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EXECUTIVE SUMMARY

Section 112(n)(1)(B) of the Clean Air Act (CAA), as amended in 1990, directs the U.S.
Environmental Protection Agency (U.S. EPA) to submit to Congress a comprehensive study on emissions
of mercury to the air. Volume VI, which addresses the ecological exposure and effects assessment for
mercury and mercury compounds, is part of an eight-volume report developed by U.S. EPA in response
to this directive.

Volume VI is an ecological risk assessment for anthropogenic mercury emissions. It follows the
format of the U.S. EPA Framework for Ecological Risk Assessment (U.S. EPA, 1992a), with minor
changes as suggested in the draft Proposed Guidelines for Ecological Risk Assessment (U.S. EPA, 1996).
The first step in the Framework is the problem formulation phase, wherein the potential ecological
impacts of mercury are reviewed. This is followed by the presentation of a conceptual model describing
how airborne mercury accumulates in aquatic biota, biomagnifies in aquatic food chains and is consumed
by wildlife that eat contaminated fish. Subsequent steps in the assessment include exposure and effects
assessments. Exposure and effects information are then considered together in an effort to develop
gualitative statements about the risk of airborne mercury emissions to piscivorous avian and mammalian
wildlife. An outcome of this effort is a recalculation of the wildlife criterion (WC) value for mercury in
aguatic systems. A characterization of the risks to wildlife from anthropogenic mercury emissions is
provided in Volume VII of this Report to Congress.

Scope of the Assessment

The scope of this assessment was limited solely to anthropogenic mercury that is emitted directly
to the atmosphere. The origins and extent of these emissions are reviewed in Volume Il of this Report.
This analysis did not address mercury originating from direct wastewater discharge to water bodies,
mining waste or the application of mercurial pesticides. In a number of instances, these and other "point"
sources have been related to unacceptably high mercury levels in fish, triggering site-specific fish
consumption advisories. Clearly, where such point sources exist, there is a need to address the combined
impacts of mercury originating from all sources, including air emissions.

Mercury in the Environment

Wet deposition is thought to be the primary mechanism by which mercury emitted to the
atmosphere is transported to surface waters and land, although dry deposition may also contribute
substantially. Once deposited, mercury enters aquatic and terrestrial food chains. Mercury
concentrations increase at successively higher trophic levels as a result of bioconcentration,
bioaccumulation and biomagnification. Of the various forms of mercury in the environment,
methylmercury has the highest potential for bioaccumulation and biomagnification. Predators at the top
of these food chains are potentially at risk from consumption of methylmercury in contaminated prey.
Based on a review of available information, it was concluded that piscivorous (fish-eating) birds and
mammals are particularly at risk from mercury emissions. This risk is likely to be greatest in areas that
receive high levels of mercury deposition, although local and regional factors can substantially impact
the amount of total mercury that is translocated from watersheds to waterbodies and undergoes chemical
transformation to the methylated species.
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The assessment endpoint for this ecological risk assessment is the maintenance of self-sustaining
wildlife populations. Measurement endpoints include the growth and survival of individual animals,
reproductive success, and behavior.

Exposure of Piscivorous Wildlife to Mercury

Exposure was characterized in a progressive manner, with varying reliance on computer models
for mercury deposition and fate. The objective of this analysis was to characterize the extent to which
piscivorous wildlife are exposed to mercury originating from airborne emissions. Details on exposure
assessment inputs, methods and results can be found in Volumes Il and IV of this Report. Three general
approaches were used, which are described as follows.

1. Estimation of current average exposure to piscivorous wildlife on a nationwide basis.

The first analysis was conducted without computer models. Estimates of current mercury
exposure to selected piscivorous wildlife species were calculated as the product of the fish consumption
rate and measured mercury concentrations in fish. This analysis was not intended to be a site-specific
analysis, but rather to provide national exposure estimates for piscivorous wildlife. This analysis used
mean total mercury measurements from two nationwide studies of fish residues and published fish
consumption data for the selected wildlife species. The relative ranking of expoggfiegmw/d of
selected wildlife species was as follows: kingfisher > river otter > loon =osprey = rbalkl ®agle.

2. Estimation of mercury deposition on a regional scale (40 km grid) and comparison of these
deposition data with species distribution information.

The second type of analysis was carried out on a regional scale. A long-range atmospheric
transport model (RELMAP) was used in conjunction with the mercury emissions inventory provided in
Volume Il of this Report to generate predictions of mercury deposition across the continental U.S.
Ecosystems subject to high levels of mercury deposition will be more exposed to mercury than
ecosystems with lower levels of mercury deposition. The pattern of mercury deposition nationwide,
therefore, will influence which ecoregions and ecosystems might be exposed to hazardous levels of
mercury. Thus, predictions of mercury deposition were compared with the locations of major lakes and
rivers, national resource lands, threatened and endangered plant species and the distributions of selected
piscivorous wildlife species. Additionally, mercury deposition data were superimposed onto a map of
surface waters impacted by acid deposition, because it has been shown that low pH values are often
correlated with high levels of mercury in fish. The extent of overlap of selected species distributions
with areas receiving high rates of deposition (>5 |fg/m ) was characterized.

Avian wildlife considered in this analysis included species that are widely distributed

(kingfishers) and narrowly distributed (bald eagles, ospreys, and loons). All the birds selected were
piscivores that feed at or near the top of aquatic food chains and are therefore at risk from biomagnified
mercury. Two of the mammals selected for this analysis (mink and river otters) are piscivorous and
widely distributed. The other mammal selected, the Florida panther, is not widely distributed but is listed
as an endangered species. The Florida panther lives in an environment known to be contaminated with
mercury and preys upon small mammals (such as raccoons), which may contain high tissue burdens of
mercury. Results for each avian and mammalian species are summarized in Table ES-1.
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Approximately 29% of the
kingfisher's range occurs within regions
of high mercury deposition. On a
nationwide basis, mercury does not

Table ES-1
Percent of Species Range Overlapping
with Regions of High Mercury Deposition

appear to be a threat to this species.

However, kingfishers consume more

mercury on a body weight basis than Percent of Range

any other wildlife species examined. Species Impacted
Although a recovery in the Kingfisher 29%

population of bald eagles has resulted in Bald Eagle 34%

a status upgrade from "endangered" to

"threatened" in five states (Michigan, Osprey 20%

Ml'nneso_ta, Oregon, Washmgtqn and Common Loon 40%

Wisconsin), bald eagle populations are

still depleted throughout much of their Florida Panther 100%

historical range. l_3a|d eagles can bg Mink 35%

found seasonally in large numbers in

several geographic locations, but most River Otter 38%

of these individuals are transient, and
the overall population is still small.
Historically, eagle populations in the lower 48 states have been adversely impacted by the effects of
bioaccumulative contaminants (primarily DDT and perhaps also PCBs). Approximately 34% of the bald
eagle's range overlaps regions of high mercury deposition. Areas of particular concern include the Great
Lakes region, the northeastern Atlantic states and south Florida.

Nationwide, approximately 20% of the osprey's total range overlaps regions of high mercury
deposition; however, a much larger fraction of the osprey's eastern population occurs within these
regions. The osprey diet consists almost exclusively of fish. Osprey populations underwent severe
declines during the 1950s through the 1970s due to widespread use of DDT and related compounds.

Nearly 40% of the loon's range is located in regions of high mercury deposition. Limited data
from a study of a mercury point source showed that loon reproductive success was negatively correlated
with exposure to mercury in a significant dose-response relationship. In some cases, mercury residues in
fish collected from lakes used as loon breeding areas may exceed levels that, on the basis of this point
source study, are associated with reproductive impairment. Loons frequently breed in areas that have
been adversely impacted by acid deposition. An assessment of mercury’s effects on loon populations is
complicated by the fact that decreases in surface water pH have been associated with both increased
mercury residues in fish and declines in the available forage base.

All (100%) of the panther’s range falls within an area of high mercury deposition. Mercury
levels found in tissues obtained from dead panthers are similar to levels that have been associated with
frank toxic effects in other feline species. The State of Florida has taken measures to reduce the risk to
panthers posed by mercury. Existing plans include measures to increase the number of deer available as
prey in order to reduce the reliance of panthers on raccoons. Raccoons frequently feed at or near the top
of aquatic food webs and can accumulate substantial tissue burdens of mercury. An evaluation of the
risk posed by mercury to the Florida panther is complicated by the possible impacts of other chemical
stressors, habitat loss, and inbreeding.
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Approximately 35% of the range of mink habitat coincides with regions of high mercury
deposition nationwide. Mink occupy a large geographic area and are common throughout the U.S.
Given the opportunity, mink will prey on small mammals and birds. Many subpopulations, however,
prey almost exclusively on fish and other aquatic biota. Due to allometric considerations, mink may be
exposed to more mercury on a body weight basis than larger piscivorous mammals feeding at higher
trophic levels. In several cases, mercury residues in wild-caught mink have been shown to be equal to or
greater than levels associated with toxic effects in the laboratory.

River otter habitat overlaps regions of high mercury deposition for about 14% of the range for
this species. River otters occupy large areas of the U.S., but their population numbers are thought to be
declining in both the midwestern and southeastern states. The river otter's diet is almost exclusively of
aquatic origins and includes fish (primarily), crayfish, amphibians and aquatic insects. The consumption
of large, piscivorous fish puts the river otter at risk from bioaccumulative contaminants including
mercury. Like the mink, mercury residues in some wild-caught otters have been shown to be close to,
and in some cases greater than, concentrations associated with frank toxic effects.

3. Estimation of mercury exposure on a local scale in areas near emissions point sources.

A final analysis was conducted using a local-scale atmospheric fate model (GAS-ISC3), in
addition to the long-range transport data and an indirect exposure methodology, to predict mercury
concentrations in water and fish under a variety of hypothetical emissions scenarios. GAS-ISC3
simulated mercury deposition originating from model plants representing a range of mercury emissions
source classes. The four source categories were selected based on their estimated annual mercury
emissions or their potential to be localized point sources of concern. The categories selected were these:
municipal waste combustors (MWCs), medical waste incinerators (MWIs), utility boilers, and chlor-
alkali plants. To account for the long-range transport of emitted mercury, the 50th percentile RELMAP
atmospheric concentrations and deposition rates were included in the estimates from the local air
dispersion model. To account for other sources of mercury, estimates of background concentrations of
mercury were also included in this exposure assessment.

These data were used to estimate the contributions of different emission source types to mercury
exposure of selected wildlife species. It was concluded from this analysis that local emissions sources
have the potential to increase significantly the exposure of piscivorous birds and mammals to mercury.
Important factors related to local source impacts include quantity of mercury emitted by the source,
species and physical form of mercury emitted, and effective stack height. The extent of this local
contribution also depends upon watershed characteristics, facility type, local meteorology, and terrain.
The exposure of a given wildlife species is also highly dependent upon the fish bioaccumulation factor,
the trophic level(s) at which it feeds and the amount of fish consumed per day.

Although the accumulation of methylmercury in fish tissues appears to be highly variable across
bodies of water, field data were determined to be sufficient to calculate representative means for different
trophic levels. The variability can be seen in the distribution of the methylmercury bioaccumulation
factors (BAF) for fish in trophic levels 3 and 4. These values, summarized in Table ES-2, are believed to
be better estimates of mercury bioaccumulation in natural systems than values derived from laboratory
studies.
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Table ES-2
Percentiles of the Methylmercury Bioaccumulation Factor

Percentile of Distribution
Parameter
5th 25th 50th 75th 95th
Trophic 3 BAF 46x10| 95xP0| 1.6x90[ 2.6¥10 5.4%1(
Trophic 4 BAF 3.3x16 5.0x10 6.8x%0 9.2x40 1.4x"1(

Effects Assessment for Mercury

Due to the broad range and extent of mercury emissions throughout the United States, many
potential ecological effects could have been considered. Neither the available data nor existing
methodology supported evaluation of all possible effects.

