthropogenic
acids or weak, naturally occurring organic acids (Kahl
et al. 1989). Thus, some secpage lakes with high
amounts of dissolved organic carbon may be acidic
because of organic acids, i.e. humic and fulvic acids
{LaZerte and Dillon 1984, Malcolm 1985,
Bourbonniere 1987).

Terrestrial Vegetation

Although acid deposition may affect the productivity of
crop and forest plants by direct or indirect means (tissue
necrosis or lessening soil nuirients), there is little un-
equivocal evidence that, at ambient levels, acid precipi-
tation is deleteriously affecting terrestrial vegetation
(Evans 1982, 1984; Barnard ¢t al. 1990). Further,
Evans concluded that the level of injury, if injury
occurs, is less than the year-to-year changes from
differences in natural climatic factors, e.g. precipitation
or temperature. Irving (1983) also reported that most
of the agricultural crop species studied in field and
controlled environment experiments exhibited no effect
on growth or yield as a result of simulated acidic rain.
A year later, Amthor (1984:5) reached a similar "no
clear evidence" conclusion after reviewing the ex-
perimental evidence of direct phytotoxic effects of acid
rain, including effects on metabolic leaching, acid-rain

induced lesions, growth and productivity, interaction of
acid rain with gaseous pollutants, and long-term
responses. Amthor (1984) acknowledged, however,
that long-term detrimental effects were possible because
of interaction of acid rain with ozone, the primary gas-
eous air pollutant, which is known to adversely affect
vegetation (Linzon 1986). '

In-1978, Hutchinson (1978:617) concluded that "...there
is little solid evidence to date of the occurrence of
visible or even detectable damage to terrestrial eco-
systems caused by the acid precipitation events of the
past twenty years." The issue of forest "dieback,"”
however, has been linked to acid rain, but Krause et al.
(1986:661) concluded that "... no clear statement of a
true cause-effect relationship in respect to novel forest
decline in Europe can be made at the present time."
For North America, Linzon (1985:21) concluded that,
although "...there is no conclusive proof that air pollut-
ants, including acid deposition, are directly responsible
for the forest declines there is substantial circumstantial
evidence linking the two." Linzon (1985:21-23) then
detailed 17 items of circumstaniial evidence that linked
air pollution and forest decline. More recently, The
American Forestry Association (Anon. 1987: Abst.)
published A White Paper on the Forest Effects of Air
Pollution and concluded ".. that further control of
sulfur and nitrogen oxides, hydrocarbons, ozone, and
toxic metals is now warranted to protect the forest
ecosystem.” This concern is in contrast to earlier
inaction by the forest products industry (Postel 1984),
which believed that evidence linking forest damage to
acid deposition was not sufficient to warrant action.
Manion (1987) cautions that there are no absolutes for
the recent forest decline of northeastern United States
and Europe and that it is inappropriate to assume that
all the dieback and mortality in 1 forest is caused by the
same agent.

Nevertheless, effects on forest vegetation seem to affect
avian species, although documentation is difficult. For
example, declines in northern parula warbler (Parula
americana) populations seem linked to declines in
amount of pollution-sensitive lichen (Usnea sp.), which
is required for nests (Arbib 1980). Similarly, changes
in habitat structure in declining sugar maple (Acer
saccharum) forests in southern Quebec (DesGranges et
al. 1987, Darveau et al. 1992) seem related to fewer
passerine species (e.g. red-eyed vireo [Vireo olivaceusl)
that rely on the forest canopy for food and shelter and
greater numbers of ground-dwelling species (e.g. black-
throated blue warbler [Dendroica caerulescens]). Some
of these changes are attributed to shifts in assemblages
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of invertebrates when stands of healthy maple declined,
but the substantial year-to-year variability does not now
suggest long-term alterations in habitat use or in popula-
tion densities as birds move in from nearby healthy
stands (Darveau et al. 1992). In the Netherlands where
forest decline is evident, several species of cavity-nest-
ing birds, (e.g. great tit {Parus major}) do not lay eggs
or they have eggshells of inferior quality (Drent and
Waldendorp 1989). These authors hypothesize that
acidic depositions have depressed the calcium:aluminum
ratio in soil and thus in leaves of the forest trees. In
turn caterpillars, which feed on these tree leaves and
are low in calcium, are eaten by the birds that conse-
quently do not acquire enough calcium to form adequate
eggshells. Eggshell effects were noted in resident,
cavity-nesting species, but not migrants (e.g. pied fly-
catcher [Ficedula hypoleucal), which can store calcium
on wintering areas and moblize calcium during breed-
ing. This phenomenon has not been noted among birds
of North American forests, although low dietary calci- -
um is a concern for wildlife in acidified environments
(Schezhammer 1991}.

Aquatic Macrophytes

In freshwater environments acidification has caused
reduced growth and productivity of plants, reduced
numbers or diversity of vascular macrophytes (Almer et
al. 1974, Grahn et al. 1974, Wile and Miller 1983,
Roberts et al. 1985, Wile et al. 1985, Grahn 1986,
Hunter et al. 1986a, Arts et al. 1990), replacement of
macrophytes by Sphagnum sp. (Grahn 1977, Hendrey
and Vertucci 1980, Hultberg and Grahn 1976), and
increased metal residues in plant tissues (Dietz 1973,
Miller et al. 1983, Andersson 1988, Lehtonen 1989,
Crowder 1991), which may influence macrophyte oc-
currence {Gorham and Gordon 1963, Wile and Miller,
1983). Acidic lakes that are fertilized, however,
produce lush macrophyte communities (even Potamoge-
fon spp.) (Kerekes et al. 1984) suggesting that effects of
acidificiation on macrophytes (Kerekes and Freedman
1989) may be indirect, through nutrient impoverishment
(i.e. oligotrophication; Grahn et al. 1974).

Macrophytes are essential substrate for many aquatic
invertebrates (Rosine 1955, Moyle 1961, Krull 1970,
Voigts 1976) and luxuriant growths of plants in quiet,
shallow waters most often have the largest invertebrate
populations (McGaha 1952). Generally, macrophytes
of acidic lakes are morphologically reduced (often in
rosette form), with few leafy-stemmed species (Roberts
et al. 1985, Wile et al. 1985), and this situation might
result in reduced invertebrate numbers. Krecker (1939)

and Andrews and Hasler (1943) have reported that
usually the greater the leaf dissection of a submerged
aquatic plant, the larger the animal population associ-
ated with it. Therefore, changes in macrophytes to that
of species typical of acidic lakes along with direct intol-
erance of species to low pH (Eilers et al. 1984)
adverserly affects aquatic invertebrates, which are
essential for higher trophic predators, i.e. fish, amphib-
ians, and birds, especially waterfowl (Schroeder, 1973,
Kaminski and Prince 1981), Other data, e.g. Schell
and Kerekes (1989), however, depict the importance of
nutrients in affecting numbers and biomass of macro-
invertebrates, irrespective of pH.

EFFECTS ON MAMMALS

Direct Effects

Direct effects on the health of mammals from acid rain
have not been reported. Mammals, in contrast to am-
phibians and fish, are not solely dependent on the physi-
cal/chemical aquatic environment for growth, reproduc-
tion and survival. Changes (o the physical/chemical
"water” environments, e.g. change in lake water pH
caused by acid rain, do not seem to directly affect
mammals, but there may be subtle indirect effects.

Indirect Effects

Indirect effects on mammals from acid rain have been
reported by Bevanger and Albu (1986), Wren et al.
(1980) and hypothesized by others (Singer and Fischer
1984, Wiener 1987, Schreiber and Newman 1988).
Acid rain can cause degradation of habitat and changes
in quantity or quality of available foods. Effects of
these changes might cause shifts in distributions of
mammals or even losses of individuals from populations
because of effects on health.

Loss of Habitat

Forest diecback observed in red spruce and other iree
species has been attributed to acid rain, ozone, or a
combination of these and other variables (see Terrestri-
al Vegetation section), This phenomenon has been
observed at high elevations in mountain regions of
Vermont (Siccama et al. 1982), New Hampshire and
New York (Johnson et al. 1984) and Virginia (J.
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- Bennett, National Park Service, pers. commun.).

Mammals in these regions, however, are not directly
dependent upon these affected forest plant species for
survival. Nevertheless, forest dieback, if extensive,
might affect local sites used by bats (Lasiurus sp.) that
roost in foliage. These roost sites, however, are con-
sidered temporary and are used by solitary or small
groups of bats (Kunz, 1982, Mattsson and Kunz 1982),
The red spruce dieback is not extensive enough to be
critical to mammalian populations living in these for-
ests.

Changes in Quantity of Foods

The decline and loss of animals (¢.g. fish and
invertebrates), which has been documented in aquatic
habitats (Bell 1971, Altshuller and Linthurst 1984,
Eilers et al. 1984) might resuit in adverse effects to
mammals that depend upon these organisms as food
(Schreiber and Newman, 1988). This risk will be
greater for obligate consumers and for small mammals
that have restricted habitats or home ranges where foods
have been reduced or climinated. Lower food
availability also may elicit adverse effects on reproduc-
tion (Sadleir 1969). One or more foods usually
compose most of the diets of some mammals, especially
seasonally. If these foods are adversely affected by
acid rain then mammalian species, especially aquatic
species that rely on fish (O’Connor and Nielsen 1981),
may be affected.

Lichens are sensitive to acid rain and their abundance
has decreased in some regions because of air pollutants,
including acid rain (Fritz-Sheridan 1985, Gilbert 1986,
Sigal and Johnston 1986a,b). A few mammals are de-
pendent on lichens for food (Richardson and Young
1977), especially caribou and voles. The distribution of
caribou (Rangifer tarandus) in Eastern Canada (Hall
and Kelson 1975) overlaps areas affected by acid rain
and caribou are dependent on lichens as their primary
foods in winter (Thompson and McCourt 1981); lichens
usually exceed 50% of their diets.