The ecosystem effects of mercury are incompletely understood. No applicable studies of the
effects of mercury on intact ecosystems were found. The ecological risk assessment for mercury did not,
therefore, address effects of mercury on ecosystems, plant and animal communities or species diversity.
Effects of methylmercury on fish and other aquatic biota were also not characterized, although there is
evidence of adverse impacts on these organisms following point source releases of mercury and in
aquatic environments affected by urban runoff.

Data on methylmercury effects in wildlife suitable for dose-response assessment are limited to
what are termed "individual effects" in the U.S. EPA Framework for Ecological Risk Assessment (U.S.
EPA, 1992a). A reference dose (RfD), defined as the chronic NOAEL, was derived for avian species
from studies by Heinz (1975, 1976a,b, 1979) in which three generations of mallardAluags (
platyrhycho3 were dosed with methylmercury dicyandiamide. The lowest dose, 0.5 ppm (78 png/kg
bw/d), resulted in adverse effects on reproduction and behavior and was designated as a chronic LOAEL.
A chronic NOAEL was estimated by dividing the chronic LOAEL by a LOAEL-to-NOAEL uncertainty
factor of 3. Calculated in this manner, the RfD for avian wildlife species is 26 pg/kg bw/d.

The RfD for mammalian species was derived from studies involving subchronic exposures with
mink (Wobeser, 1973, 1976a,b), in which animals were dosed with mercury in the form of mercury-
contaminated fish. The dose of 0.33 ppm (55 pg/kg bw/d) was selected as the NOAEL for subchronic
exposure. As this was less than a lifetime exposure, the subchronic NOAEL was divided by a
subchronic-to-chronic uncertainty factor of 3. Calculated in this manner, the RfD for mammalian
wildlife species is 18 pg/kg bw/d.

Risk Assessment for Mercury

Ecological risk assessment methods relevant to chemical effects on wildlife are reviewed. The
data needs of these methods vary widely and dictate, to a considerable degree, which methods can be
applied to a given situation. Guidance is provided on the risk assessment methods that may be most
applicable to airborne mercury emissions, given the nature and extent of currently existing information.
Additional guidance is provided by reviewing published assessments for piscivorous species living in the
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Great Lakes region, south Florida, central Ontario, and coastal regions of Georgia, South Carolina and
North Carolina.

The scope of the present Report was intended to be national in scale. It was determined,
therefore, that any effort to assess the risk of mercury to a given species living in a defined location
would be inappropriate. Instead, an effort was made to compare mercury exposure and effects in a
general way using data collected from throughout the country and, in so doing, to develop qualitative
statements about risk.

Consistent with this broader-scale approach, an effort was made to derive a wildlife criterion
(WC) value for mercury that is protective of piscivorous wildlife. This WC is defined as the
concentration of mercury in water that, if not exceeded, protects avian and mammalian wildlife
populations from adverse effects resulting from ingestion of surface waters and from ingestion of aquatic
life taken from these surface waters. The health of wildlife populations may, therefore, be considered the
assessment endpoint of concern. Although not generally derived for the purpose of ecological risk
assessment, WC values incorporate the same type of exposure and effects information used in more
standard approaches. Such calculations also provide for a simple assessment of risk in any given
situation; that is, by determining whether the concentration of mercury in water exceeds the criterion
value.

The principal factors used to select wildlife species for WC development were: (1) exposure to
bioaccumulative contaminants; (2) species distributions; (3) availability of information with which to
calculate criterion values; and (4) evidence for bioaccumulation and/or adverse effects. All of the species
selected feed on or near the top of aquatic food webs. The avian species selected were the bald eagle
(Haliaeetus leucocephalysosprey Pandion haliaetus common loonGavia immey and belted
kingfisher Ceryle alcyoi. The mammalian species selected were the rMinistela visopand river
otter (Lutra canadensis

Because this assessment depends to a large extent on the assignment of BAFs for mercury in fish
at trophic levels 3 and 4, an effort was made to review published field data from which these BAFs could
be estimated. A Monte Carlo analysis was then performed to characterize the variability around these
estimates. The results of this effort are reported in Appendix D of Volume IIl and are summarized in
Table ES-2.

A WC value for mercury was estimated as the ratio of an RfD, defined as the chronic NOAEL (in
pna/kg bw/d), to an estimated mercury consumption rate, referenced to water concentration using a BAF.
Individual wildlife criteria are provided in Table ES-3. This approach is similar to that used in non-
cancer human health risk assessment and was employed previously to estimate a WC for mercury in the
Water Quality Guidance for the Great Lakes System (GLWQI). The present effort differs, however,
from that of the GLWQI in that the entire analysis was conducted on a methylmercury basis. Additional
differences resulted from the availability of new data, including measured residue levels in fish and
water, and a re-evaluation of the toxicity data from which RfD estimates were derived. In this Report, a
more sensitive endpoint was selected for mammalian species, with the goal of assessing the full range of
effects of mercury. These changes reflect the amount of discretion allowed under Agency Risk
Assessment Guidelines.

Species-specific WC values for methylmercury were estimated for selected avian and
mammalian wildlife (identified above). A final WC was then calculated as the lowest mean of WC
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values for each of the two taxonomic classes (birds and mammals). The final WC for methylmercury
was based on

Table ES-3
Wildlife Criteria for Methylmercury
Organism Wildlife Criterion (pg/L)

Mink 57

River otter 42
Kingfisher 33

Loon 82

Osprey 82

Bald eagle 100

individual WC values calculated for mammalian species, and was estimated to be 50 picograms (pg)
methylmercury/L water.

The WC for methylmercury can be expressed as a corresponding mercury residue in fish though
the use of appropriate BAFs. Using the BAFs presented in Table ES-2 (50th percentile), a WC of 50
pg/L corresponds to methylmercury concentrations in fish of 0.077 pug/g and 0.346 ug/g for trophic levels
3 and 4, respectively. In addition, a WC for total mercury can be calculated using an estimate of
methylmercury as a proportion of total mercury in water. Based upon a survey of speciation data, the
best current estimate of dissolved methylmercury as a proportion of total dissolved mercury was
determined to be 0.078. Using this value, a methylmercury WC of 50 pg/L corresponds to a total
dissolved mercury WC of 641 pg/L. An additional correction is needed if the WC is to be expressed as
the amount of total mercury in unfiltered water. The available data, although highly variable, suggest
that on average total dissolved mercury comprises about 70 percent of that contained in unfiltered water.
Making this final correction results in a WC of 910 pg/L (unfiltered, total mercury), which is
approximately 70 percent of the value published previously in the GLWQI.

Conclusions

The following conclusions are presented in approximate order of degree of certainty in the
conclusion, based on the quality of the underlying database. The conclusions progress from those
with greater certainty to those with lesser certainty.

. Mercury emitted to the atmosphere deposits on watersheds and is translocated to waterbodies. A
variable proportion of this mercury is transformed by abiotic and biotic chemical reactions to
organic derivatives, including methylmercury. Methylmercury bioaccumulates in individual
organisms, biomagnifies in aquatic food chains and is the most toxic form of mercury to which
wildlife are exposed.
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The proportion of total mercury in aquatic biota that exists as methylmercury tends to increase
with trophic level. Greater than 90% of the mercury contained in freshwater fish exists as
methylmercury. Methylmercury accumulates in fish throughout their lifetime, although changes
in concentration as a function of time may be complicated by growth dilution and changing
dietary habits.

Piscivorous avian and mammalian wildlife are exposed to mercury primarily through
consumption of contaminated fish and accumulate mercury to levels above those in prey items.

Toxic effects on piscivorous avian and mammalian wildlife due to the consumption of
contaminated fish have been observed in association with point source releases of mercury to the
environment.

Concentrations of mercury in the tissues of wildlife species have been reported at levels
associated with adverse health effects in laboratory studies with the same species.

Piscivorous birds and mammals receive a greater exposure to mercury than any other known
receptors.

BAFs for mercury in fish vary widely; however, field data are sufficient to calculate

representative means for different trophic levels. These means are believed to be better estimates
of mercury bioaccumulation in natural systems than values derived from laboratory studies. The
recommended methylmercury BAFs for tropic levels 3 and 4 are 1,600,000 and 6,800,000,
respectively (dissolved basis).

Based upon knowledge of mercury bioaccumulation in fish, and of feeding rates and the identity
of prey items consumed by piscivorous wildlife, it is possible to rank the relative exposure of
different piscivorous wildlife species. Of the six wildlife species selected for detailed analysis,
the relative ranking of exposure to mercury is this: kingfisher > otter > loon = osprey = mink >
bald eagle. Existing data are insufficient to estimate the exposure of the Florida panther relative
to that of the selected species.

Local emissions sources (<50 km from receptors) have the potential to increase the exposure of
piscivorous wildlife well above that due to sources located more than 50 km from the receptors
(i.e., "remote” sources).

Field data are insufficient to conclude whether the mink, otter or other piscivorous mammals
have suffered adverse effects due to airborne mercury emissions.

Field data are insufficient to conclude whether the loon, wood stork, great egret, or other
piscivorous wading birds have suffered adverse effects due to airborne mercury emissions.

Field data are suggestive of adverse toxicological effects in the Florida panther due to mercury.
Unfortunately, the interpretation of these data is complicated by the co-occurrence of several
other potentially toxic compounds, habitat degradation, and loss of genetic diversity. Field data
suggest that bald eagles have not suffered adverse toxic effects due to airborne mercury
emissions.

ES-8



Reference doses (RfDs) for methylmercury, defined as chronic NOAELSs, were determined for
avian and mammalian wildlife. Each RfD was calculated as the toxic dose (TD) from laboratory
toxicity studies, divided by appropriate uncertainty factors. The RfD for avian species is 21
pa/kg bw/d (mercury basis). The RfD for mammalian wildlife is 18 pg/kg bw/d (mercury basis).

Based upon knowledge of mercury exposure to wildlife and its toxicity in long-term feeding
studies, WC values can be calculated for the protection of piscivorous avian and mammalian
wildlife. A WC value is defined as the concentration of total mercury in water which, if not
exceeded, protects avian and mammalian wildlife populations from adverse effects resulting
from ingestion of surface waters and from ingestion of aquatic life taken from these surface
waters.

The methylmercury WC for protection of piscivorous avian wildlife is 61 pg/L (mercury basis).

The methylmercury criterion for protection of piscivorous mammalian wildlife is 50 pg/L
(mercury basis).

The final methylmercury criterion for protection of piscivorous wildlife species is 50 pg/L. This
value corresponds to a total mercury concentration in the water column of 641 pg/L, and
methylmercury concentrations in fish of 0.077 ppm (trophic level 3) and 0.346 ppm (trophic
level 4).

Modeled estimates of mercury concentration in fish around hypothetical mercury emissions
sources predict exposures within a factor of two of the WC. The WC, like the human RfD, is
predicted to be a safe dose over a lifetime. It should be noted, however, that the wildlife effects
used as the basis for the WC are gross clinical manifestations. Expression of subtle adverse
effects at these doses cannot be excluded.

The adverse effect level (population impacts on piscivorous wildlife) for methylmercury in fish
that occupy trophic level 3 lies between 0.077 and 0.3 ppm. A comparison of this range of
values with published residue levels in fish suggests that it is probable that individuals of some
highly exposed wildlife subpopulations are experiencing adverse toxic effects due to airborne
mercury emissions.

There are many uncertainties associated with this analysis, due to an incomplete understanding of
the biogeochemistry and toxicity of mercury and mercury compounds. The sources of uncertainty
include the following:

Variability in the calculated BAFs is a source of uncertainty. BAFs given in this Report relate
methylmercury in fish to dissolved methylmercury levels in the water column. Methods for the
speciation of mercury in environmental samples are rapidly improving but remain difficult to
perform. Questions also remain concerning the bioavailability of methylmercury associated with
suspended particulates and dissolved organic material. Local biogeochemical factors that
determine net methylation rates are not fully understood. The food webs through which mercury
moves are poorly defined in many ecosystems and may not be adequately represented by a four-
tiered food chain model.