Several lichen species, including Alecforia spp. and
Bryoria spp., Evernia mesomorpha, Hypogymnia
physodes, and Usnea spp. are eaten by North American
woodland caribou. Caribou also eat species of
Umbilicaria where it is abundant on rock cutcrops.
Scott and Hutchinson (1987), through experimental acid
rain episodes, have determined short-term declines in
photosynthesis of the lichens, Cladina stellaris and C.
rangiferina, used by caribou. They hypothesize that
substantial restriction in growth and dry-matter

accumulation of these species can be caused by acid
rain. Although widespread decline in lichens from
effects of acid rain has not been reported in these re-
gions, continued acid rain might place caribou at risk
from loss of their primary winter food (Singer and
Fischer 1984). Several species of rodents including the
heather vole, Phenacomys intermedius, and hoary
marmot, Marmota caligata, cat lichens, primarily
Lobaria oregana, Peltigera spp., and Caldonia spp..
Heather voles use lichens for food and nest-building.
Three subspecies of the heather vole, which is
considered one of the rarest of North American
mammals (Banfield 1974), inhabit regions either
affected by or with potential to be affected by acid rain.
The subspecies Phenaconys intermedius ungava lives in
Eastern Canada, P. i. infermedius in the Rocky
Mountains and P. i. laingi in the Pacific Northwest
(Banfield 1974). Hoary marmots occur in western
Canada where acid rain is not considered a concern.
Relative to the caribou, loss or reduction in lichens (if
that should happen) is inconsequential for these rodents.
Although rodents would need to change to alternate
foods, these foods are available as well as nest-building
materials.

Some aquatic invertebrates that are important foods of
some mammals are sensitive to acidification (Haines
1981). Where pH of streams has been reduced below
6.0 macroinvertebrates have declined in Norwegian
lakes (Okland and Okland 1980). Similarily aquatic
invertebrates have declined in streams in New York
(Hall and Likens 1980; Hali et al. 1980) when pH in
streams was reduced from 5.4 to 4.0. Generally,
numbers of invertebrate species in lakes and streams de-
cline as pH declines with marked changes between pH
6.0 and 5.0 (Eilers et al. 1984). These effects on
aquatic organisms have been reported for lakes and
streams in the Adirondack region of New York and the
LaCloche Mountain region of Ontario. Potential
biological changes have been identified for headwater
streams in Pennsylvania, North Carolina, the Muskoka-
Halburton region of Ontario, and coastal areas of Nova
Scotia (Altshulier and Linthurst 1984). Sensitive
aquatic systems have been identified in much of Eastern
Canada and New England, parts of the Allegheny,
Smoky, and Rocky Mountains and the Northwest and
North Central United States {Altshuller and Linthurst
1984). Mammals (shrews, mink, and otters) that are
dependent upon aquatic foods and whose ranges include
areas known to be affected by acid rain are at risk.

Shrews, especially the northern water shrew (Sorex
palustris), are potentially sensitive to the indirect effects
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of acid rain because they have a high metabolic rate that
requires them to eat more food than their body weight
per day. The water shrew, is more restricted in its
habitat requirements than most other species of shrews.
It inhabits borders of ponds, streams, meadows,
marshes, and woods (Conaway 1952, Conaway and
Pfitzer 1952, Sorenson 1962, Brown 1967, Banfield
1974, Hall and Kelson 1975) and is considered an
uncommon species (Hooper 1942, Johnson 1951,
Wrigley 1969).

Primary foods of water shrews are insects, including a
high percentage of aquatic larva, e.g. stoneflies,
caddisflies, and mayflies (Conaway 1952, Sorenson
1962, Banfield 1974). The water shrew also eats
amphibians and small fish, such as sculpin in streams
{Nussbaum and Maser 1969) and salmon parr. It has
been reported to eat fish eggs from hatchery pools
(Banfield 1974). Four subspecies inhabit regions of
North America (Banfield 1974, Hall and Kelson 1975)
that either have been affected by acid rain or are
sensitive to acid rain. Sorex palustris punctulatus lives

in the Smoky and Allegheny Mountains; S. p. albilarbis 7

in New England, New York and Eastern Canada; S. p.
gloveralleni occurs in Nova Scotia; and S. p. navigator
inhabits the Rocky Mountains. Thus, local populations
of water shrews are at risk from indirect effects of acid
rain because of their high metabolic requirements,
comparatively narrow habitat requirements, and
dependence on prey known to be sensitive to acid rain.

Some soils and invertebrates, including earthworms, are
sensitive to acidification (see Effects on Birds and
Changes in Soil pH and Invertebrates). Fossorial
mammals, especially terrestrial species of shrews, might
be at risk locally if earthworm populations are reduced
substantially.

Mink (Musteta vison) in North America could be
affected by acid rain. A decline in populations of
Norwegian mink caused indirectly by acid rain has been
reported by Bevanger and Albu (1986) who used
statistical techniques to correlate (** = 0.865, P <
0.001) geographic arcas of Norway with declining mink
populations to areas with declining fish populations
attributed to acid rain. Gerell (1967) reported that in
Norway during winter mink depend on fish as their
primary (>50%) food. In North America mink are
opportunist feeders consuming terrestrial as well as
aquatic animals. Mink are considered semiaquatic
mammals associated with streams, lake shores, and
river banks (Allen 1986). In winter fish and other
aquatic organisms, such as crayfish, comprise 30-40%

of the diet of mink (Hamilton 1936, Sealander 1943,
Korschgen 1958, Gilbert and Nancerkivell 1982). Two
subspecies inhabit regions affected by acid rain.
Mustela vison vison occurs in New England, New
York, the Smoky Mountains, and Eastern Canadz. M.
v. energumenos occurs in the Rocky Mountains (Hall
and Kelson 1975). Assuming that Bevanger and Albu’s
correlation is valid, then effects on mink are possible in
watersheds adversely affected by acid rain in North
America. Generally, because of their diverse diet in
North America mink are not considered at risk from
acid rain, although some local populations might be af-
fected. In contrast, otters (Lutra canadensis) may be
more at risk than mink from indirect effects of acid rain
because they depend directly on fish and other aquatic
organisms for food. Fish make up 50-100% of an
otter’s diet (Greer 1955, Sheldon and Toll 1964,
Knudsen and Hale 1968). Otters have a wider geo-
graphical distribution than mink but are more restricted
to stream and lake habitats, They also inhabit regions
of North America exposed to acid rain, including New
England, New York, the Smoky Mountains, Eastern
Canada, and the Rocky Mountains.

Changes in Quality of Foods

‘The third type of indirect effect of acidification involves
changes in quality of foods through contamination by
heavy metals, Scheider et al. (1979a,b), Suns et al.
(1980}, and Johnson (1987) reported large amounts of
mercury, cadmium, and lead in surface waters in
Ontario. Schofield (1978) and Bloomfield et al. (1980)
have reported similar findings for the Adirondack
region of New York. Mammals that live in these
regions and eat aquatic organisms from the surface
waters might accumulate, through their diet (Wren et
al. 1983, 1986¢), greater amounts of the metals that are
mobilized by acidification. Fish in many low-pH or
low-alkalinity waters contain ¢levated amounts of
mercury and other metals (Wren et al. 1983).
Methylmercury, the primary form of mercury in these
fish, is a highly toxic form (Wiener 1987) and is known
to accumulate in mammalian food webs (Jenkins 1980).
The formation of methylmercury in low-pH lakes is
affected by several envrironmental variables (Winfrey
and Rudd 1990) so severity of methylmercury
contamination varies among wetlands.

Although conclusive evidence that mammals are
adversely affected by metals mobilized by acid rain is
lacking, circumstantial evidence suggests risk to certain
mammalian species. Elevated amounts of cadmium
have been found in tissucs of moose (dices alces), roe
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deer (Capreolus capreolus), and hares {Lepus spp.) in
Southern Sweden (Frank et al. 1981, Mattsson et al.
1981), in Ontario {(Crete et al, 1987, 1989), and in
Maine and Norway (Scanlon et al. 1986). Also,
cadmium has been found in wildlife near industries,
particularly smelters (Sileo and Beyer 1985, Froslie et
al. 1986). Cadmium acculmulation in tissues is greater
in animals from acid-sensitive regions where
acidification of soils might have increased amounts of
cadmium in plants eaten by wildlife (Crete et al. 1987,
Glooschenko et al. 1988). Herbivorous mammals,
especially moose, deer, and caribou, accumulate enough
cadmium in liver and kidney tissues to be a health risk
to human consumers (Crete et al. 1987, 1989;
Glooschenko et al. 19884, Brazil and Ferguson 1989).
Mercury has been detected in raccoons (Procyon lotor),
beaver (Castor canadensis), and otters (Lutra canaden-
sis) in Canada (Wren 1984, Wren et al. 1980) where
mobilization of metals by acidification is considered
probable. Livers of raccoons from sensitive areas
contain 5 times more mercury than livers of raccoons
from areas with non-acidic waters. Weiner’s (1987) re-
view of consequences of metal contamination of fish in
low-pH lakes and implications for piscivorous wildlife,
including mammals, suggest that acidification of poorly
buffered lakes may increase dietary uptake of methyl-
mercury, cadmium, and lead in wildlife that consume
fish from low-alkalinity lakes. This is especially true
for methylmercury, which has a greater "bio-
magnification" potential than cadmium or lead (Jenkins
1980, Wren et al. 1983, Weiner 1987). Mink and otter
accumulated 10 times more mercury than predatory fish
from the same drainage areas in Manitoba (Kucera
1983). Mink are considered sensitive to mercury
(Linscombe et al. 1982) and are good indicators of
mercury contamination (Kucera 1983). In the
northeastern United States mean (SE) amounts of
methylmercury in livers of mink ranged from' 0.73
{0.13) to 1.2 (0.27) ppm and in otiers from 1.12 (0.19)
to 2.14 (0.34) ppm, wet weight (O’Connor and Nielson
1981). Individual mink contained up to 4.08 ppm and
otter contained up to 5.12 ppm in the liver. Large
amounts of mercury and toxic effects of mercury have
been reported in mammals that occur downstream from
industrial sources (Wren 1986¢, Blus et al. 1987),

Another effect of acid rain involves the availability of
essential elements to mammals. Although selenium
deficiencies (known as "white muscle disease") have not
been documented in wild mammals, concern has been
raised regarding the relationship between availability of
selenium and acid rain (Shaw and Cocks 1982, Shaw
1983, Singer and Fischer 1984, Schreiber and Newman

1988). Solubility of selenium in water declines with
decreasing pH and amounts of selenium in forage are
reduced in areas with sensitive soils that receive acidic
deposition. White muscle disease in cattle has been
observed when fertilizer containing sulfur is used in
areas naturally deficient in selenium. Reproductive
failure, including abortions, infertility, and mortality of
neonates have been observed. Although studies of this
potential effect are incomplete, herbivorious mammals
in sensitive areas might be at risk. Similar concerns for

* other essential elements, such as molybdenum, also

have been raised (Singer and Fischer 1984.)

EFFECTS ON BIRDS

During the past 10 years, scientific understanding of the
effects of acid precipitation on the environment has
increased greatly. Much of the research conducted on
effects of acid precipitation on wildlife in North Amer-
ica and Burope has dealt with aquatic environments and
has focused primarily on aquatic birds. Definitive
statements about known effects of acid rain on forest
birds are difficult to make, although inferences can be
drawn from parallel processes observed in aquatic
ccosystems (Table 1).

Recent reviews by Blancher and McAuley (1987),
DesGranges et al. (1987), Eriksson (1987), McNicol et
al. (1987b,¢), Ormerod and Tyler (1987), Schreiber and
Newman (1988), Diamond (1989), Mitchell (1989),
Goriup (1989), RMCC (1990}, Scheuhammer (1991)
and Blancher (1991) essentially conclude that effects of
airborne pollutants, including acid-causing emissions,
on birds probably result from a primary effect on
habitat that leads to disruptions in food webs and
possible contamination of foods. Birds, unlike plants,
invertebrates, fish, and amphibians are not affected
directly by acidic deposition or the resulting decrease in
the pH of their habitats. However, conclusive evidence
exists that acidification of aquatic ecosystems causes
both direct and indirect effects on organisms fed upon
by birds. Birds may be affected by alterations in food
webs in 2 ways: (a) foxicologically, as prey species
ingest toxic metals released by processes of acidification
these potentially toxic substances move up the food
chain to birds, and (b} ecologically, as prey species
sensitive to acidification are replaced by those that are
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Table 1. Bird species probably affected by long-term effects of acidic depositions on their foods in aquatic environments
(Schreiber and Newman 1988) and expected effects of maple dieback on forest bird communities (modified from

DesGranges 1987).

Potential Effect

Feeding Habitat

Species

Reduced biomass of fish,
aquatic invertebrates,
amphibians

Reduced biomass of
aquatic invertebrates

Reduced biomass of aquatic
invertebrates with adult
stage terrestrial invertebrates

Reduced biomass of
invertebrates associated
with canopy and trunk

Increased biomass of
invertebrates associated
with shrubs and ground

AQUATIC ENVIRONMENT

Lakes

Littoral zone

Littoral zone

Riparian
wetlands

MAPLE DIEBACK

Overstory

Trunk

Shrubs

Ground

- Common merganser

Common loon
Common merganser

Great blue heron
American bittern
Belted kingfisher
Hooded merganser

Common goldeneye
Ring-necked duck
Black duck
Virginia rail

Spotted sandpiper
Eastern kingbird
Eastern phoebe

Tree swallow

Barn swallow

Bank swallow
Yellow-rumped warbler
Blackpolt warbler

Palm warbier

Commen yellowthroat

Red-eyed vireo

Scarlet tanager
Rose-breasted grosbeak
American redstart
Great crested flycatcher
Least flycatcher
Eastern wood-pewee

‘White-breasted nuthatch
Pileated woodpecker
Yellow-bellied sapsucker

Wood thrush

Hermit thrush
Black-throated blue warbler
Canada warbler

Veery

Ovenbird
‘White-throated sparrow
Yellow-shafted flicker
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tolerant to lower pHs resulting in changes in the
quality, quantity, and diverstiy of prey communities.

Toxicological Effects

Direct effects of acidification are defined as direct
toxicity to 1 or more life stages of an organism, which
causes a decline in the abundance of the species
(RMCC 1990). Acute effects of air pollution on
terresirial wildiife have been reported (Newman and
Schreiber 1984, Schreiber and Newman 1988). They
arise when accumulation of toxicants by potential
wildlife foods is sufficient to be acutely toxic. Among
birds, there are examples of granivores, insectivores,
and camivores whose exposure to gaseous pollutants
has resulted in adverse effects ranging from mortality to
signs of chronic exposure, such as reproductive
dysfunction or patterns of abnormal behavior. Most of
these incidents are local and usually are not a
consequence of long-range transport of pollutants,
Acidic depositions increase the exposure of biota to
toxic metals in 3 ways. First, sources of acidic
emissions {principally metal smelters and fossil-fuel-
fired power stations) produce trace metals, which may
be transported long distances and deposited with the
acids (Schroeder et al. 1987, Nriagu and Pacyna 1988).
Among the trace metals discharged into the atmosphere
are arsenic, cadimum, chrominum, copper, mercury,
molybdenum, nickel, lead, selenium, vanadium, and
zinc. Second, acidification of sensitive terrain increases
the solubility and mobility of such metals as aluminum,
cadmium, and zinc in soils and ground water (LaZerte
1986). Third, acidification of soils and lake waters
often results in increased concentrations of biologically
available metal species (Dickson 1980, Yan and Dillon
1984, Campbell and Stokes 1985, Dillon et al. 1988,
Steinnes 1989). At the same time, acidification of
watersheds may reduce the concentration of certain es-
sential elements, such as selenium and calcium in prey,
both of which reduce the toxicity of metals (Wren and
Stokes 1988).

Metals generally considered most important in terms of
toxicology to wildlife in acid-sensitive environments are
mercuty, aluminum, cadmium, and lead (Scheuhammer
1987a,5). Elevated amounts of these toxic substances
in prey from acidic environments might scriously affect
higher trophic levels, including fish, birds, and
mammals. In this section we discuss only birds and the
evidence for toxic effects acting through contamination
of food webs.

Published data indicating direct toxic effects of
acidification on birds is sparse. Although mobilization
of toxic metals often follows acidification {Campbell
and Stokes 1983), accumulation (Weiner and Stokes
1990) of metals by wildlife prey organisms rarely ex-
ceeds levels known to be acudely toxic to birds.
Instead, lower dietary metal concentrations most often

manifest subtle effects on reproduction in birds as a
result of chronic, low-level exposure to contaminants.
Scheuhammer (1987a) reviewed the effects of chronic
toxicity of aluminum, cadmium, mercury and lead in
birds, and others (Doyle 1977, Demayo et al. 1982,
Eisler 1985a,b, 1987, 1988, Krueger et al. 1985, Wren
1986a,b) have reviewed biological effects of toxic
metals in a variety of organisms. More recently,
Scheuhammer (1991) critically evaluated the potential
for increased exposure to the 4 metals named above in
birds and mammats that inhabit acid-sensitive
environments, and he assessed the increased risk of
reproductive impairment,

Mercury.--Among the toxic metals mobilized
by acidification, mercury has the greatest potential to
affect avian repreduction. In its methlylated form
(MeHg) (Miller and Akagi 1979, Xun et al. 1987,
Wiener et al. 1990, Gilmour and Henry 1991) mercury
is readily absorbed and can "biomagnify” in aquatic
food chains (Schevhammer 1987a, Scheuhammer 1991).
In particular, fish concentrate MeHg in muscle tissue
(Hesse et al. 1975; Lindberg and Odsjo 1983; Doi et al.
1984; Wren 19864, b; Braune 1987), whereas
invertebrates (e.g. insects, crustaceans except crayfish
and molluscs) typically contain <50% of total Hg as
MeHg (Wren and Stephenson 1991). In contrast, plants
contain barely detectable levels even from highly
contaminated environments {Gardner et al. 1978,
Hildebrand et al. 1980, Cappon and Smith 1981).

Several facts convince researchers that fish-eating birds
(loons (Gaviidag), mergansers (Mergus spp.), 0spreys
(Pandion haliaetus), kingfishers (Ceryle alcyon), herons
(Ardeidae), bald eagles (Haliaeetus leucocephalus) and
fish-eating mammals (mink and otter} are at risk from
dietary mercury, and that acidification of wetlands
increases that risk (Wiener 1987). First, several studies
in North America and Scandinavia have shown that
amounts of mercury are greater in several fish species
from acidic lakes than in circumneutral lakes (Hakanson
1980, Sloan and Schofield 1983, Wren and
MacCrimmon 1983, Bjorklund et al, 1984, Kelso and
Gunn 1984, Hamilton and Haines 1989, McMurtry et
al. 1989, Cope et al. 1990, Wiener et al. 1990, Spry
and Wiener 1991). For example, yellow perch (Perca
flavescens) accumulated almost twice as much mercury
in the experimentally acidified basin of Little Rock
Lake, Wisconsin as in the control basin (J, G. Wiener,
U.S. Fish and Wildl. Serv., pers, commun.), Levels of
mercury in tissues of fish from acidic lakes often
exceed dietary levels (0.5 ug/g, wet wt.) that are known
to cause neurological impairment and reproductive
dysfunction in a wide variety of birds (Fimreite 1971;
Heinz 1974; Barr 1986; Scheuhammer 19875, 1988).
Mercury is known to affect survival and reproduction of
birds and mammals, and piscivores tend to accumulate
the greatest amounts of mercury (Wren 19864, b;
Scheuhammer 1987a; Spry and Wiener 1991).
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Laboratory studies have revealed that reproductive
success of birds can be decreased by as much as 50%
following exposure to dietary MeHg at dosages that are
insufficient to cause intoxication in adult birds (Heinz
1974, Scheuhammer 19875).

Whereas the major effects of MeHg contamination are
neurological (impaired vision, muscle weakness and
clumsiness) (Annau and Eccles 1987), secondary
effects, which compromise the ability of visual
predators to obtain food in the wild, are equally
important and may ultimately cause emaciation and
increased susceptibilty of birds to disease, predation, or
other environmental stresses (Mclntyre 1989). Large
amounts of mercury have been detected in dead and
moribund loons, particularly adults wintering along the
northern Gulf of Mexico {Alexander 1987). Mercury
accumulated on the breeding areas might increase usual
levels of mortality in winter associated with the
energetic costs of feather replacement (Mclntyre 1989).
Along the mercury-contaminated English-Wabigoon
River system in northwestern Ontario, the reproductive
success of Common Loons (Gavia immer) was affected
(reduced egg laying and nest fidelity) at levels of 0.3-
0.4 ug/g (ppm) in their prey (fish and crayfish), an
amount frequently observed in small fish from acidic
lakes (Scheider et al, 1979a, Wren and MacCrimmon
1983). These levels of exposure are substantially lower
than those associated with impaired hatching success
and hatchling mortality in experimental studies using
pheasants (Phasianus colchicus) (Fimreite 1971),
mallards (dnas platyrhynchos) (Heinz 1974, 1976) and
ringed turtle-doves (Streptopelia risoria) (Schenhammer
19875). Amounts of mercury in liver tissue of common
merganser (Mergus merganser) ducklings in Ontario
equalled 1.6-1.9 ug/g (Scheuhammer 1991), a level
much higher than was observed in nonpiscivorous
ducklings, but as high as amounts detected in foon
chicks from Barr’s (1986) study, where reproduction
was impaired. :

Also in acid-stressed habitats, the availability of
selenium, a trace element known to ameliorate the
toxicity of MeHg (Stocwsand et al. 1974}, is reduced
(Mushak 1985). An absence of selenium might
exacerbate the toxicity of the higher-than-normal
amounts of MeHg ingested with prey by piscivores on
acidic lakes (Scheuhammer 1991).