The representativeness of field data used in establishing the BAFs is a source of uncertainty.
The degree to which the analysis is skewed by the existing data set is unknown. A
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disproportionate amount of data is from north-central and northeastern lakes. The uncertainty
associated with applying these data to a national-scale assessment is unknown.

Limitations of the toxicity database present a source of uncertainty. Few controlled studies of
guantifiable effects of mercury exposure in wildlife are available. These are characterized by
limited numbers of dosage levels, making it difficult to establish NOAEL and LOAEL values.

The toxic endpoints reported in most studies can be considered severe, raising questions as to the
degree of protection against subtle effects offered by RfD and WC values. Use of less than
lifetime studies for prediction of effects from lifetime exposure is also a source of uncertainty.

Concerns exist regarding the possibility of toxic effects in species other than the piscivorous
birds and mammals evaluated in this Report. Uncertainty is associated with mercury effects in
birds and mammals that prey upon aquatic invertebrates and with possible effects on amphibians
and aquatic reptiles. Uncertainty is also associated with mercury effects in fish. Toxicity to
terrestrial ecosystems, in particular soil communities, is another source of uncertainty.

Lack of knowledge of wildlife feeding habits is a source of uncertainty. Existing information
frequently is anecdotal or confined to evaluations of a particular locality; the extent to which this
information can be generalized is open to question. In some instances, the feeding habits are
relatively well characterized (e.g., Florida panther), whereas the extent of mercury contamination
of prey is poorly known (e.g., in raccoons).

While the methods used to assess toxicity focus on individual-level effects, the stated goal of the
assessment is to characterize the potential for adverse effects in wildlife populations. Factors
that contribute to uncertainty in population-based assessments include: variability in the
relationship between individuals and populations; lack of data on carrying capacity; and
relationships of one population, of the same or different species, to another population.

A focus on populations may not always be appropriate. This could be true for endangered
species, which may be highly dependent for the survival of the species on the health of a few
individuals. This may also be true for some regional or local populations of widespread species;
the local population may be "endangered" and, thus, dependent on the survival of individuals.

Multiple stressor interactions involving chemical effects are, in general, poorly known. Even

less well known are the possible impacts of land and water use practices on water quality and
large-scale ecosystem attributes (e.g., community structure and biodiversity).
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1. INTRODUCTION

Section 112(n)(1)(B) of the Clean Air Act (CAA), as amended in 1990, requires the U.S.
Environmental Protection Agency (U.S. EPA) to submit a study on atmospheric mercury emissions to
Congress. The sources of emissions that must be studied include electric utility steam generating units,
municipal waste combustion units and other sources, including area sources. Congress directed that the
Mercury Study evaluate the rate and mass of mercury emissions, health and environmental effects,
technologies to control such emissions and the costs of such controls.

In response to this mandate, U.S. EPA has prepared an eight-volume Mercury Study Report to
Congress. The eight volumes are as follows:

l. Executive Summary

Il. An Inventory of Anthropogenic Mercury Emissions in the United States
M. Fate and Transport of Mercury in the Environment

V. An Assessment of Exposure to Mercury in the United States

V. Health Effects of Mercury and Mercury Compounds

VI. An Ecological Assessment for Anthropogenic Mercury Emissions in the United States

VIl.  Characterization of Human Health and Wildlife Risks from Mercury Exposure in the
United States

VIIl.  An Evaluation of Mercury Control Technologies and Costs

This volume (Volume VI) is an ecological assessment of airborne mercury emissions. It provides
an overview of the ecological effects of mercury, uses published data on fish residues as well as
modeling predictions from Volume Ill to assess potential ecological exposures, and reviews available
toxicity and bioaccumulation data for the purpose of developing qualitative statements about the risk of
airborne mercury emissions to piscivorous avian and mammalian wildlife. In addition, these data are
used to calculate a criterion value for the protection of piscivorous wildlife species, using the same
general methodology employed in the Great Lakes Water Quality Initiative (U.S. EPA 1993b, 1993c,

1995h).

Volume VI is organized according to the format provided by U.S. EPA's Framework for
Ecological Risk Assessment (U.S. EPA, 1992a). Chapter 2 corresponds to the problem formulation
phase of the assessment and reviews the potential ecological impacts of mercury. Based upon this
information, it is concluded that piscivorous avian and mammalian wildlife are potentially at risk due to
airborne mercury emissions. A conceptual model is presented to describe how airborne mercury
becomes concentrated in aquatic biota, which serve as the primary food source for piscivorous wildlife.
An exposure analysis is presented in Chapter 3, and effects are analyzed in Chapter 4. Effects and
exposure information are considered together in Chapter 5 as a means of assessing the risk of airborne
mercury emissions to piscivorous avian and mammalian wildlife. Chapter 6 lists the main conclusions of
this report, while Chapter 7 presents a list of critical research needs. References are provided at the end
of this Volume in Chapter 8. An ecological risk characterization for mercury is presented separately in
Volume VII of this Report.

The scope of this assessment is limited to consideration of only mercury that is emitted directly
to the atmosphere. The origins and extent of these emissions are reviewed in Volume Il of this Report.
This analysis does not address mercury originating from mine leachate, the manufacturing and disposal
of batteries, dental amalgam (in municipal wastewater), or the application of mercurial pesticides. In a
number of instances, these and other "point" sources have been related to unacceptably high mercury

1-1



levels in fish, triggering site-specific fish consumption advisories. Clearly, where such point sources
exist, there is a need to address the combined impacts of mercury originating from all sources, including
air emissions.

The exposure analysis for piscivorous wildlife was designed to address the following questions:

. What is the current degree of exposure of piscivorous avian and mammalian wildlife?

. In what broad geographical areas of the continental United States is there a high
probability for co-occurrence of high mercury deposition rates and wildlife species of
concern?

. What is the relative increase in exposure that can be anticipated for wildlife species that

live in proximity to mercury emissions sources?

The first of these questions was addressed by defining what piscivorous wildlife eat and then
characterizing the mercury content of these food items. The second question was addressed by
superimposing the results of a long-range transport analysis onto wildlife distribution information. The
last question was addressed by using the results of a local-scale air dispersion model, combined with an
indirect exposure methodology, to generate hypothetical exposure scenarios for wildlife. This short-
range analysis is similar to that used in the human health exposure assessment (Volume 1V). Descriptions
of the long- and short-range air dispersion models and the indirect exposure methodology are provided in
Volume 1.

The primary goal of the effects analysis was to identify and review toxicity studies with wildlife
species that could be used to estimate chronic NOAEL values for avian and mammalian wildlife. In
addition, field data were reviewed as a means of comparing mercury residues in wild animals with those
shown to associated with toxic effects in laboratory or other studies.

Finally, exposure and effects information are reviewed in an effort to develop qualitative
statements about the risk of mercury emissions to piscivorous avian and mammalian wildlife. This
assessment includes a review of previously published efforts to assess the risk of mercury to several
wildlife species living in restricted geographical locals. Exposure and effects information are also used
to calculate a water-based wildlife criterion value for mercury, which, if not exceeded, would be
protective of piscivorous avian and mammalian wildlife. The general method used to calculate this
criterion value is similar to that used previously to estimate criterion values for mercury in the Great
Lakes Water Quality Initiative (U.S. EPA 1993b, 1993c, 1995b). An effort was made to calculate fish
residue concentrations corresponding to this criterion value. These residue values were then compared
with measured values obtained in environmental sampling efforts. Owing to its importance for both the
ecological and human health assessments, published data for fish and other aquatic biota were evaluated
to calculate bioaccumulation factors (BAFs) for methylmercury and to characterize the uncertainties
associated with these estimates. The data and methods used to derive these BAFs are presented in
Appendix D of Volume Ill. A summary of this material is provided in Chapter 5 of the present Volume.
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2. PROBLEM FORMULATION

U.S. EPA defines ecological risk assessment as "a process that evaluates the likelihood that
adverse ecological effects may occur or are occurring as a result of exposure to one or more stressors"
(U.S. EPA, 199243, 1996). A "stressor" is defined as any chemical, biological, or physical entity that can
induce an adverse response of ecological components, i.e., individuals, populations, communities, or
ecosystems. Although ecological risk assessment follows the same basic risk paradigm as human health
risk assessment, there are three key differences between the two types.

. Ecological risk assessment can consider effects on populations, communities and
ecosystems in addition to effects on individuals of a single species.

. No single set of ecological values to be protected is applicable in all cases; instead, they
must be selected for each assessment based on both scientific and societal merit.

. Nonchemical stressors (e.g., physical disturbances) often need to be evaluated as well as
chemical stressors.

The problem formulation phase of an environmental risk assessment consists of four main
components: (1) integrating available information on the stressors, potential exposure pathways,
ecosystems potentially at risk, and ecological effects; (2) selecting assessment endpoints (the ecological
values to be protected); (3) developing a conceptual model of the problem; and (4) formulating an
analysis plan for the exposure and effects characterization phases of the assessment.

Section 2.1 reviews the characteristics of mercury in the environment, including its various
chemical forms (speciation), chemical transformations and movement within and between the air, surface
water, and soil compartments of the environment (cycling). Section 2.2 identifies the pathways by which
plants and animals can be exposed to mercury in both aquatic and terrestrial ecosystems. Section 2.3
provides an overview of what is known about the effects of mercury on organisms, populations,
communities and ecosystems. Section 2.4 identifies ecosystems and ecosystem components that are
thought to be most at risk from mercury in the environment. Section 2.5 describes the selection of
assessment and measurement endpoints for the ecological risk assessment. A conceptual model of
mercury fate and effects in the environment is presented in Section 2.6. An analysis plan for the
exposure and effects characterizations is provided in Section 2.7.

It should be noted that this review of mercury fate and effects is limited to consideration of only
terrestrial and freshwater aquatic ecosystems. It is recognized that mercury that deposits in coastal areas
can be translocated to estuarine environments, and that biota which inhabit these and nearby marine
systems have the potential to be adversely impacted. Presently, however, uncertainties regarding
mercury deposition, cycling, and effects in such environments are so great as to preclude even a
gualitative risk assessment.

2.1 Stressor Characteristics: Mercury Speciation and Cycling
Mercury in the environment can occur in various physical and chemical forms. Physically,
mercury may exist as a gas or liquid, or it may be associated with solid particulates. Chemically,

mercury can exist in three oxidation states:

QD Hg’ - elemental mercury, also called metallic mercury;
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2) Hg,* - mercurous ion (monovalent mercury, mercury I); or
3) Hg?* - mercury II (mercuric ion, divalent mercury).

Mercury also reacts with other chemicals to form inorganic compounds (e.g., HgCl, - mercuric chloride)
and organic compounds (e.g., CH;Hg" - monomethylmercury, (CH,),Hg - dimethylmercury, C;H;HgCl -
phenyl mercuric chloride). Figure 2-1 illustrates the major transformations between these different forms
in the environment. Dimethylmercury is highly volatile and dissociates to monomethylmercury at neutral
or acid pH (pH < 8) (Huckabee et al., 1979). In contrast, monomethylmercury is stable and tends to
accumulate in living organisms (Bloom, 1992). Throughout this volume, monomethylmercury is referred
to simply as methylmercury.

Figure 2-1
~ Cycling of Mercury in Freshwater Lakes (adapted from Winfrey and Rudd, 1990)
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As discussed in the box below, methylation is an important step in the mercury cycle that strongly
influences the ecological fate and effects of mercury. Methylmercury is readily accumulated by fish due to
efficient uptake from dietary sources and to low rates of elimination (Bloom, 1992). It is also the most
toxic form of mercury to wildlife (Eisler, 1987).

Mercury cycling and partitioning in the environment are complex phenomena and are influenced
by numerous environmental factors. The following sections provide a brief overview of mercury
speciation and partitioning in the atmosphere, surface water and soil, including information from specific
case studies. For a detailed review, see Volume III of this Report.
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FOCUS ON METHYLMERCURY
Methylmercuyy is the form of mercyrof particular concern in ecpstems for three reasons.