The geographic extent or consequences of mercury
intoxication in birds has not been assessed because of
difficulties in establishing links between habitat acidity,
dietary mercury, and piscivore health and reproduction
in the wild. For example, although nesting eastern
kingbirds (Tyrannus tyrannus) from an acid-stressed
area near Sudbury, Ontaric contained mercury in liver
and feathers in amounts greater than in birds from
buffered lakes (Glooschenko et al. 1986), other studies
have shown that amounts of mercury in nonfledged

common goldeneyes (Bucephala clangula) (Eriksson et
al. 1989), other duck species (Scheuhammer 1991), and
osprey eggs (Eriksson 19866) were not substantially
elevated near acidic lakes compared with non-acidic
lakes. Clearly, more research is needed to assess the
effects of mercury residues in prey of the appropriate
types and sizes on reproductive success of birds and
mammals that eat these prey in acid-stressed environ-
ments. A thorough analysis of amounts of mercury in
prey sizes and types usually caten by piscivores is
required to fully evaluate risks to vulnerable species in
North America.

Aluminum.--Aluminum is extremely susceptible
to leaching from soil and to mobilization from lake
sediments under acidic conditions. The chemistry of
aluminum in acidified waters, however, is so complex
that a straightforward relationship between acidity and
the contamination of particular prey species is unlikely
{Campbell and Stokes 1985). Elemental aluminum is
not very toxic to birds, thus it is unlikely that amounts
of dietary aluminum would be harmful to birds with
normal nutrition (Schevhammer 1991). Although
aluminum is highly toxic to fish (Baker and Schofield
1982), it does not accumulate in the flesh of fish,
mammals, or birds. This suggests that fish-eating birds
probably are not at risk from increased exposure to
aluminum at low pH (Schevhammer 1991). Inver-

* tebrates can accumulate relatively high amounts of

aluminum, but no evidence exists that there is a relation
between amounts in various insects (e.g. chironomids,
caddistlies, stoneflies, and mayflies} and the pH of
water they inhabit (Sadler and Lynam 1985, Ormerod et
al. 1988), despite much higher aqueous aluminum
concentrations in acidic lakes and streams,

Insectivorous birds that feed in aquatic environments
may be exposed to dictary aluminum at levels known to
cause significant biological effects. It was implicated as
a cause of reprcductlve impairment in birds breeding
beside acidic lakés in Sweden. Nyholm and Myhrberg
(1977) reported reduced eggshell quality and hatching
success, lower clutch size, and increased female
mortality in pied ﬂycatchers' and other flycatchers
{Tyrannidae) nesting near a remote acid-stressed lake.
Aluminum obtained from aquatic insect prey was
implicated (Nyholm 1981) even though levels of
essential elements, such as calcium and phosphorous,
were not measured in insects emerging from the lake.
The gross abnormalities reported by Nyholm (1981)
have not been observed in similar studies elsewhere
{Glooschenko et al. 1986, Blancher and McNicol 1988,
Ormerod et al. 1988). Several researchers (Carriere et
al. 1986, Glooschenko et al. 1986, Blancher and
McAuley 1987, Longcore et al. 1987, Scheuhammer
19876, Ormerod et al. 1988) have suggested that a
scarcity of essential calcium in acidified environments
may produce eggshell deformations and cause reduced -
hatchling growth, as a consequence of disruptions in
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normal calcium availability and metabolism, rather than
the secondary effect of increased aluminum accumula-
tion suggested by Nyholm (1981). A reduced intake of
essential minerals, such as calcium, combined with
exposure 1o nonessential metals (aluminum, cadmium,
lead) can enhance the absorption and toxicity of metals
{Washko and Cousins 1977, Carlson and Nielsen 1985).
Interference with dietary absorption and normal metabo-
lism of calcium and phosphorus by aluminum, which
leads to bone abnormalities and impaired growth, has
been observed in animals (Street 1942, Storer and
Nelson 1968). However, almost all toxicological
studies that have investigated the physiological and
reproductive effects of nonessential dietary metals in
birds have employed diets with super-adequate amounts
of calcium and phosphorus. It is probable that
significant effects of nonessential metals have been
masked in previous studies that employed high-calcium
feeds as the basal diet. Controlled experiments with
breeding birds have documented that dietary aluminum
can affect reproduction in birds when amounts approach
concentrations of calcium and phosphorus in the diet
(Carriere et al. 1986, Sparling 1990). Breeding birds,
especially females that require calcium for egg-laying,
accumnulate certain metals from their diet more
efficiently when calcium in the diet is low
(Scheuhammer 1991). Recently, Sparling (1990)
investigated the role of dietary levels of aluminum,
calcium, and phosphorus on growth and survival of
captive black duck and mallard ducklings. Both species
had stunted growth and high rates of mortality, along
with signs of aluminum toxicosis (Al > 50% dietary P
levels), even when calcium and phosphiorus levels
approximated recommended amounts in the diet. Black
ducks were more sensitive to these treatment diets than
mallards were, Empirical data relating dietary levels of
aluminum, cadmium, and lead to substantial impairment
of reproduction in birds when calcium or phosphorus
are tow, arc needed. '

Other Metals (Cadmium and Lead).--Studies of
chronic, low-level dietary toxicity of cadmium and lead
in birds are few (Scheuhammer 1991). Although fairly
low amounts of these ¢lements in foods can be dis-
ruptive to normal physiolegy of birds and produce
significant reproductive dysfunction, Scheuhammer
(1991) concluded that exposure to cadmium and lead
from acidification is sufficiently low that harm to avian
health and reproduction is unlikely.

Ecological Effects

The principal risk of airborne pollutants to birds is
probably from the long-term deterioration of habitat and
disruption of food webs, rather than from direct toxic
or even chronic effects of acids or metals mobilized by
acidification. Increasing evidence indicates that the
most significant effects of acidification on birds is
through indirect effects on quality and quantity of food

organisms, particularly during breeding. Indirect effects
are defined as changes in a population not related to
direct toxicity to 1 or more life stages of a species (e.g.
the selective mortality of acid-sensitive species in the
prey community may or may not be accompanied by an
increase in acid-tolerant species). In the following
sections, we review the evidence for ecological effects
of acidification on aquatic birds related to the disruption
of food webs, and further discuss the risk of similar
indirect effects of acidification on forest birds.

Modification of Food Webs of Aquatic Birds.--
Although increasing evidence that indirect effects, such
as changes in food-web structure within lakes, can
occur rapidly during both acidification and recovery of
lakes (Eriksson et al. 1980, Schindler et al. 1985, Mills
et al. 1987, Stenson and Eriksson 1989), most
documented changes in aquatic biota during acidification
have been linked to direct acid toxicity (low pH or
exposure to metals) to 1 or more life stages of
individual species. Most early records of biological
damage arose from large-scale synoptic surveys
conducted in the few heavily acidified areas of North
America and Scandinavia, and focused primarily on
water chemistry and damage to adult sport fish at pH
values below 5.5 (Harvey and Lee 1982). Laboratory
bioassays and whole lake acidification experiments have
been conducted in the United States (i.e. Little Rock
Lake in Wisconsin; Brezonik et al. 1986, Watras and
Frost 1989), in the United Kingdom (a stream in Wales,
McCahon and Pascoe 1989), and in Canada (i.e. 3 lakes
in Ontario; Schindler 1988) and clearly link acidifica-
tion with acute toxicity to fish population declines.
Further evidence from bioassays, field surveys, and
whole ecosystem experiments have shown that many of
the forage fishes (e.g. several members of the the
minnow family, Cyprinidac) and many organisms lower
in the aquatic food web (algal, zooplankton, and benthic
communities) have been shown to be sensitive to pH
(NAPAP 1991). Impaired reproduction and reduced
numbers of fish, amphibians, and some groups of
invertebrates, including some aquatic insects (primarily
mayflies, caddisflies, and stoneflies), amphipods,
crayfish, snails, clams, and leeches, have been docu-
mented in acid-stressed systems in eastern North
America and elsewhere (Eilers et al. 1984, Raddum and
Fjellheim 1984, Schindler et al. 1985, Mills and
Schindler 1986, Okland and Okland 1986, Freda 1991).
Loss of organisms begins when (he pH of lakes falls
below 6.0. Because relatively higher numbers of
invertebrate taxa are sensitive to acidification,
detrimental effects on food chains may occur well
before direct toxicity to adult fish is evident (Schindler
et al. 1989).

Current evidence indicates that the number of aquatic
taxa in an ecosystem usually declines with increasing
acidity (Eilers et al. 1984, Milis and Schindier 1986,
Stephenson and Mackie 1986). Often the ecological
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niche of the taxa is lost as a result of acidity (e.g.
Hyalella azteca, France and LaZerte 1987) but the loss
is compensated by an increase in numbers of acid-
tolerant species, resulting in little or no depletion of
overall biomass (Eriksson et al. 1980, Dixit and Smol
1989). Nonetheless, the impoverishment of a biotic
community may destablize it (Schindler et al. 1989),
and can have detrimental effects on food webs
supporting predatory fish and aquatic birds. Many
waterbirds use high-protein, mineral-rich foods,
particularly small fish and aquatic invertebrates for egg
production (Swanson and Meyer 1973) and for rapid
growth of young (Reinecke and Owen 1980), and are
consequently subjected to large changes in the makeup
of aquatic prey communities during acidification. New
species assemblages may not be suitable replacements
for the original food web and, in extreme instances,
entirely new food webs appear in acidified lakes with
top positions occupied by predatory insects, rather than
fish (Henrikson et al. 1980).

The importance of fish as a key group influencing the
trophic structure of fresh waters has received increased
attention as a result of the acid-precipitation phenom-
enon (Eriksson et al. 1980, Nilssen et al. 1984). Many
of the current ideas concerning the effects of acidi-
fication on waterbirds are based on our knowledge of
the interactions among fish, invertebrates, and the
abiotic envrionment. Research on the effects of
predation by fish on the structure of invertebrate
communities has shown that some members of the fish
community compete with birds for the same species of
invertebrate prey. Birds (waterfowl, shorebirds, and
many passerines) feeding on aquatic invertebrates and
those (flycatchers, swallows, goatsuckers, blackbirds,
warblers, and waxwings) feeding on flying insects that
have aquatic larval stages are competing to some extent
with fish (Blancher and McAuley 1987). Conversely, a
healthy, diverse, and abundant supply of fish is an
important source of food for the young of many fish-
eating species (e.g. loons, mergansers, herons, bitterns,
terns, ospreys, eagles, kingfishers).

Although the effects of acidification on avian predators
of fish and invertebrates are still poorly understood

* (Stenson and Eriksson 1989), increasing evidence
suggests that changes in food-web structure can occur
during acidification and may have pronounced effects
on waterbirds. Changes in the composition, abundance,
and nutritional value of aquatic prey communities can
‘affect the choice of habitat for feeding and nesting by
birds, and can have a negative effect on avian breeding
success (Eriksson 1984, DesGranges and Rodrigue
1986, Ormerod and Tyler 1987, Alvo et al. 1988,
Blancher and McNicol 1988, McAuley and Longcore
‘1988a, McNicol et al, 1990). The ultimate effect of
decreasing pH on avian predators may vary with the
severity of acidification and with foraging habits of the
species,

Modifications to aquatic food chains that affect wetland
birds fafl more or less into 3 catgories: decreases (or
increases) in the abundance of prey, decreased diversity
of prey, and decreased quality of prey.

Birds that specialize on acid-sensitive prey (e.g. certain
fish, molluscs, mayflies, some caddisflies, dragonflies,
leeches, and crustaceans) find diminished prey at low
pH. Because of their reliance on a healthy and abun-
dant supply of fish as food for their young, many fish-
eating birds arc threatened by the effects of acidification
on fish populations (Haines 1981, Longcore et al. 1987,
Wiener 1987). The effect of reduced fish populations
on fish-eating birds that use acidifying waterbodies
seems to depend on the birds’ foraging behavior and
ability to use alternate, acid-tolerant prey.

Eriksson (1985, 19864, 1987) argued that increased
abundance of aquatic insects, coupled with increased
water clarity under acid conditions, would initially
compensate for reduced densities of fish, Pursuit divers
(e.g. Arctic loons (Gavia arctica) and mergansers
(Mergus spp.) might benefit from clear water wherein
they could search a larger volume of water per unit of
time spent foraging. In Sweden, adult Arctic loons cat
almost entirely fish that they pursue underwater, but
they initially feed insects to their young and can
successfulty raise chicks on fishless lakes (Bergman and
Derksen 1977). In contrast, those species that catch
fish near the surface of the water, such as ospreys
(Pandion haliaetus), kingfishers (Ceryle alcyon), and
common terns {Sterna hirundo), do not benefit from
increased water clarity and must spend proportionately
more time foraging to catch fewer available fish
(Eriksson 1987). In parts of Sweden, fishing success of
ospreys has declined, which has led to an increased risk
of nestling mortality from lower rates of food delivery
to the nest (Eriksson 19865).

In North America, acid-rain studies of piscivorous birds
have concentrated largely on pursuit divers, including
the common léon (Gavig immer) and common
merganser (Mergus merganser). Small, forage fish,
including minnows, are preferred prey of these birds
{Barr 1973, McNicol et al. 1987¢), and are reduced in
abundance or absent in acidic lakes (Mills and Schindler
1986, McNicol et al. 1987, Parker 1988). Both
Parker (1985) in the Adirondack Mountain region of
New York state and McNicol et al. (19875) in northern
Ontario examined the fish prey base for piscivores
breeding over a range of pHs and reported reduced
species richness, reduced density and biomass of fish,
and a greater proportion of acid-tolerant species {e.g.
non-cyprinids, such as yellow perch) in acidic lakes. In
Ontario, common merganser ducklings fed primarily on
cyprinids, and were raised successfully only on those
lakes where fish were present and where the pH was
greater than 6.0 (McNicol et al. 1990). These results
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suggest that merganser chicks were not able to sustain
normal growth and development on acidic lakes (pH
<6.0) even by switching to nonfish prey, including
acid-tolerant invertebrates.

Common loons require large numbers of fish to feed
their young during the 2-3 months that the chicks
remain on their natal lake (Barr 1973, Kerekes 1990).
A reduced supply of fish ir acidic lakes has been
implicated in causing reduced foraging efficiency of
adult loons observed by Alvo (1985) and Parker (1985),
and may have contributed to difficulties of adults in
raising young to fledging in eastern Canada (Alvo et al,
1988, Kerekes 1990, Wayland and McNicol 1990). In
certain situations, adult loons may compensate for the
diminishing fish resource at pH 6.0-5.0 by increasing
their foraging effort (including transporting fish from
nearby lakes), or switching to less palatable fish prey or
nonfish prey (newts, tadpoles, or aquatic invertebrates).
Unlike Arctic loons breeding in Scandinavia, common
loons that continue to nest on highly acidic (pH <5.0),
fishless lakes of the Precambrian Shield of North
America are unlikely to raise chicks to fledging solely
on the acid-tolerant invertebrates available there
{Wayland and McNicol 1990).

A decrease in total biomass or numerical abundance of
prey available to wetland birds is not a universal
consequence of increased acidity (RMCC 1990). For
example, riparian birds that eat insects emerging from
wetlands may not be exposed to a reduction in total
biomass of insect prey at low pH (Glooschenko et al.
1986, St. Louis et al, 1990, Blancher and McNicol
1991). The loss of acid-sensitive prey generally results
in an increased abundance of more acid-tolerant species
that benefit from the lack of competition or predation
under acidic conditions. Invertebrate food webs of acid
lakes often are less diverse and, if fish are absent, are
dominated by certain benthic (some odonates) and
nekionic (notonectids, corixids, and dytiscids)
invertebrates (Eriksson et al. 1980, Bendell and
McNicol 1987). In certain situations (e.g. acidic,
fishiess waters), these insects replace fish as top
predators of the food web, and thereby partly com-
pensate for the loss of acid-sensitive invertebrates.
Several studies have examined competition between fish
and breeding waterfowl for invertebrate foods (Eriksson
1979, 1983, Eadie and Keast 1982, Pehrsson 1974,
1984, Hunter et al. 19865). For some insect-eating
birds, feeding conditions can improve when fish
disappear as wetlands acidify (generally below pH 5.0).
Several species, the common goldeneye in particular,
exploit insect prey that proliferate in acidic, fishless
wetlands (Eriksson 1984, Hunter et al. 19865, McNicol
et al. 1987c). Yet, some diving ducks and most
dabbling ducks are poorly adapted to exploit the
increased availability of highly-mobile insects because
of their bill form and feeding habits (Eriksson 1987,
MgcNicol et al, 1987, McAuley and Longcore 19885),

A more general result of acidification is a reduction in
species richness of aquatic organisms (Ford 1988).
Several invertebrate taxa--notably molluscs
(Gastropoda), crustaceans (Amphipoda), leeches
(Hirudinea), mayflies (Ephcmeroptera), and some
species of water striders (Gerridae), caddisflies (Trich-
optera) and damselflies and dragonflies (Odonata), and
Cladocerans—are sensitive to acidification and become
scarce or disappear between pH 6.0 and 5.0 (Havas and
Hutchinson 1982, Eilers et al. 1984, Raddum and
Fjellkeim 1984, Ormerod and Tyler 1986, Bendell
1988, Bendell and McNicol 1991). Birds that specialize
on acid-sensitive prey are particularly vulnerable. For
cxample, the Eurasian dipper (Cinclus cinclus), an
exclusively riverine species, feeds heavily on acid-
sensitive mayfly nymphs and caddisfly larvae from
streams where the dippers breed (Ormerod 1985,
Ormerod et al. 19874). In acid streams, where fewer
of these prey are available, dipper nestlings are fed less
often than nestlings on non-acid streams, resulting in
slower growth and poor survival (Ormerod and Tyler
1987, Omerod et al. 19875),

For many waterbirds that breed on or near acidifying
wetlands, invertebrate foods may be particularly scarce
between pH 6.0 and 5.0 after many acid-sensitive
invericbrates have been lost, but when fish still inhabit
the lakes. Until the acidity reduces or eliminates fish,
they will ¢ontinue to compete with ducks and other
waterbirds for the remaining invertebrates (DesGranges
and Rodrigue 1986). Insectivorous waterfowl, for
example, may find low amounts of food at these mod-
erate pH levels because they must compete with the
remnant {ish populations for the same depleted prey
resource and are nutritionally dependent on a few acid-
tolerant taxa (DesGranges and Hunter 1987, McNicol et
al, 19874). In Ontario, waterfow] that ate acid-sensitive
prey at high pHs encountered a diminshed prey
resource at iow pH (B. E. Bendell and D. K. McNicol,
unpubl. ms.). An acidity-related reduction in the types
of prey eaten also has been observed for young ring-
necked ducks (Aythya collaris) in Maine (McAuley and
Longcore 19885), and tree swallows (Tachycineta
bicolor) nesting near acid wetlands in Ontario (Blancher
and McNicol 1991). A reduced diversity in the diet of
birds feeding on or near acid lakes can cause
reproductive effects if the likelihood of prey shortage is
increased at any time, or if the remaining prey are of
relatively poor nutritional quality (Blancher 1991).