Q) All forms of mercuy can be converted to mgtmercury by natural processes in the environment.
2) Mettylmerculy bioaccumulates and biografies in aquatic food webs.
3) Mettylmercury is the most toxic form of mercyr

In the 1960s, researchers found ngbtiercury in fish in Swedish lakes, althgli no dischage of
methylmerculy had occurred in those lakes (Bakir et al., 1973). Later research determined that yletioreti
mercuy in sediments Y anaerobic sulfur-redudirbacteria was a mar source of metfimercury in mary aquatic
environments (Gilmour and Henr1991; Zillioux et al., 1993). Aerobic bacteria anddiyimcluding yeasts thagrow
best in acid conditions, also can mg#te mercuy (Eisler, 1987; Yannai et al., 1991; Fischer et al., 1995). In additi
fulvic and humic material nyaabiotically metlylate mercuy (Nagase et al., 1984; Lee et al., 1985; Weber, 1993). T
mgor site of metilation in aquatic ystems is the sediment, but mgttion also occurs in the water column (g
and Hamilton, 1982; Xun et al., 1987; Parks et al., 1989; Bloom and Effler, 1990; Y\dnfteRudd, 1990; Bloom et
al., 1991; Gilmour and Heyr1991; Miskimmin et al., 1992). Wetlandsyrze particulast active sites of mettation
(St. Louis et al., 1994; Huneet al., 1995). The rate of mergunettylation varies with microbial actiyt mercuy
loadings, suspended sediment load, DOC, nutrient content, pH, redox conditions, temperature, and other variabjlis.
Demettylation occurs via biotic and abiotic mechanisms, inclgginotodgradation (Sellers et al., 1996). The net ra
of mercuy metlylation is determinedybcompetimy rates of metylation and demetfiation.

Methylmercury bioaccumulates and biogafies in aquatic food webs atdhier rates and togreater extent
than ay other form of mercyr (Watras and Bloom, 1992). "Bioaccumulation” refers to the net uptake of a contanfhant
from the environment into biofical tissue via all pathwe. It includes the accumulation thatynaecur ly direct
contact of skin ogills with mercug-contaminated water as well agi@stion of mercwy-contaminated food.
"Biomagnification" refers to the increase in chemical concentrationgarasms at successiyehigher trophic levels in
a food chain as a result of th@éstion of contaminated gainisms at lower trophic levels. Mgtmercurly can comprise
from 10 percent to over 90 percent of the total mgrauphytoplankton and zooplankton (trophic levels 1 and 2)yM
et al., 1987; Watras and Bloom, 1992), gemeraly comprises over 90 percent of the total merénifish (trophic
levels 3 and 4) (Huckabee et al., 1979; Grieb et al., 1990; Bloom, 1992; Watras and Bloom, 1992). Fish absorb,
methylmercuyy efficiently from dietay sources and store this material iganrs and tissues. The bigical half-life of
mettylmercuwy in fish is difficult to determine but igeneraly thought to rarge from months tgears.

Methylmercury is the most toxic form of mercyto birds, mammals, and aquatiganisms due to its strgn
affinity for sulfur-containig organic compounds (g., proteins). Biolgical membranes, includithe blood-brain
barrier and the placenta, that tend to discrimingégnat other forms of mercyallow relativel eay passge of
methylmercury and dissolved mercywapor (Eisler, 1987). Meytmerculy can cause death, neurgilcal disorders,
organ damge, impaired immune response, impaigeowth and development and reduced reproductive success
(Klaassen, 1986). In mammals, fetuses are partigiudarisitive to mercyr experiencig deleterious developmental
effects when the mothers appear to be unaffected (Clarkson, 1990).

2.1.1 _Mercury in Air

In the atmosphere, most mercury (95 to over 99 percent) exists as gaséous Hg ; the remainder
generally is comprised of gaseous divalent®(Hg ) mercury and mercury associated with particulates
(Lindgvist, 1991; MDNR, 1993). Gaseous methylmercury may also may exist in air at measurable
concentrations, especially near mercury emissions sources. Mercury associated with particulates in air
includes Hg" , which is thought to occur primarily as mercuric chloride (MDNR, 1993).

The form of mercury in air affects both the rate and mechanism by which it deposits to earth.
Oxidized and particulate mercury are more likely to be deposited than Hg because they are more soluble
in water and are scavenged by precipitation more easily. They are also thought to be dry deposited more
easily. As a result, oxidized and particulate forms of mercury are thought to comprise the majority of
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deposited mercury, even though they comprise only a few percent of the total amount of mercury in the
atmosphere (Lindqvist, 1991).

Wet deposition is thought to be the primary mechanism for transporting mercury from the
atmosphere to surface waters and land (Lindgvist, 1991). In the Great Lakes area, for example, wet
deposition is believed to account for 60 to 70 percent of total mercury depositiéh. Hg is the
predominant form in precipitation (MDNR, 1993).

2.1.2 Mercury in Surface Water

Mercury can enter surface water as’Hg >Hg , or methylmercury. Once in aquatic systems,
mercury can exist in dissolved or particulate forms and can undergo the following transformations (see
Figure 2-1) (Lindgvist et al., 1991; Winfrey and Rudd, 1990).

. Hge in surface waters can be oxidized t&"Hg or volatilized to the atmosphere.

. Hg?* can be methylated in sediments and the water column to form methylmercury.

. Methylmercury can be alkylated to form dimethylmercury.

. Hg? and methylmercury can form organic and inorganic complexes with sediment and

suspended particulate matter.

Each of these reactions can also occur in the reverse direction. The net rate of production of each
mercury species is determined by the balance between forward and reverse reactions.

Estimates of the percent of total mercury in surface waters that exists as methylmercury vary.
Generally, methylmercury makes up less than 20 percent of the total mercury in the water column (Kudo
et al., 1982; Parks et al., 1989; Bloom and Effler, 1990; Watras et al., 1995a). In lakes without point
source discharges, methylmercury frequently comprises ten percent or less of total mercury in the water
column (Lee and Hultberg, 1990; Lindgvist, 1991; Porcella et al., 1991; Watras and Bloom, 1992;
Driscoll et al., 1994, 1995; Watras et al., 1995b). A review of speciation data collected to date suggests
that methylmercury as a percent of total averages just under 8 percent (see Volume lll, Appendix D of
this Report).

Contaminated sediments can serve as an important mercury reservoir, with sediment-bound
mercury recycling back into the aquatic ecosystem for decades or longer. Biological processes affect this
recycling process. For example, sulfate-reducing bacteria may mediate mercury methylation (Gilmour
and Henry, 1991). Benthic invertebrates may take up mercury from sediments, making it available to
other aquatic animals through the food chain and to vertebrates that consume emergent aquatic insects
(Hildebrand et al., 1980; Wren and Stephenson, 1991; Dukerschein et al., 1992; Saouter et al., 1993;
Tremblay et al., 1996; Suchanek et al., 1997). Chemical factors, such as reduced pH, may stimulate
methylmercury production at the sediment/water interface and thus may accelerate the rate of mercury
methylation resulting in increased accumulation by aquatic organisms (Winfrey and Rudd, 1990).
Attributes of the sediment, including organic carbon and sulfur content, can influence mercury
bioavailability (Tremblay et al., 1995). DOC appears to be important in the transport of mercury to lake
systems but, at high concentrations, may limit bioavailability (Driscoll et al., 1994, 1995).



2.1.3 _Mercury in Sail

Mercury deposited from the air forms stable complexes with soil particles of high organic or
sulfur content and with humic and fulvic acids (Andersson, 1979; WHO, 1989; Johansson et al., 1991;
Yin et al., 1996). These chemical bonds limit mercury's mobility in soils and its availability for uptake
by living organisms. In general, the distribution of mercury in soil is likely to follow the distribution of
organic matter. Mercury has a long retention time in soils. As a result, mercury that has accumulated in
soils may continue to be released to surface waters for long periods of time, possibly hundreds of years
(Johansson et al., 1991)

Hg?* in soils can be transformed to other mercury species. Bacteria and organic substances can
reduce H§" to HY , releasing volatile elemental mercury to the atmosphere. Alternatively, bacteria and
organic substances can methylate mercury, and subsequently demethylate it, depending on environmental
conditions (Allard and Arsenie, 1991; Gilmour and Henry, 1991).

Recent measurements of volatile exchange between air and soil indicate that soil emissions could
be similar in magnitude to atmospheric deposition, suggesting that the total sink capacity of soils is less
than previously thought (Kim et al., 1995). Similarly, measurements of canopy emissions indicate that
forest ecosystems may not act as efficient sinks for atmospheric mercury (Lindberg, 1996). Itis
uncertain at present how much these loss processes affect the retention of mercury in upper level soils.

2.2 Potential Exposure Pathways

Plants and animals can be exposed to mercury by direct contact with contaminated environmental
media or ingestion of mercury-contaminated water and food (see Figure 2-2). Mercury deposited in soll
can be a source of direct exposure from physical contact (e.g., earthworms and terrestrial plants).
Animals also can ingest mercury in soil, either purposefully (e.g., earthworms) or incidentally (e.g.,
grazers). Mercury in the air can be taken up directly by terrestrial or aquatic emergent plants or inhaled
by terrestrial animals. Mercury in water can be a source of direct exposure to aquatic plants (e.g., algae
and seagrasses) and animals (e.g., zooplankton and fish) and can be ingested by terrestrial animals in
drinking water. Finally, both aquatic and terrestrial animals can be exposed to mercury in contaminated
food sources.

Not all of these potential exposure pathways are equally important, however. The remainder of
this section evaluates the likely importance of different routes of exposure consequent to mercury release
to air. Section 2.2.1 discusses the fate and bioavailability of mercury in aquatic systems and the
pathways by which aquatic plants and animals can be exposed to mercury directly in contaminated water
or indirectly through aquatic food webs. Section 2.2.2 provides information on the fate and
bioavailability of mercury in terrestrial ecosystems and the pathways by which terrestrial plants and
animals can be exposed. Bioaccumulation of mercury in aquatic and terrestrial organisms is discussed
further in Section 2.3.1.

2.2.1 Exposure Pathways in Aguatic Systems

Figure 2-3 illustrates the potential distribution of mercury in a water body. As shown, mercury
can be present in surface waters in various forms: (1) dissolved in the water; (2) concentrated in the
surface
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microlayer (the uppermost layer of a surface water); (3) attached to seston'; (4) in the bottom sediments;
and (5) in biota (e.g., fish and macroinvertebrates?).

Figure 2-2
Possible Routes of Exposure to Mercury
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The form and location of mercury in a water body determines its bioavailability. For example,
dissolved mercury is available for direct uptake by aquatic plants, fish and invertebrates. Mercury that
concentrates in the surface microlayer is available to organisms that live, reproduce, or feed on the surface
of water bodies (i.e., neuston). Mercury attached to seston can be ingested by aquatic animals that feed on
plankton. Additionally, mercury that has accumulated in the sediments may be available to benthic plants
and animals.

Seston is suspended particulate matter, including detritus (dead organic matter) and plankton (i.e., living
plants and animals that passively float or weakly swim in the water column such as algae, water fleas, and copepods).

ZMacroinvertebrates are invertebrates (i.e., animals without backbones) that are visible to the naked eye,
such as worms, clams, snails, insects and insect larvae, and crayfish.
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Figure 2-3
Distribution of Mercury in a Water Body
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Aquatic plants may take up mercury from air, water or sediments (Crowder, 1991; Ribeyre and
Boudou, 1994). Planktonic plants (i.e., phytoplankton such as algae) are not rooted; therefore, their only
route of exposure is uptake from water. Both submerged aquatic vegetation and wetland emergent plants
are rooted and can be exposed to mercury in sediments. In locations with mercury-contaminated
sediments, mercury levels in aquatic macrophytes® have been measured at 0.01 ug/g, indicating that these
plants do not strongly accumulate mercury from sediments (Wells et al., 1980; Crowder et al., 1988). The
ratio between inorganic and organic mercury varies in plants (Crowder, 1991).