Some evidence suggests that ducklings that rely on
insects are adversely affected at pH’s that still support
fish competitors. Experimental studies using imprinted
young black ducks revealed that competition from fish
can slow growth of ducklings and decrease foraging
efficiency (DesGranges and Rodrigue 1986, Hunter et
al. 1986a), particularly under acidic conditions
{DesGranges and Hunter 1987, Haramis and Chu

1987). Suppressed phytoplankton and algal growth, and
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reduced invertebrate biomass were reported on
artificially acidified wetlands where duckling growth,
physiological condition, and survival were affected
(Rattner et al. 1987),

Irrespective of their abundance and diversity, the
nutritional quality of available prey may be adversely
affected when an essential dietary element becomes
limited as a result of acidification. For example, the
caloric content of invertebrates may be reduced at low
PH (Raddum and Steigen 1981). As lakes acidify, the
reduced availability of essential minerals, particularly
calcium and phosphorous, may adversely affect avian
reproduction or growth of young.

An adequate supply of dietary cafcium is crucial during
reproduction in birds for proper formation of eggshells
and skeletal growth of hatchlings (Greely 1962,
Chambers et al. 1966, Dean ¢t al. 1967). Fish-eating
birds can obtain calcium from the bones of fish (when
available), but other birds must supplement their diet
with high-calcium foods. Wild birds actively select
high-calcium grit and foods before and during egg-
laying (MacLean 1974, Jones 1976, Ankney and Scott
1980). Mineral-rich foods, especially those with a
highly calcified shell or exoskeleton (e.g. snails, clams,
crayfish, and amphipods), are particularly sensitive to
acidification, and are often among the first taxa to
disappear (Eilers et al. 1984; Mills and Schindler 1986;
Okland and Okland 1986; Scheuhammer 1991; B, E,
Bendell and D. K. McNicol, unpubl. ms.). Those prey
that remain may contain lower amounts of calctum than
the same species found at higher pH’s (Havas and
Hutchinson 1983, Sadler and Lynam 1985, Yan et al.
1989). In the U.K., calcium levels in 2 insect orders
(stonefly nymphs [Plecoptera] and caddisfly larvae
[Trichoptera]) increased significantly with pH (Ormerod
et al. 1988), a result also measured in whirlygig beetles
(Gyrinidae) taken from Ontario lakes (Scheuhammer
1951).

Calcium requirements of growing young and egg-laying
birds (0.5% Ca, dry wt.) are in excess of values
typically found in invertebrates from acid wetlands (0.1-
0.5%) (Schevhammer 1991), thereby forcing birds to
obtain these prey elsewhere or do without. Tree
swallows nesting near circumneutral wetlands in Ontario
often brought io their nestlings calcium-rich foods and
grit, including fish bones, crayfish exoskeleton, and
clam and snail shells. But they rarely brought these
items to nests near acid wetlands, where proportionately
more dipterans and terresirial insects were used
(Blancher and McNicol 1991, St. Louis and Breebaart
199%). Limits to the amount of dietary calcium
available in prey from acidic environments may contrib-
ute to reduced clutches and decreased growth of birds
near acidic waterbodies (Glooschenko et at. 1986,
Vickery 1989, Ormerod et al. 1991, Blancher and
McNicol 1991). Again, studies of the Eurasian dipper

show reduced levels of serum calcium in adults and
nestlings, thinner eggshells, and reduced clutch size and
nestling growth where the dippers nested along acidic
streams (Ormerod and Tyler 1987; Ormerod et al.
1988, 1991). Sparling (1990) observed that pen-reared
black duck and mallard ducklings were adversely
affected when raised on treatment diets low in calcium
and phosphorus or low in calcium and high in
phosphorus, and noted further that elevated aluminum
levels, interacting with low calcium and phosphorus,
increased mortality and further retarded growth among
black ducks. The toxicological importance of increased
amounts of nonessential metals in prey eaten by birds at
low pH, as a function of the reduced intake of dietary
calcium, was discussed in the Toxicological Effects
section of this paper. »

Habitat Selection by Waterbirds.--Many
variables influence the distribution and density of
breeding birds, including the quality of nesting habitat
and fidelity to natal breeding lakes. Lake acidity is
important in determining the quality of nesting and
brood-rearing habitat for many waterbird species
{Ormerod and Tyler 1987, DesGranges and Houde
1989). Acidification of forest ponds, streams, and
lakes affects availability of food organisms, but also
may alter aguatic plant communities used as food,
cover, or nesting sites for a variety of birds (Haines and
Hunter 1982, Hansen 1987). With the exception of the
study of DesGranges and Houde (1989), acid rain
studies have ignored the importance of aquatic plant
communities in the selection of breeding habitats by
birds in acidic environments, Many lakes and wetlands
that are important breeding arcas for waterbirds are also
vulnerable to acidification. Longcore et al. (1987)
evaluated the potential effects of acidification and its
severity on several migratory bird species common in
castern North America. A sizeable portion (17 %) of
the breeding range of those species coincided with areas
sensitive to acidification. In Ontario, nearly 1/2 of the
estimated 373,000 pairs of ducks and loons on the
Precambrian Shield (6 species only) nest in areas
exposed to acid deposition (McNicol et al. 1990).

The distribution in summer of many birds often reflects
the quality of breeding habitat, as measured by the
availability of preferred prey. Birds whose prey
{principally fish and certain acid-sensitive invertebrates)
are reduced by acidification, breed at lower densities
around acidic waterbedics. For example, local declines
in dipper populations have been recorded in parts of
Britain and West Germany (Kaiser 1985, Ormerod and
Tyler 1987). - The abundance of breeding dippers along
streams in Wales is strongly correlated with pH, a
result of selection for streams with a high abundance of
acid-sensitive invertebrates (Ormerod et al. 1985,
1986). An historical decline in dippers along the River
Irfon was associated with a decline of 1.7 pH units
between the late 1960s and 1984,
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Some fish-eating birds also breed in lower densities in
acid-stressed arcas (Table 2). Fewer 0Spreys now
breed in areas of Sweden with many acid lakes
(Eriksson 19865), whereas fewer kingfishers have been
reported on acid streams than on non-acid streams in
upland Wales (Goriup 1989). Loss of fish from acid
lakes also may be responsible for the decline in
numbers of loons and mergansers observed in Sweden
(Almer et al. 1974, 1978). In southern Quebec,
common loons avoid acidic lakes (DesGranges and
Darveau 1985, DesGranges and Houde 1989), whereas
in Ontario, fewer loon and merganser broods were
produced relative to the number of nesting pairs in an
acid-stressed area than in an unaffected area (McNicol
et al. 1987a). In Wisconsin, Blair (1990) reported that
loons occupied large, clear, deep lakes of low pro-
ductivity, similar to those observed in Ontario {McNicol
et al. 19874, Alvo et al. 1988, Wayland and McNicol
1990), in Quebec (Desgranges and Houde 1989), and in
New York (Parker 1988). Blair argued that his study
lakes were often strikingly similar (i.c. clear water) to
lakes that were acidified and he suggested that loons
may be mistakenly identifying acidified lakes as
preferred lakes on the basis of physical characteristics
(depth and water clarity). Loons have attempted to nest
and raise young on acidified lakes (Alvo et al. 1988,
Parker 1988, Wayland and McNicol 1990), although
food may be limited.

Conversely, comparative studies of acid and non-acid
waterbodies (Pehrsson 1974, Hunter et al. 1986b) have
shown that the increased insect abundance in the
absence of fish might attract certain waterfowl. The
inverse relationship between the presence of fish and
the use of waterbodies by oldsquaw (Clangula hyernalis)
(Pehrsson 1974) and common goldeneyes (Eriksson
1979, 1983; Eadie and Keast 1982; McNicol et al.
19874a) might explain the increased density of breeding
goldeneye observed on acid, fishless lakes in Canada
(DesGranges and Darveau 1985, McNicol et al. 1987¢,
1990).

The distribution of most bird species in riparian areas
of lacustrine communities during the breeding season
did not seem to be affected by the degree of soil
mineralization and acidity (DesGranges and Houde
1989). The pH of wetlands was usually acidic (<5.0)
because of organic acids, but most riparian species did
not seem affected. Instead, distribution of major
families (Charadriidae, Scolopacidae, Tyrannidae, and
Emberizidae) were related to habitat physiognomy (i.e.
vegetational structure). The authors cautioned that
further acidification of riparian habitats in southern
Quebec might influence breeding distribution of species
that prefer habitats with neutral soils, e. £, common
yellowthroat (Geothlypis trichas).

Reproductive Performance of Waterbirds.--Few
detailed studies of the effects of wetland acidity on

avian reproduction have been undertaken. Blancher and
McAuley (1987) noted that reproductive success of
birds with a variety of feeding habits and niches,

‘including divers, surface feeders, aerial flycatchers,

piscivores, and insectivores was adversely affected by
wetland acidity (Table 2). For those birds that do breed
on or along acidified lakes and streams, reproductive
consequences are commonly associated with reduced
food abundance, availability, or quality (Blancher and
McAuley 1987). Decreased clutch size, thinner
eggshells, later breeding, fewer second chutches,
smaller young with poorer growth and lower survival,
decreased foraging efficiency, and poorer overall
reproductive success are among the costs noted for
various species (Table 2). Relation between acidity and
avian reproductive parameters, however, is often
obscured by other variables, such as competition with
fish, predation, and species variability. Such inherent
variability, coupled with poor experimental designs and
inadequate sample sizes, has contributed to the apparent
contradictory results among different studies.

For example, loon reproduction may be either unaf-
fected (Arctic Ioons, Eriksson 1987: common loons,
Parker 1988) or lowered (McNicol et al. 19874, Alvo
et al. 1988, Wayland and McNicol 1990) on acid-
stressed lakes. The effect of reduced fish populations
in acidic lakes on some fish-eating birds (especially
diving species) depends on whether increased water
clarity (which can enhance capture of fish by birds) and
decreased fish predation on chicks and on invertcbrate
prey of small chicks, can compensate for the decreased
density of fish prey (Eriksson 1987). For common loon
pairs, the ability to successfully fledge 2 chicks on acid-
sensitive lakes may be severely compromised by an
inadequate supply of suitable fish prey as lakes acidify
(McNicol et al. 1987b, Kerekes 1990, Wayland and
McNicol 1990). Others (Barr 1973, 1986) have linked
poor reproduction by loons to elevated levels of
mercury in fish prey (see earlier section). The reality
of mercury contamination in fish may have serious
consequences for those loons that continue {o breed in
acid-sensitive areas of eastern North America
(Alexander 1987, McIntyre 1989). Other piscivores
also suffer when fish stocks are reduced or disappear.
In Ontario, nearly fledged common Iergansers were
found only on lakes containing fish and where the pH
was greater than 6.0. In Sweden, ospreys (a surface-
plunging species) breeding in areas with many acidic
lakes had reduced productivity (Eriksson et al, 1983).