For aquatic animals, the primary exposure routes of concern are direct contact with mercury-
contaminated water and sediments and ingestion of mercury-contaminated food. Fish can absorb mercury
through the gills, skin and gastrointestinal tract (Wiener and Spry, 1995). The proportion of mercury taken
up by any given route varies with fish size, and perhaps also with seasonal factors such as water
temperature, diet and prey availability (Post et al., 1996). These fish then become a source of mercury for
piscivorous birds and mammals. Emergent aquatic insects represent another potential source of mercury
for insectivorous birds and mammals (Dukerschein et al., 1992; Saouter et al., 1993).

3Macrophytes are aquatic plants that are large enough to be visible to the naked eye.
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Mercury in aquatic biota tends to occur at higher concentrations in higher trophic levels (discussed
in more detail in Section 2.3 of this Volume). An example aquatic food web is shown in Figure 2-4. At
the top trophic levels are piscivores, such as humans, bald eagles, cormorants, herring gulls, loons,
kingfishers, mergansers, herons, egrets, ospreys, bald eagles, river otters, mink, alligators, snapping turtles
and water snakes. The largest of these species (e.g., bald eagle and otter) can prey on fish that occupy high
trophic levels, such as trout and salmon, which in tumn feed on smaller "forage” fish, such as smelt, alewife,
minnow, chub, and sculpin. Smaller piscivorous wildlife (e.g., kingfishers, ospreys, and terns) tend to feed
on the smaller forage fish, which in turn feed on zooplankton or benthic invertebrates. Zooplankton (e.g.,
copepods and water fleas) feed on phytoplankton (i.e., microscopic algae), and the smaller benthic

Figure 2-4
Example Aquatic Food Web
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invertebrates tend to feed on algae and detritus. Thus, mercury can be transferred and accumulated
through three or four trophic levels to reach the prey of piscivorous wildlife species. Studies with lake
trout suggest that differences in food web structure can substantially impact mercury accumulation by
large predatory fish (Cabana and Rasmussen, 1994; Cabana et al., 1994; Futter, 1994).

2.2.2 Exposure Pathways in Terrestrial Systems

Several exposure pathways are possible for both plants and animals in terrestrial systems. The
two main pathways by which terrestrial plants can be exposed to mercury are uptake from soils into the
roots and absorption directly from the air. Potential exposure routes for terrestrial animals include the
following: (1) ingestion of mercury-contaminated food; (2) direct contact with contaminated soil; (3)
ingestion of mercury-contaminated drinking water; and (4) inhalation. Food ingestion is of primary
concern for vertebrate carnivores (including humans). Once mercury enters a terrestrial food web, like
that shown in Figure 2-5, it can be transferred in increasing concentrations to higher trophic levels
(Talmage and Walton, 1993). A special case exists when terrestrial carnivores consume prey that have
accumulated mercury originating from aquatic sources. Perhaps the best known example is that of the
Florida panther, which consumes raccoons that have accumulated mercury through consumption of
contaminated fish and shellfish (Roelke et al., 1991).

2.2.2.1 Terrestrial Plants

Uptake by plants plays a major role in the entry of metals to terrestrial food webs. Mercury
uptake by terrestrial vascular plahts can occur through the roots or through the leaves, by way of
stomata (Mosbaek et al., 1988; Crowder, 1991; Maserti and Ferrara, 1991). A vascular plant's uptake of
mercury from the soil depends on soil type, with uptake decreasing as organic matter, which binds
mercury, increases (WHO, 1989). Uptake of mercury through leaves is considered to be a negligible
source of mercury for beech and spruce (Schmidt, 1987) but is an important route for pines and
herbaceous plants (Mosbaek et al., 1988; Maserti and Ferrara, 1991). Bryophytes and lichens have no
roots and take up metals only from air or water (WHO, 1989; Crowder, 1991). Some species of
bryophytes and lichens can bioconcentrate mercury to relatively high levels (e.g., up t@/2@0
Sphagnunsp.) (Siegal et al., 1985). Some woody plants (Bigyssp.) also bioconcentrate mercury
(Siegal et al., 1987).

2.2.2.2 Terrestrial Animals

Dietary exposure is the primary route of mercury uptake for vertebrate members of terrestrial
food webs. Figure 2-5 illustrates a terrestrial food web. Plants are eaten by a wide diversity of
herbivorous animals (e.g., grasshoppers, caterpillars, mice, voles, rabbits, and deer). Insects, earthworms
and other soil macroinvertebrates can accumulate mercury to levels well above those of the soil in which
they reside (Siegel et al., 1975; Helmke et al., 1979; Beyer et al., 1985), and are themselves consumed by
many species of birds, shrews, snakes, and amphibians. Small mammals, birds, reptiles and amphibians
are consumed by larger predators, such as owls, hawks, eagles, mink, and wolves. Thus, mercury can be
transferred and accumulated through two or three trophic levels to reach the prey of top carnivores in
terrestrial systems.

“Plants with roots, stems, and leaves, such as ferns and seed plants.

5Stomata (plural of stoma) are the minute opgsin the epidermis of leaves, stems, or other playatnsr
that allowgas to diffuse in and out.
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Figure 2-5
Example Terrestrial Food Web

For these tetrestrial animals, exposure to mercury depends largely on the animal's feeding strategy.
For example, generalist herbivores (plant-eaters) may be less exposed to mercury than species that are
specialized in or restricted to feeding on highly exposed plant species (e.g., reindeer foraging mostly on
lichens and bryophytes).

2.2.3 Summary of Aquatic and Terrestrial Exposure Pathways

Food chain transfers of mercury are thought to be the most important exposure pathway in both
aquatic and terrestrial ecosystems. Mercury, however, tends to bioaccumulate and biomagnify more
strongly in aquatic than in terrestrial ecosystems. There are several possible explanations for this
observation. First, the transfer of metals to higher trophic levels depends to some extent on where the
metals are stored within prey organisms. Birds and mammals accumulate mercury in their feathers and fur,
which are not eaten or are poorly digested. In contrast, most of the mercury in fish is contained in muscle
tissue, which is consumed and digested by piscivorous wildlife. In addition, mercury in terrestrial food
webs frequently exists in an inorganic form, rather than as methylmercury. Inorganic mercury accumulates
to only a limited extent in plants and soil organisms and does not biomagnify in the organisms that feed on
them. Finally, aquatic food chains often include more trophic levels than terrestrial food chains. A typical
food chain in aquatic systems would consist of: phytoplankton/algae/detritus ~ zooplankton/benthic
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invertebrates small forage fish- larger piscivorous fish. Piscivorous birds and mammals would

represent the fifth step in the chain. In some cases a sixth step exists, as when a bald eagle consumes a
piscivorous herring gull. A typical food chain in terrestrial systems might be: plamsil herbivorous
mammals- predatory birds and mammals. Another typical terrestrial food chain would be:-plants
herbivorous insects small birds- birds of prey. In these examples, the top predators represent the third
and fourth step in the chain (although additional steps are possible), instead of the fifth or sixth level as
can be the case for agquatic systems.

2.3 Ecological Effects

This section provides an overview of potential effects of mercury on ecosystems and components
of ecosystems. Contaminants such as mercury can affect individual organisms, populations,
communities, or ecosystems (see Table 2-1). Effects on individuals can be lethal or sublethal, including
behavioral, reproductive and developmental effects. Additionally, effects can be immediate, due to acute
(short-term) exposures or may be manifested only after chronic (long-term) exposures.

In animals, toxic effects caused by mercury exposure vary depending on a number of factors,
including but not limited to these:

. delivered dose (i.e., amount and duration of exposure);

. the form of mercury to which an organism is exposed,;

. physical and chemical parameters of the environment (e.g., pH, temperature, and DOC);

. the extent to which an organism is exposed to other chemical or non-chemical stressors;

. the life stage, age, sex, species, and physiological condition of the exposed organism;
and

. the extent to which the organism can detoxify or eliminate absorbed mercury.

The remainder of this section provides an overview of potential adverse ecological effects of mercury.
Section 2.3.1 discusses the bioaccumulation and biomagnification of mercury in food chains, Section

2.3.2 reviews individual-level effects, Section 2.3.3 reviews population-level effects, and Section 2.3.4
reviews effects on communities and ecosystems.

2.3.1 _Bioaccumulation of Mercury

As discussed previously, plants and animals may absorb mercury from direct exposure to
contaminated media. In addition, animals can acquire mercury through ingestion of mercury-
contaminated food. These pathways determine how much mercury an organism is exposed to from
outside sources. An additional factor that determines the effect of mercury on ecological systems is how
much mercury is accumulated by organisms. Mercury accumulation can result in concentrations in
exposed plants and animals that are higher than those in surrounding media or in ingested food. This
section outlines the basic processes by which mercury accumulates and introduces the different ways that
chemical accumulation in biological systems is measured and expressed.
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Table 2-1
Examples of Effects of Contaminants on Ecosystem Components

Component Examples of Effects

Charge in respiration

Charge in behavior (€., migration, predator-pseinteractions)
Inhibition or induction of engmes

Individual Increased susceptibjlito pathgens

Decreasedrowth

Decreased reproduction

Death

Decreasedenot/pic and phengpic diversity
Decreased biomass

Increased mortaljtrate

Decreased fecungitate

Population Decreased recruitmenfjwfeniles
Increased frequegof disease
Decreasegield

Charge in aje/size class structure
Extinction

Decreased species diveysit
Charge in species composition
Communiy Decreased food web diversit
Decreased productiyit
Increased ahl blooms

Decreased diversitof communities
Ecog/stem Altered nutrientyeling
Decreased resilience

Three terms are commonly used to describe the mechanism by which a contaminant accumulates
in living tissues. The term "bioconcentration" refers to the accumulation of a chemical that occurs as a
result of direct contact of an organism with its surrounding medium (e.g., uptake by a fish from water
through the gills and epithelial tissue or uptake by earthworms from soil through the skin) and does not
include the ingestion of contaminated food. The term "bioaccumulation” refers to the net uptake of a
contaminant from all possible pathways and includes the accumulation that may occur by direct exposure
to contaminated media as well as uptake from food. The term "biomagnification" refers to the increase in
chemical concentration in organisms at successively higher trophic levels as a result of the ingestion of
contaminated organisms at lower trophic levels. Mercury is known to bioconcentrate, bioaccumulate and
biomagnify. In fact, mercury is one of the few metals that is known to biomagnify in aquatic food webs.

Different numerical factors are used to estimate the extent to which a contaminant
bioconcentrates, bioaccumulates and biomagnifies.
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. The bioconcentration factor (BCF) is the ratio of a substance's concentration in tissues
(generally expressed on a whole-body basis) to its concentration in the surrounding
medium (e.g., water or soil) in situations where an organism is exposed through direct
contact with the medium.

. The bioaccumulation factor (BAF) is the ratio of a substance's concentration in tissue to
its concentration in the surrounding medium (e.g., water or soil) in situations where the
organism is exposed both directly and through dietary sources.

. The biota-sediment accumulation factor (BSAF) is a specialized form of the BAF that
refers to the chemical concentration in an aquatic organism divided by that in surficial
(aquatic) sediments. To date it has been applied only to bioaccumulative organic
compounds, but in principal it could be applied to mercury also. When applied to
organic compounds, chemical concentrations in tissues and sediment are generally
normalized for lipid content and organic carbon content, respectively.

. The predator-prey factor (PPF, also known as the biomagnification factor, or BMF) is the
factor by which a substance's concentration in the organisms at one trophic level exceeds
the concentration in the next lower trophic level. For example, the PPF for mercury at
trophic level 4 equals the observed mercury concentration in trophic level 4 organisms
divided by mercury concentration in trophic level 3 organisms.

. The food chain multiplier (FCM) is the factor by which the BAF of a substance at
trophic level 2 or higher exceeds the BCF at trophic level 1. Implied by this definition is
the assumption that organisms at trophic level 1 are at or near chemical equilibrium with
their environment.

Although generally developed for individual organisms, BAF, BSAF, PPF and FCM values can
also be viewed as trophic-level specific. Depending on environmental levels of mercury, sufficient
mercury may accumulate in organisms at one or more trophic levels to produce adverse effects at the
individual, population, community or ecosystem level.

Mercury accumulates in an organism when the rate of uptake exceeds the rate of elimination. All
forms of mercury can accumulate to some degree; however, methylmercury generally accumulates to a
greater extent than other forms. Methylmercury is absorbed into tissues quickly and becomes
sequestered due to covalent reactions with sulfhydryl groups in proteins and other macromolecules (see
Section 4 of this Volume for more detail). Inorganic mercury can also be absorbed but is usually taken
up at a slower rate and with lower efficiency than methylmercury. Elimination of methylmercury takes
place very slowly resulting in tissue half-lives (the time required for half of the mercury in the tissue to
be eliminated) ranging from months to years (Westermark et al., 1975). Elimination of methylmercury
from fish is so slow that long-term reductions of mercury concentrations in fish are often due mainly to
growth of the fish. In comparison, other mercury compounds are eliminated relatively quickly, resulting
in reduced levels of accumulation (Eisler, 1987).

Methylmercury and total mercury concentrations both tend to increase in aquatic organisms as
the trophic level in aquatic food webs increases. In addition, the proportion of total mercury that exists
as methylmercury generally increases with trophic level (May et al., 1987; Watras and Bloom, 1992;
Becker and Bigham, 1995; Hill et al., 1996; Tremblay et al., 1996; Mason and Sullivan, 1997).
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Accordingly, mercury exposure and accumulation is of particular concern for animals at the highest
trophic levels in aquatic food webs and for animals that feed on these organisms.

2.3.1.1 Field-derived BAFs, BSAFs, and PPFs

In this section, BCFs for organisms that occupy the base of aquatic food chains are reviewed,
along with BSAFs for fish and PPFs for avian and mammalian piscivores. BSAFs for earthworms and
benthic invertebrates are also presented because both represent possible vectors for mobilization of
sediment-associated mercury and subsequent translocation to wildlife. Median BAFs for fish occupying
trophic levels 3 and 4 are derived in Volume IlI, Appendix D. A summary of these calculations is
presented in Chapter 5 of this Volume.

Recent studies with marine phytoplankton suggest that mercury accumulation at the lowest levels
of aquatic food webs is controlled largely by the availability of neutral mercury complexes (primarily
HgCl, and CH HgCl) (Mason et al., 1996). Factors that can alter the concentration of these neutral
species include pH, chloride concentration, and the amount of dissolved organic material. Additionally,
it was found that most (63%) of the methylmercury that diffuses into phytoplankton becomes localized in
the cytoplasm. Copepods assimilated almost all of this cytoplasmic mercury when they were fed
contaminated phytoplankton. In contrast, inorganic mercury was concentrated predominantly (91%) in
cell membranes and was poorly (15%) assimilated. Research on a Lake Michigan food web suggests that
similar mechanisms may be responsible for controlling mercury uptake by freshwater phytoplankton
(Mason and Sullivan, 1997). Such studies are extremely important, since mercury uptake at the lowest
trophic levels is likely to be the single most important determinant of levels achieved by fish and
piscivorous wildlife.

Data published by Becker and Bigham (1995) can be used to calculate a methylmercury BCF of
107,000 for phytoplankton in Onondaga Lake. Corrected for the (assumed) percentage of methylmercury
in lake water (8%) and phytoplankton (24%), these data give a total mercury BCF of approximately
36,000. Using total mercury data reported by Mason and Sullivan (1997), and assuming that dry weight
is 10% of wet weight, a BCF of about 7,000 can be calculated for phytoplankton in Lake Michigan.

BCFs (total mercury basis, approximated fronfHg data) ranging from about 2,000 to 40,000 were
reported for periphyton collected from two streams in eastern Tennessee (Hill et al., 1996). A total
mercury BCF of approximately 20,000 was reported for phytoplankton in a northern Wisconsin lake
(reference basin; Watras and Bloom, 1992). Expressed on a methylmercury basis, the BCF for
phytoplankton in the same Wisconsin lake was approximately 90,000.

BAFs for zooplankton, expressed as ratios of total mercury, can be calculated from data
presented by Sorenson et al. (1990), Lindgvist (1991) and Mason and Sullivan (1997). Respectively, the
calculated values are 35,600, 285,000, and 3,100. A BAF of approximately 56,200 was reported for
zooplankton by Watras and Bloom (1992; reference basin). Expressed on a methylmercury basis, the
BAF measured by Watras and Bloom (1992) was about 1,000,000. Total mercury BAFs estimated for
zooplankton in 12 northern Wisconsin lakes ranged from about 4,800 to 270,000 (Back and Watras,
1995). BAFs expressed on a methylmercury basis for the same 12 lakes ranged from about 11,000 to
12,600,000. Much of this variability appeared to be correlated (inversely) with lakewater DOC content.
Work conducted by Slotten et al. (1995) and Suchanek et al. (1997) suggests that mercury
bioaccumulation by zooplankton may vary seasonally, although in both of these studies data
interpretation was complicated by the presence of mercury point sources. Becker and Bigham (1995)
reported a methylmercury BAF of approximately 87,000 for zooplankton in Onondaga Lake, which has
also received substantial mercury inputs from local point sources.
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To date, BSAFs for mercury in aquatic biota have been estimated by only a few authors (e.qg.,
Tremblay et al., 1996); however, a substantial amount of data exists that allows such calculations to be
made. Hildebrand et al. (1980) observed a linear relationship between total mercury in sediment and that
in benthic invertebrates. A BSAF of approximately 0.4 is obtained from the slope of this relationship
(after expressing benthos data on a dry weight basis). The relationship between total mercury in fish
(rock bass and hog suckers) and that in sediments was reported by Hildebrand et al. (1980) to be
logarithmic. Taking as an average a fish tissue value qigfd(dry weight; converted from 1:3/g
wet weight) and solving for the sediment concentration yields a value gf@/d8 The BSAF is equal
to the ratio of fish and sediment values, or approximately 1.4. Total mercury data presented by Sorenson
et al. (1990) yield BSAFs (dry weight basis) of approximately 2.0 and 10.1 for zooplankton and northern
pike, respectively. Data presented by Wren and MacCrimmon (1986) allow BSAFs to be calculated for
two Ontario lakes that differed considerably with respect to total mercury residues in biota. In both lakes
BSAFs (dry weight basis) were very similar, ranging from approximately 5.1 (clams) to 24.0 (northern
pike) in the less contaminated of the two lakes, and 3.4 (clams) to 27.1 (pike) in the other system. Using
the mid-range of values reported by Lindqgvist (1991), BSAFs (dry weight basis) of approximately 2.2,
17.2, 17.7, and 45.7 are obtained for zooplankton, macroinvertebrates, yellow perch (small and large),
and northern pike (large and small), respectively. Boyer (1982) reported total mercury concentrations in
fish and sediments from several locations on the upper Mississippi River. Expressed on a dry weight
basis, these data yield BSAFs ranging from 2.5 to greater than 50. Using "canal median" total mercury
data from Stober et al. (1995), a BSAF (wet weight basis) of about 0.6 can be calculated for mosquitofish
in the Florida Everglades region. This value would increase somewhat if expressed on a dry weight
basis. Saouter et al. (1993) exposed mayflies for 10 days to methylmercury in sediment and obtained a
BSAF (wet weight basis) of 4.0. A BSAF for zooplankton of about 1.4 (dry weight basis) can be
calculated from mean total mercury data obtained in a survey of 73 Canadian lakes (Tremblay et al.,
1995). Tremblay et al. (1996) reported the BSAF (dry weight basis) for aquatic insects to be about 3.0
when calculated using total mercury data, and from 6.0 to 22.0 when expressed on a methylmercury
basis.

In summary, BSAFs calculated for total mercury in aquatic biota ranged from 0.4 to about 50
and, within a given system, appeared to increase with trophic level. In terms of both magnitude and the
increase with trophic level, BSAFs for mercury are similar to BSAFs reported for hydrophobic organic
compounds (lipid/carbon normalized). It could be hypothesized, therefore, that similar processes are at
work. This is unlikely, however, since bioaccumulation of organic compounds is largely a partitioning
process, while for mercury the chemical interactions tend to more specific, often involving the formation
of covalent bonds. Because mercury does not partition into lipid, normalization for lipid content makes
little sense. The existence of strong relationships between mercury and organic carbon content (see for
example Wiener et al., 1982; Lindqvist, 1991) suggests, however, that some type of sediment carbon
normalization may be appropriate. A single study by Tremblay et al. (1996) suggests that within a given
system BSAFs expressed on a methylmercury basis will exceed values calculated using total mercury
data. While likely at higher trophic levels, additional data at lower trophic levels are needed to determine
the extent to which this observation may be generalized.

Limited data are available that allow calculation of BSAFs for earthworms. The concentration of
mercury in earthworms collected from an uncontaminated field site was 27.1 times that of soil and 6.9
times that of decaying vegetation (dry weight basis) (Siegel et al., 1975). In a 12 week laboratory
exposure, earthworms accumulated an average of 21.3 times the mercury concentration of the soil to
which they were exposed (including control and treatment groups) (Beyer et al., 1985).
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PPFs for piscivorous birds and mammals are difficult to determine accurately because residue
data cannot be attributed with any specificity to residues in a particular prey item; feeding observations
for the species in question are rarely reported in these studies. Where possible, PPFs were estimated by
constructing rough averages of residue values in prey items occupying similar trophic levels. For this
analysis, mink, mergansers, and loons were assumed to feed exclusively at trophic level 3. River otters
were assumed to feed at trophic levels 3 (80%) and 4 (20%).

PPFs calculated for piscivorous birds from breast muscle mercury levels ranged from 1.7 for the
hooded merganser (Vermeer et al., 1973) to 7.7 for the herring gull (Wren et al., 1983). Intermediate
values were calculated for the common merganser (2.5) (Vermeer et al., 1973) and loon (6.8) (Wren et
al., 1983). Data collected by Wren et al. (1996) from Muskota, Ontario, permit PPFs to be calculated for
mink and otter. Calculated from liver residues, these data yield PPFs of 6.2 and 4.7, respectively.
Muscle tissue data reported in the same study yield PPFs of 8.1 and 1.7 for mink and otter, respectively.
A PPF of 3.0 (muscle tissue basis) can be calculated for otters from Tadenac Lake, Ontario (Wren et al.,
1993). Averaged across sampling locations and assuming consumption of the fish species analyzed,
PPFs of 2.7 (muscle basis) and 5.7 (liver basis) may be estimated for otters in Georgia (Halbrook et al.,
1994).

In a study designed specifically to assess the degree of mercury biomagnification in piscivorous
mammals, liver residues were paired by location with residue levels in fish (Foley et al., 1988). These
data yield PPFs of 3.9 and 3.4 for mink and otter, respectively. Kucera (1983) reported that the ratio of
mercury concentrations in mink and otter to that in predatory fish in the same region was about 10. A
similar conclusion was reached by Francis and Bennett (1994) for otters in northern Michigan, based
upon an analysis of liver tissues. Thus, it can be shown that mercury biomagnifies in piscivorous
wildlife, although the extent of this biomagnification is less than that typically reported for persistent
organic compounds. For example, data reported by Braune and Norstrom (1989) suggest that the PPF for
PCBs in piscivorous birds can approach 100. These observations have led to the suggestion that mercury
is eliminated by piscivorous wildlife in feathers and fur, and perhaps also via a demethylation pathway
(Wren et al., 1986); however, extensive elimination would be expected to result in PPFs of 1 or less.

2.3.1.2 Mercury Residues in Fish

Consistent with a need to characterize the exposure of piscivorous avian and mammalian wildlife
to mercury, an effort was made to estimate "national average" values for mercury in fish at trophic levels
3 and 4. The calculation of true "national average" values would require the collection of a large number
of samples from randomly selected lakes and rivers. Instead, the published literature contains a number
of papers in which mercury concentrations are given for relatively small numbers of fish from restricted
geographical regions. Many of these studies were initiated due to known or suspected problems with
mercury in the region of interest. Thus, a sample developed from a compilation of these data could be
biased toward the high-end of the distribution of mercury concentrations nationwide.