Among insect-eating birds, dippers have shown
impaired breeding performance along acid streams in
Wales and Scotland, probably as a result of
impoverished food supplies (Ormerod and Tyler 1987,
Ormerod et al. 1988, Vickery 1989). In Ontario, a
negative influence of wetland acidity was observed on
several aspects of tree swallow reproduction, including
investment in eggs by laying females, size and growth
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Table 2. Studies? that either did (Yes) or did not {(No) yield evidence that acidic deposition affected certain species of

birds.
Species Diet/ Bfeeding Reproductive
Foraging Distribution Measures Reference®
Yes No Yes No Yes No
Common foon X X X X X 1-3, 22-24
Arctic loon X 4
Common merganser X X 5,22
Belted kingfisher X 6
Osprey ' X X X 7,8
Black duck X % xP 9-12
Common goldeneye x® 5, 10
Ring-necked duck X X 13, 14
Eurasian dipper X X X 15-17
Eastém kingbird X X 18
Tree swallow X X X 19-21

2 1 = Alvo et al. 1988; 2 = Parker 1988; 3 = Wayland and McNicol 1989; 4 = Eriksson 1987;
5 = McNicol et al. 1987b; 6 = Goriup 1989; 7 = Eriksson et al. 1983; 8 = Eriksson 1986b,
9 = Hunter et al. 1986a; 10 = DesGranges and Darveau 1985; 11 = Rattner et al. 1987,
12 = Haramis and Chu 1987; 13,14 = McAuley and Longcore 19884.5; 15,16 = Ormerod et al. 1985, 1986,

17
21

i

" The effect was beneficial.

Ormerod and Tyler 1987; 18 = Glooschenko et al. 1986; 19,20 = Blancher and McNicol 1988, 1991;
St. Louis et al. 1990; 22 = Blancher et al. 1991; 23 = DesGranges and Houde 1989; 24 = Blair 1990.

of nestlings, and number of fledglings produced
(Blancher and McNicol 1988). Both the foraging
behavior of adult tree swallows and the diet of nestlings
varied markedly in relation to the acidity of the lake
near where the birds nested (St. Louis et al. 1990,
Blancher and McNicol 1991). The inadequacy of
emerging and other available insect prey over and
around acidic wetlands was implicated in the reduced
breeding success.

Insectivorous waterfowl may have higher or lower
reproductive success at acid sites, depending on whether
the wetlands retain fish populations. Black duck (Anas
rubripes) reproductive success has been reported as
equal to or better on acid, fishless wetlands compared
to higher pH wetlands with fish (DesGranges and
Rodrigue 1986, Hunter et al. 1986b), presumably
because reductions in acid-sensitive prey are partly
offset by an increase in other prey when competing fish

populations are reduced or eliminated. In studies where
fish status among lakes did not differ or was
experimentally controlied, lake acidity had a negative
effect on waterfow] reproduction (DesGranges and
Rodrigue 1986, Haramis and Chu 1987, Rattaer et al.
1987, McAuley and Longcore 19884). These studies
showed that the growth, feeding behavior and survival

- of ducklings of several species, including black ducks,

goldeneyes, and ring-necked ducks, was markedly
aftered on acidified wetlands compared to controlled
sites or wetlands with higher pHs. In Ontario, the
common goldeneye, a species that prefers fishless lakes,
fledged fewer young per breeding pair on acid, fishless
lakes (pH <5.0) compared with naturally-fishless lakes
{pH >6.3) (McNicol et al. 1990). An attempt to
meodel effects of acidification on waterfowl] is presented
in Blancher et al. (1992).
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Although competition with fish has been a complicating
factor in many studies, it does not nullify the overall
negative relationship often observed between acidity and
duckling growth and survival (DesGranges and Hunter
1987). Unfortunately, present data do not permit
clearly distinguishing the relative importance of lake
productivity (nutrient levels), acidity, and competition
with fish to waterbird reproductive success. Yet, it is
clear that a significant reproductive cost may be
associated with raising young on or near systems
(rivers, streams, wetlands, and lakes) whose food web
has become increasingly simplified and nutritionally
diminished as a combined result of the loss of acid-
sensitive invertebrates, and the proliferation of a few,
acid-tolerant taxa in the absence of fish. The worst
situation for insect-eating birds would undoubtedly arise
at pHs just high enough to support fish (DesGranges
and Hunter 1987, McNicol et al. 1987b,¢). Such
wetlands are likely to be more numerous throughout the
acid-sensitive terrain of eastern North America than
those that have been acidified to the point of losing all
fish populations.

Changes in Soil pH and Invertebrates. --The
effects of acid precipitation on wildlife that inhabits
terrestrial environments is poorly documented compared
to effects on organisms in aquatic habitats. Various
invertebrate taxa (e.g. beetles, earthworms, millipeds,
lepidopteran larvae), however, are less abundant in
declining forests (DesGranges et al, 1987, Schreiber
and Newman 1988) or in acidic soils (Read et al.

1987). Although research and debate continue, it is
evident that many diverse terrestrial habitats, including
forests in eastern North America, have been affected by
acid deposition with associated adverse effects on avian
communities. Loss of habitat or change in habitat
structure especially affects specialist species (i.e.
species with narrow diet or habitat requirement), which
are ill-prepared to adapt to altered environments (Table
1) (Schreiber and Newman 1988). Certain amphibians
(e.g. red-backed salamander [Plethodon cinereus]) are
adversely affected by reduced soil pH (Wyman and
Hawksley-Lescault 1987), whereas other species may be
restricted in terrestrial habitats because of effects of low
pH on larvae in aquatic habitats (Freda 1986). Changes
in abundance of prey might affect predator numbers and
thus modify invertebrate communities, especially
decomposer food webs, similar to those observed in
aquatic habitats (Eriksson et al. 1980).

One avian species that might be especially affected
through the food chain in the terrestrial environment is
the American woodcock (Scolopax minor), which feed
mostly on earthworms {(Lumbricidae) (Mendall and
Aldous 1943, Sheldon 1971, Miller and Causey 1985).
In the northern part of their range (Reynolds, 1977a),
woodcock eat primarily 3 species of earthworms:
Aporrectodea tuberculata (= A. caliginosa; Easton
1983), Dedrobaena octaedra, and Lumbricus rubellus

(Reynolds 1977a). In the southern part of the range the
assemblages of earthworms important to woodcock are
unknown (MacDonald 1983). Further, woodcock eat
about 150 g per day of food, which equals or exceeds
the body weight of 2 male woodcock (Mendall and
Aldous 1943, Sheldon 1971). Many earthworm
species prefer a soil pH of 7.0 and are sensitive to
hydrogen-ion concentration (Bodenheimer i1935). Thus,
PH of soil can limit distribution, numbers, and species
in any particular soil (Reynolds 1971, 1977b: Edwards
and Lofty 1972, Hagvar 1980, Kuperman 1990, Ma et
al. 1990, Esher et al. 1992, Esher ef al. in press),
Although some species tolerate low pH, including
Dedrobaena octaedra (Borenbusch 1930, Satchell
1955), others, such as A. tuberculata, which must be
considered the most important contributor to the
woodcock energy budget, are acid-intolerant (Satchell
1955). Earthworms are extremely important in
decomposition of plant organic matter and in soil
formation, yet they also are repeatedly exposed in many
ways to toxic chemicals from forestry and agricultural
uses (Edwards and Bohlen 1992). Any additional
effects of acidic deposition that lowers soil pH and
reduces earthworm abundance might affect woodcock
and a multitude of amphibians, reptiles, mammals, and
birds (MacDonald 1983), which eat substantial numbers
of earthworms,

EFFECTS ON AMPHIBIANS
AND REPTILES

Many species of amphibians are known to be sensitive
to increased acidity and the toxic metals associated with
acidified environments (Tome and Pough 1982, Clark
and Hall 1985, Freda 1986, 1991). As for other
aquatic organisms, reproductive failure is the major
effect of acidic water on amphibians. Most species
require water for oviposition and larval development,
although adults are either aquatic, semi-aquatic, or
terrestrial. Early investigations of toxic properties of
acidic waters considered only pH, e.g. Pough (1976)
reported that survival of spotted salamanders
(Ambystoma maculatum) in meltwater ponds was
reduced when pH was below 6.0. Additional field
surveys (chemical and biological) of breeding habitats
of amphibians, coupled with laboratory bioassays, have
shown that acidic pond water can affect reproduction of
amphibians by causing mortality of embryos and larvae
(Pierce 1985, Freda 1986). Critical pH for egg and
larval survival for most amphibian populations is below
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5.0, making them less sensitive to acidity than many
species of fish and aquatic invertebrates {(Blancher
1991). '

While ontogenetic variation in acid tolerance is large,
amphibian embryos are generally more susceptible to
low pH than are larvae. Mortality occurs primarily
because of inhibition of hatching; critical pH levels for
embryos vary among species, but usually are below 5.0
(Freda and Dunson 1985, Clark and LaZerte 1985).
This sensitivity is particularly important for species that
breed in early spring because embryos will probably be
exposed to the most extreme pH then (Freda and
Dunson 1985). Direct mortality of larvae has been
observed following severe pH depressions associated
with episodic rainfall or snowmetlt (Gascon and Bider
1985). After hatching, however, tolerance to acidity in-
creases throughout larval development (Pierce et al.
1984, Clark and Hall 1985, Freda and Dunson 1985),
although chronic exposure to water of sub-lethal pH can
lead to reduced rates of larval growth (Freda and
Dunscn 1985, 1986). Newly-hatched tadpoles are more
sensitive than embryos to aluminum (Clark and Lazerte
1985, Freda and McDonald 1990), although toxicity of
aluminum to amphibians is highly dependent on pH of
water (Freda 1991). The combination of low pH and
high levels of aluminum may have a synergistic,
negative effect (Andren et al. 1588). Adults seem to be
the most acid-tolerant life stage, presumably because
they are predominantly terrestrial except during the
breeding season, thus, are not exposed to continous
contact with an acidic environment. Acidity, however,
does influence the selection of habitats by some species;
adult salamanders can detect gradients of substrate
acidity and select neutral substrates instead of acidic
ones (Mushinsky and Brodie 1975).