A survey of the literature revealed only three nationwide fish collection efforts that used
consistent sampling and mercury measurement techniques. In a study conducted by U.S. EPA, samples
were obtained from 374 sites across the U.S. (U.S. EPA, 1992b; Bahnick et al., 1994). Site selection was
based partly on proximity to suspected point and non-point pollution sources, and a majority of sites were
located on streams and rivers. Additionally, fish were collected from 35 "remote" sites that were thought
to provide background pollutant concentrations in fish. Whole-body mercury levels were determined for
bottom feeders, and mercury levels in fillets were analyzed for game fish. The maximum mercury level
detected was 1.80g/g wet weight, and the mean across all fish and sites wag@@§see Table 2-2).
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The highest values were detected in piscivorous game fish (trophic level 4), including walleye, bass and
northern pike. Lower levels were found in herbivores (e.g., carp and sucker), omnivores (e.g., catfish),
and species that prey extensively on insects (e.g., trout and crappie). In general, this sampling effort did
not address fish that occupy trophic level 3 (forage fish).

Table 2-2
Nationwide Average of Mercury Residues in Fish
Fish Species Mercury Concentration Averaged Across
Sampling Sitesy(g/g wet weight)
Carp 0.11
Sucker (White, Redhorse and Spotted) 0.17
Catfish (Channel and Flathead) 0.16
Bass (Largemouth, Smallmouth and White) 0.38
Walleye pike 0.52
Northern pike 0.31
Crappie 0.22
Brown Trout 0.14
Mean of All Fish Sampled 0.26

Source: Bahnick et. al., 1994.

Mercury levels in fish were measured at over 100 sites as part of the National Contaminant
Biomonitoring Program (NCBP) administered by the U.S. Fish and Wildlife Service. Two compilations
of NCBP mercury data have been published. The first summarizes data collected from 1978-1981 (Lowe
et al., 1985). The second reports on data collected from 1984-1985 and draws comparisons with the
results
of the earlier study (Schmitt and Brumbaugh, 1990). As with the Bahnick et al. (1994) study, most of the
sampling sites were located on streams and rivers, many of which receive municipal and other waste. In
addition, similar species were collected, with an emphasis on large piscivores, herbivores and omnivores.
A review of these data suggests that piscivores accumulate more mercury than other fish species. Thus,
lake trout (mean concentration of 0.17 pg/g) and largemouth bass (0.14 pg/g) contained more mercury
than co-collected non-piscivorous species (0.07 and 0.09 pg/g, respectively). The maximum mercury
concentration reported was 1.09 pg/g, and the mean across all fish and sites was 0.11 pg/g. Of
importance for calculating a "national average" mercury concentration in fish, Schmitt and Brumbaugh
(1990) reported that mercury levels in fish did not change between 1976 and 1984. Attention was
focused, therefore, on the Lowe et al. (1985) study because it comprised a larger number of individual
samples and because fish length and weight were also reported.
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An average mercury concentration in piscivorous fish analyzed by Bahnick et al. (1994) was calculated
from data presented by these authors (Table 3 in their report). For this Report, the following species were
classified as trophic level 4 piscivores: largemouth bass, smallmouth bass, walleye, brown trout, white bass, and
northern pike. The mean (+ SD) of concentration data presented for these six species is 0.35 £ 0.13 pg/g.

An average value for piscivores analyzed by Lowe et al. (1985) was estimated using data presented by
these authors (Appendix A in their report). Each value reported for a site and species represented a composite of
three to five fish. The criteria established for using a reported value were: (1) the species is a recognized
piscivore; (2) the average size of specimens comprising a sample was > 0.5 kg; and (3) the sampling site was
located in the contiguous 48 states. For this Report, the species identified as trophic level 4 piscivores were:
largemouth bass, smallmouth bass, striped bass, white bass, rock bass, northern pike, walleye, sauger, lake trout,
brown trout, rainbow trout, and northern squawfish. The mean (x SD) of all data presented for these twelve
species was 0.18 £ 0.19 pg/g (N = 119), or just over one-half the concentration calculated using the Bahnick et al.
(1994) data.

A "national average" mercury concentration for trophic level 4 fish was estimated as the average of mean
values calculated using data from Bahnick et al. (1994) and Lowe et al. (1985). This value is 0.26 pg/g. As
indicated above, neither of these nationwide sampling efforts adequately characterized mercury concentrations in
fish at trophic level 3. A "national average" for trophic level 3 was therefore estimated by dividing the average
mercury concentration in piscivorous fish by an appropriate predator-prey factor (PPF). A PPF for trophic level
4 (PPFR ) can be estimated from existing field data. This calculation was made in Appendix D, Volume 11l of this
Report, resulting in a mean PPF of 4.9. Dividing this value into the average residue for trophic level 4 fish
yields a value for trophic level 3 of 0.028/g.

The extent to which these "national average" estimates reflect the true population means at each trophic
level is unknown. A comparison of these values with published residues from a large number of studies suggests,
however, that they are "reasonable" and can be used in exposure assessments for piscivorous avian and
mammalian wildlife.

2.3.1.3 Mercury Residues in Avian and Mammalian Wildlife

A large volume of mercury residue data exists for both avian and mammalian wildlife that cannot be
directly related to mercury concentrations in water or sediment. Nevertheless, these data are of considerable
value because they indicate the range of mercury concentrations that can be expected in animals inhabiting both
contaminated and uncontaminated environments. A comparison of these residues with those obtained from
laboratory dose-response studies provides additional information, including the extent of difference between
"natural background" residues and those that are associated with toxic effects. Emphasis is placed on piscivorous
birds and mammals living in association with freshwater ecosystems. Data are also provided for the tree swallow
due to its link to aquatic sediments through consumption of emergent insects.

Mercury residues in tissues from birds are given in Table 2-3. The birds represented in this table include
animals taken from polluted environments and individuals collected from environments for which there were no
known point sources. This table is not intended to be an exhaustive compilation of measured residues, but
instead illustrates the range of values encountered in environmental sampling efforts. Residues that, in the
opinion of the cited author, were associated with toxic effects are noted.

Factors contributing to the accumulation of mercury in wild birds are reviewed by Scheuhammer (1987,
1991). The interpretation of residue data is complicated by the likelihood that mercury distribution in tissues
varies among species, and perhaps also among individuals of a single species, depending upon age, sex, diet, anc
other factors. Nevertheless, several generalizations can be attempted. Mercury levels in feathers of birds
experimentally dosed with methylmercury generally exceed levels in muscle, liver and kidney by a factor of four
or more (Heinz, 1976a; Stickel et al., 1977; Finley and Stendell, 1978), and it has been suggested that in free-
living birds greater than 50% of the total body burden of mercury may be
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Table 2-3

Mercury Residues in Tissues of Piscivorous Birds

Species Mercuyr Tissue Samplig Location Comments Reference
(Lg/g fresh weght)
Bald eagle 13.0-21.0 feathers Great Lakegiom adults 1
Bald egle 3.7-20.0 feathers Great Lakegion nestlirgs 1
Bald eagle 0.1-34.7 feathers N. Central Florida adults 2
Bald eagle 0.8-14.3 feathers N. Central Florida nesiin 2
Common loon 8.7 feathers Minnesota lakes adults 3
Common loon 2.7 feathers Minnesota lakes juveniles 3
Common loon 11.0- 18.0 feathers Wisconsin lakes adults 4
Common loon 2.0-5.0 feathers Wisconsin lakes juveniles 4
Wood stork 1.9 feathers South Florida juveniles 5
Bald egle 0.15-0.29 egs British Columbia 6
Bald eagle 0.07-0.41 eaos 15 States (USA) 7
Common loon 0.40-1.10 ges Wisconsin lakes 4
Common loon 2.0-3.0 oBs Northwestern Ontario polluted Ipoint 8
source; LOAEL -
reproduction
Common tern 3.6 gos Northwestern Ontario polluted lpoint 9
source; LOAEL -
reproduction
Herring gull 2.3-15.8 ggs Clay Lake, Ontario pollutedybpoint 10

source, no adverse
effects
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Table 2-3 (continued)
Mercury Residues in Tissues of Piscivorous Birds

Species

Mercyr

Tissue

Samplig Location

Comments

Reference

(Lg/g fresh weght)

Wood stork 0.7 eaos South Florida 11

Tree swallow 0.04 - 0.08 oes Lower Great Lakes consume eigent 12
aguatic insects

Common loon 1.6-47.7 liver Northwestern Ontario LOAEL - 8
reproduction

Common loon 9.5-90.0 liver Wisconsin lakes adults found dead 4

Common loon 5.6 liver Minnesota lakes adults fourjdried 3

Great White Heron 0.6-59.4 liver South Florida mixed hirds 13
found dead

Great Blue Heron 0.2-7.3 liver South Florida neggin 14

Great Blue Heron 0.1-745 liver South Florida filbdlgsAyourg 14
adults

Common loon 0.2-6.9 breast muscle Northwestern Ontarip pollytpdiht 8
source

Commongoldenge 09-194 breast muscle @laake, Ontario pollutedybpoint 10
source

Common meganser 44-13.1 breast muscle Ylaake, Ontario pollutedybpoint 10
source

Hooded meganser 3.9-17.6 breast muscle Ylaake, Ontario pollutedybpoint 10
source

Herring gull 0.7-4.0 breast muscle Tadenac Lake, Ontario 15
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Table 2-3 (continued)
Mercury Residues in Tissues of Piscivorous Birds

Species Mercyr Tissue Samplig Location Comments Reference
(Lg/g fresh weght)
Common loon 1.5 breast muscle Tadenac Lake, Ontafio 15
References:

Bowerman et al., 1994; rge of means across sampgjilocations.

Wood et al., 1996; rge of contour feathers recovered at nest sites. Means for gestiid adults were 3.2 and 6.0, respedtivel

Ensor et al., 1992; mean of birds ghtby nightlighting.

Belant and Anderson, 1990; gaof individual values. Means for feathers (adult juvénile), ggs and liver were 14.8, 4.0, 0.64 and 40.9, respegtivel
Burger et al., 1993; mean value.

Elliott et al., 1996; rage of means across samglilocations

Wiemeyer et al., 1993; raye of means across samilocations (collected after failure to hatch).

Barr, 1986; rage of individual values. Means for liver and muscle were 13.0 and 2.3, respectivel

Fimreite, 1974.

10. Vermeer et al., 1973; rga of individual values. Means fgoldeng/e, common meanser and hooded nganser were 7.8, 6.8 and 12.3, respedtivel
11. Fleming et al., 1984; mean value.

12. Bishop et al., 1995; rge of individual values, mean = 0.07.

13. Spaldirg et al., 1994; rage of individual values. Means for birds that died of acute and chronic causes were 1.8 and 9.8, rgspectivel

14. Sundlof et al., 1994; ra@e of individual values. Means for small negitinlage nestligs and adults were 0.3, 1.5 and 6.6, respegtivel

15. Wren et al., 1983qull data are reported as the garof individual values, mean = 1.7.

CoNo,rwWNE
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present in the plumage (Braune and Gaskin, 1987). Natural background levels of mercury in feathers of non-
piscivorous raptorial birds are thought to range fromuyfy (dry weight); however, this may vary within and

among species depending upon the type of feather sampled, molting frequency and time to last molt. Changes in
feather mercury levels that accompany growth and development suggest that in seabirds molting may be an
efficient means of eliminating mercury (Becker et al., 1994; Burger et al., 1994). Comparable studies have not
yet been conducted with birds that live in freshwater ecosystems.

Tissue levels of mercury associated with toxic effects in birds appear to exceed those in birds inhabiting
relatively uncontaminated environments by a factor of ten or less (see Sections 2.3.2 and 2.3.3 for additional
details). This observation is consistent with data for other environmental media (e.g., water, sediments, and fish),
which evidence similar differences between natural "background" levels of mercury and those which cause
significant environmental damage. Owing to their ease of collection, the analysis of bird feathers and eggs has
been suggested as a means of identifying species that are at risk due to mercury. This suggestion has particular
merit in view of the natural variation in mercury levels in the fish upon which these animals prey. Mercury
residues in tissues also tend to integrate variations in mercury uptake and elimination due to changes in dietary
habits, migration, egg production, etc.