A variety of habitats are used by amphibians for
breeding, including temporary and permanent ponds,
ombrotrophic bogs, lakes, rivers, small streams, and
even forest soils, which are occupied by terrestrial
salamanders. Most amphibian breeding sites are small
ponds that are low in buffering capacity and humic in
nature, which confounds the contribution made by
natural (organic) versus anthropogenic sources of
acidity. Pough and Wilson (1977) cstimated that 1/2
the species of frogs and toads in the United States, and
1/3 the aquatic salamanders breed in temporary ponds.
In Canada, among 16 of 17 amphibian species more
than 50% of each of their ranges overlap with areas
affected by acid precipitation (Clark 1992); more than
1/2 of these species breed in temporary ponds. These
habitats are formed largely from acidic water during
spring.snowmelt and from run-off during rainstorms
(Clark and Euler 1982), which results in pH levels
below those in nearby lakes and permanent ponds
(Pough and Wilson 1977, Dale et al. 1985, Freda and
Dunson 1985). Whereas data on the chemistry of
temporary or permanent ponds is limited, Freda (1986)

reported that 5 to 81% of ponds surveyed in several
studies had a pH under 5.0, within the critical pH range
of many species. Further episodic declines in pH in
these ponds following snowmelt or rainfall may have

- dramatic effects on amphibian reproduction.

The reduction in recruitment associated with
acidification of ponds affects both the local distribution
and abundance of amphibians. With some exceptions,
regional surveys of amphibians typically show an
avoidance of the most acidic habitats for breeding
(Freda 1986). In the United States and Europe, several
studies have documented reduced amphibian populations
in acidic habitats (Gosner and Black 1957, Mushinsky
and Brodie 1975, Cooke and Fraser 1976, Saber and
Dunson 1978, Strijbosch 1979, Freda and Dunson
1986, Leuven et al. 1986). Gosner and Black (1957)
were the first to report an association between a
species’ tolerance to low pH and its abundance in
naturally acidic ponds in the New Jersey Pine Barrens.
Later, Pough (1976) reported that anthropogenically
caused declings in pH of ponds were adversely affecting
Ambystoma salamanders in New York. Albers and
Prouty (1987) in Maryland stated that neither the
number of egg masses nor the survival of embryos of
spotted salamanders (Ambystoma maculatum) was
correlated with the pH of temporary woodland ponds.
In Colorade and Wyoming, Corn et al. {(1989) have
reported that northern teopard frogs (Rana pipiens) and
American toads (Bufe boreus) have declined
substantially, but losses were not linked to acidic
depositions,

In Canada, amphibian surveys have been conducted in
Ontario, Quebec, and Nova Scotia. In Ontario,
Glooschenko et al, (1992) observed that spotted
salamanders {A. maculatum) and lecpard frogs (R.
pipiens) were conspicuously absent in areas adjacent to
Sudbury where low pH and high levels of aluminum
were recorded in breeding ponds. Clark (1986a,b)
found that absence of several species of amphibians was
refated to increased acidity. In Quebec, acidity and
total organic carbon were corrclated with the density of
egg masses of wood frogs (Rana sylvatica) (Gascon and
Planas 1986). In Nova Scotia, presence of amphibian
species and chemistry of breeding sites were not
correlated (Dale ¢t al. 1985).

The partly contradictory findings from studies that
depict enormous intraspecific variation in acid tolerance
may result from; {a) different methods used by
investigators, (b) geographic variation in acid tolerance
of the same species, particularly when compared to
laboratory tests (e.g. Pierce and Harvey 1987), or (c)
possible evolutionary adaptations to acidic conditions
(Andren et al. 1989). However, virtually all studies
have focused on amphibians that breed in temporary
ponds. Little information is available for species at risk
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in other habitats such as mountain headwater springs
and seeps (Freda 1986).

Synoptic surveys have revealed that amphibian
populations may be reduced in ponds where pH is not
low enough to be directly toxic to embryos or larvae
(Clark 19864, b; Gascon and Planas 1986). Indirect
effects of acidification, particularly changes in food -
webs of temporary ponds, may be influencing
amphibian distribution, abundance, and recruitment,
Benthic invertebrates and zooplankton on which larval
salamanders feed and phytoplankton on which tadpoles
are dependent can be dramatically affected by i
acidification (Haines 1981). Sublethal exposure to
acidity or aluminum inhibits rate of growth of tadpoles
and salamanders (Freda and Dunson 1985 , 1986;
Cummins 1986), which ultimately may affect the
outcome of competitive and predatory interactions that
are strongly influenced by body size (Wilbur 1984).
Whereas fish are capable of reducing amphibian
populations in non-acidified waters (Macan 1966), the
new top predators in acidified waters without fish (i.e.
Odonate larvae, Dytiscidae, Notonectidae, Corixidae,
and newts) may consume large numbers of the
vulnerable life stages of certain species, depending on
palatability (Henrikson 1990).

Few data are available on effects of soil acidity on the
distribution of terrestrial amphibians {Vernberg 1955,
Mushinsky and Brodie 1975), especially data on
tolerance of adult or terrestrial juvenile life stages to
acidic conditions. A study in New York revealed that
eastern red-backed salamanders (Plethodon cinereys)
avoid soils with a pH below 3.7 (Wyman and
Hawksley-Lescault 1987}, a finding that was consistent
with laboratory trials that depicted chronic effects of pH
between 4.0 and 3.0 on growth of juveniles, P.
cinereus was excluded from 27% of available forest
habitat surveyed because of low pH., Wyman and
Hawksley-Lescault (1987) concluded that the influence
of soil pH on salamander distribution might funda-
mentally change the forest floor decomposer food web
of which P. cinereus is an upper-level consumer. This
finding might be especially critical if acidic deposition
accelerates acidification of soils in forests of the
northeastern United States and southeastern Canada
where this species occurs,

Reductions in amphibian populations linked to habitat
acidification could have severe consequences for aquatic
and terrestrial ecosystems. Many species have aquatic
larval and terrestrial adult life stages, and thereby form
an important link in the flow of energy between these 2
ccosystems. In aquatic habitats larval amphibians are
important predators of algae and invertebrates (Seale
1980), whereas adults and larvae are prey for inver-
tebrates, fish, birds, and small mammals. In terrestrial
ecosystems, adult amphibians are an important source
of energy for many tertiary consumers, i.e. birds and

mammals (Burton and Likens 19754,5), as well as a top
predator at most levels of the detrital food web.
Changes in composition, distribution, and abundance of
amphibian specics because of habitat acidification could
alter the structure and function of aquatic and terrestrial
food webs and disrupt the flow of energy between these
ccosystems.

Reduced numbers of amphibians and earthworms also
can affect reptilians that prey on them. Catling and
Freedman (1980) reported that Butler’s garter snakes
(Thamnophis butleri) feed nearly exclusively on earth-
worms, whereas the sympatric eastern garter snake (T.
sirtalis) eats a mixed diet of earthworms and anuran
amphibia. For Vancouver Island, Gregory (1978)
stated that the northwestern garter snakes (7.
ordinoides) specialized on earthworms and slugs,
whereas T. sirtalis ate amphibians and earthworms. In
Kansas, western worm snakes {Carphophis amoenus
vermis) eat Allolobophora spp. earthworms (Clark
1970). In Ontario, Reynolds (19775) identified several
species of earthworms from the stomachs of Butler’s
garter snakes, including the acid-intolerant species,
Aporrectodea tuberculata. Logier (1958) lists 5 other
American snakes that prey on carthworms.

CONCLUSIONS

The effects of acidic depositions on vertebrate wildlife
are complex and difficult to evaluate, especially for

* those species that have high mortatity from being

hunted. Further, biogeochemical interactions of natural
organic acids with anthropogenic compounds create
difficulty in separating the effects of each.

Documented, direct effects of acidic depositions on
wildlife in terrestrial habitats is scanty. This result is
largely because of the lack of gross effects on terrestrial
vegetation, except in unique geographical or altitudinal
situations (e.g. Camels Hump, Vt.). Localized, even
regional indirect effects have been recorded for certain
wildlife prey species. Acidification of soil, for
example, changes invertebrate populations, especially
earthworms, that are primary prey of numerous small
mammals, amphibians, reptiles, and birds, particularly
American woodcock. Vegetation used as forage by
wildlife can contain elevated amounts of toxic metals
(especially mercury and cadmium), which are enhanced
through acidic depositions and the acidification process.

A broad spectrum of evidence documents the complex
effects of acidification in the aquatic environment
through comparisons of wetlands of different acidities
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and experimental acidification of individual lakes and
small watersheds. Because effects of acidification on

- wildlife are mostly indirect, severity of effects vary
geographically and with cach wildlife species and are
related to what a species eats and how it reproduces.
The acidification of wetland habitats that change
abundance or diversity of invertebrate taxa importantly
affect aquatic waterbirds, particularly insect- and fish-
eating birds. These effects are through losses of
primary prey species, losses in species high in calcium,
or increases in numbers of organisms that contain toxic
metals, especially methylmercury.

Although severe effects may occur in localized areas in
the U.S. and Canada (e.g. Sudbury, Ontario) general
effects are found mosily throughout the northeastern
U.S. and Canada. Because the acidification process is
governed by the acid-neutralizating capacity (ability to
buffer by calcium carbonates) of underlying bedrock
and soils, the amount and rate of airborne pollutants
(e.g. SO, NO;) that an area receives is critical.
Moreover, evidence from locations where point-source
emmissions have been curtailed, has revealed that the
acidification process is reversible and that wetland
ecosystems can recover, although the process is
gradual. This fact underscores the urgency to fully
implement and comply with provisions of the United
States/Canada Air Quality Agreement through
enforcement of the 1990 Clean Air Act, as amended, to
reduce as rapidly as possible industrial and vehicular
emissions that contribute substantially to acidic
deposition. The mutual goals of the United
States/Canada Air Quality Agreement must be attained
for reducing emissions, long-term monitoring of
atmospheric pollutants, and monitoring the health of
aquatic and terrestrial ecosystems. Furthermore, to
achieve a better understanding of the natural variability
within physical and biological systems we must
determine threshold amounts (kg/ha/yr) of SO, and NO,
that affect biological systems to predict ecological
tesponse 1o these pollutants as emissions are curtailed.
. Research should continue to evaloate current effects of
acidified habitats on wildlife and to determine how
wildlife and their habitats respond to reduced emissions
of these airborne contaminants.
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