The abundance of mercury residue information for mammals reflects the availability of specimens as a
byproduct of commercial trapping. Thus, residue data are available for wild muskrat, beaver, fox, weasel,
bobcat, marten, fisher, wolf, raccoon, opossum, mink and river otter. Data are also available for a number of
game species, including squirrels, rabbits, caribou, moose, deer, elk, mountain goat and bear. An extensive
compilation of these data is provided by Wren (1986), along with a review of tissue levels in both wild and
laboratory animals that have been associated with toxic effects. Some of the data from this compilation are
presented in Table 2-4, as well as more recent information. Emphasis was placed on piscivorous species due to
the exposure of these animals from consumption of contaminated fish. Data from beaver and muskrat have also
been included, both to provide a general comparison of aguatic-based species and because, in several studies,
data were available for piscivores and herbivores from the same waterbody. Emphasis was also placed on
residues in fur and liver. This was done for two reasons: (1) high residues have been found in the liver and
kidney; however, there are more reported values for liver and (2) fur, like feathers, has been suggested as a way
of non-invasively determining the residue status of wild animals and of identifying areas where animals may be at
risk due to mercury intoxication. Finally, data from raccoons are included in Table 2-4 because they are
suspected of contributing to mercury exposure in the Florida panther.

In general, the rank order of mercury residues in tissues from wild mink and otter is: liver = kidney >
muscle > brain. Levels in fur relative to those in other tissues are variable but, in most cases, are higher than
those in liver. Comparisons between residues in wild animals with those in animals experimentally dosed with
mercury appear to be complicated by kinetics-based differences in disposition. Thus, Wobeser et al. (1976b)
reported that mercury levels in the fur of experimentally dosed mink were lowd/hprelative to
concentrations in liver (24,39/9), kidney (23.1.g/g), muscle (16.0.g/g) or brain (11.9.g/g). A similar pattern
of distribution was reported for mink by Aulerich et al. (1974). In contrast, mercury levels in the fur of an
individual mink found dying of mercury poisoning were higher than concentrations in any other tissue (see Table
2-4) (Wobeser and Swift, 1976). Apparently, the length of time over which a dose is obtained dictates its
distribution, with redistribution from well-perfused organs (liver and kidney) to storage tissues (fur and muscle)
slowly taking place during lifetime exposures. These observations suggest that comparisons between mercury
residues in wild and experimental animals should be limited to consideration of well-perfused tissues. More
valid comparisons can be made between apparently unaffected wild animals and wild animals that have died from
mercury poisoning.
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Table 2-4

Mercury Residues in Tissues of Piscivorous Mammals

Species Mercury Tissue Samplig Location Comments Reference
L | (uggfreshweghy | | 1 | |
Otter 6.5 (max. = 63.2) fur Wisconsin 1
Otter 47.0 fur Clg Lake, Ontario pollutedybpoint 2
source; death due to
poisoniry
Otter 15.2 - 25.6 fur Gea 3
Mink 10.7 (max. = 17.3) fur Gega 4
Mink 7.6 (max. = 41.2) fur Wisconsin 1
Mink 34.9 fur Saskatchewan polluteg boint 5
source; death due to
poisoniry
Raccoon 4.4 fur S. Florida 6
Muskrat 0.06 fur Wisconsin 1
Beaver 0.03 fur Wisconsin 1
Otter 5.1-9.2 liver Gegia 3
Otter 1.7-3.4 liver Manitoba males and females 7
Otter 24-45 liver Winnipg R. males and females; 7
polluted ly point
source
Otter 0.3-3.0 liver Louisiana 8
Otter 0.9-35 liver Ontario residues correlated 9
with acidity
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Table 2-4 (continued)
Mercury Residues in Tissues of Piscivorous Mammals

Species Mercury Tissue Samplig Location Comments Reference
(1d/g fresh weght)
Otter 0.8-3.2 liver N. Michgan 10
Otter 1.3-23 liver New York 11
Otter 96.0 liver Clg Lake, Ontario pollutedybpoint 5
source; death due to
poisoniry
Otter 3.3 (max. = 23.6) liver Wisconsin 1
Mink 04-17 liver Manitoba 7
Mink 2.1 (max. = 17.4) liver Wisconsin 1
Mink 0.1-2.6 liver Ontario residues correlated 9
with acidity
Mink 58.2 liver Saskatchewan polluteg boint 5
source; death due to
poisoniry
Mink 09-29 liver New York 11
Raccoon 2.0 liver Wisconsin 1
Raccoon 1.5-24.0 liver S. Florida 12
Muskrat <0.02 liver Wisconsin 1
Beaver 0.04 liver Wisconsin 1
References:

1. Sheffy and St. Amant, 1982; mean value.
2. Wren, 1985; one individual.
3. Halbrook et al., 1994; rga of means across sampgjilocations.
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Table 2-4 (continued)
Mercury Residues in Tissues of Piscivorous Mammals

4. Cumbie, 1975; mean value.

5. Wobeser and Swift, 1976; one individual.

6. Bigler etal., 1975; mean value.

7 Kucera, 1983; Manitoba data are reported as tlge rainmeans across samlilocations. Data from the Winnigeiver are reported as a mean value.
8.  Beck, 1977; rage of means across sampgjilocations.

9. Wren et al., 1986; rge of means across sampgjilocations.

10. Francis and Bennett, 1994; garof individual values.

11. Foleg et al., 1988; rage of means across samglilocations.

12. Roelke et al., 1991; rga of means across sampgjilocations.

2-25



An examination of Table 2-4 suggests that mercury residues in tissues from mink and otters from
Wisconsin (Sheffy and St. Amant, 1982) approached, and in several cases even exceeded, those of the "naturally
poisoned animals. High mercury residues in fur were also reported for river otters trapped in several locations
across Georgia (Halbrook, 1994). The livers of raccoons captured in South Florida are also notably high in
mercury content (Roelke et al., 1991).

2.3.2 Individual Effects

Exposure to mercury can cause adverse effects in a wide variety of organisms, including plants, fish,
aguatic invertebrates, birds and mammals. In this section, we review information on exposure levels that can
cause adverse effects in these groups.

2.3.2.1 Individual Effects on Plants

Effects of mercury on aquatic plants include death and sublethal effects. Sublethal effects include plant
senescence, growth inhibition, decreased chlorophyll content, decreased protein and RNA content, inhibited
catalase and protease activities, inhibited and abnormal mitotic activity, increased free amino acid content,
discoloration of floating leaves, and leaf and root necrosis (Boney, 1971; Stanley, 1974; Muramoto and OKi,
1984; Mhatre and Chaphekar, 1985; Sarkar and Jana, 1986). The level of mercury that results in toxic effects
varies greatly among aquatic plants, as illustrated in Table 2-5.

Table 2-5
Toxicity Values for Aquatic Plants

Hg?* (HgCl or HgNO.) Methylmercury
Water Type (/’Lg/l-) (/’LC L)
Low End High End Low End Hijh End
53 (aba) 3,400 (submeed 0.8 (ada) 6.0 (ata)

Fresh Water . .
aquatic veetation)

Salt Water 10 (@) 160 (seaweed) Not available Not available

Source: U.S. EPA, 1985.

Mercury can also cause death and sublethal effects in terrestrial plants. Sublethal effects on terrestrial
plants include decreased growth, leaf injury, root damage, inhibited root growth and function, hampered nutrient
uptake, chlorophyll decline and reduced photosynthesis (Schlegel et al., 1987; Lindgvist, 1991; Godbold, 1991).

Methylmercury is more toxic to terrestrial plants tharfHg . One to ten nM (nanomolar) mercuric
chloride or methyl mercuric chloride (provided in a nutrient solution) can inhibit root elongation in spruce
seedlings. However, methyl mercuric chloride has a greater effect than mercuric chloride at the same
concentration (Godbold, 1991). Sublethal effects, including decreased transpiration, decreased chlorophyll
concentration, partial stomatal closure, and reduced photosynthesis, occurred at nutrient solution concentrations
of 10 nM methyl mercuric chloride (Schlegel et al., 1987).
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2.3.2.2 Individual Effects on Fish and Aquatic Invertebrates

The toxicity of mercury to fish has been reviewed by Eisler (1987) and more recently by Wiener and
Spry (1995). The highest mercury concentrations in fish generally occur in the blood, spleen, kidney and liver,
and may exceed those in muscle by a factor of 2-10 (McKim et al., 1976; Olson et al., 1978; Ribeyre and
Boudou, 1984; Boudou and Ribeyre, 1985; Harrison et al., 1990; Niimi and Kissoon, 1994). Owing to the size of
these organs relative to that of other tissues, however, most of the mercury contained in a fish at any given time
is associated with muscle tissue.

The toxicity of mercury varies, depending on the fish's characteristics (e.g., species, life stage, age, and
size), environmental factors (e.g., temperature, salinity, dissolved oxygen content, hardness, and the presence of
other chemicals), and the form of mercury available. In particular, early life stages (especially of salmonids)
exhibit greater sensitivity to elevated metal concentrations than later life stages. The toxicity of Hg compounds
to salmonids and catfish tends to increase with temperature (see Table 2-6). Organomercury compounds, such as
methylmercury, generally are much more acutely toxic thafi Hg to aquatic organisms.

Table 2-6
Mercury Toxicity Increases With Temperature

TemperatureC)

LCso (vg/l)

Rainbow Trout with HgCl

5 400
10 280
15 220

Juvenile Catfish with Phenylmercuric Acetate

10 1,960
16.5 1,360
24 233

————

Source: U.S. EPA, 1985.

Effects of mercury on fish include death, reduced reproduction, impaired growth and development,
behavioral abnormalities, altered blood chemistry, impaired osmoregulation, reduced feeding rates and predatory
success, and effects on oxygen exchange,, LC values for fish range frati30r guppies to 1,00Qg/L for
the Mozambique tilapia (U.S. EPA, 1985). Symptoms of acute mercury poisoning in fish include increased
secretion of mucous, flaring of gill opercula, increased respiration rate, loss of equilibrium and sluggishness.
Signs of chronic poisoning include emaciation, brain lesions, cataracts, inability to capture food, abnormal motor
coordination and various erratic behaviors (e.g., altered feeding behavior) (Weis and Weis, 1989, 1995).

It is generally thought that toxic effects are unlikely to occur in fish in the environment, except in the

case of point source pollution discharges. An accumulating body of evidence, however, suggests that histological
changes and effects on behavior, reproduction, and development can occur at water concentrations as low as 0.1
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1g/L (Wiener and Spry, 1995), or about two orders of magnitude higher than those generally associated with
unpolluted systems. In a recent study, juvenile walleye were exposed to methylmercury in the diet at
concentrations of 0.1 and 1.0 pg/g (Friedmann et al., 1996). Growth, development and hormonal status were
impacted at the high dose level. No effects were seen at the lower dose level or in controls. The high dose level
used in this study is within a factor of 10 of values reported for macroinvertebrates and forage fish from mercury-
impacted "pristine" lakes (i.e., no known point source) in both Canada and the U.S. (Allard and Stokes, 1989;
Sorenson et al., 1990; Watras and Bloom, 1992).

Levels of mercury that induce toxic effects in aquatic invertebrate species vary. ¥or Hg , acute values
(LCs) for invertebrates range from 2.8/L for the cladoceraBaphnia pulexo 2,000ug/L for the larval forms
of three insects (U.S. EPA, 1985). Examples of some specific toxicity values for fish and aquatic invertebrates
are provided in Table 2-7.

2.3.2.3 Individual Effects on Birds

Methylmercury has been shown to be more toxic to birds than inorganic mercury. Mercury poisoning in
birds is characterized by muscular incoordination, falling, slowness, fluffed feathers, calmness, withdrawal,
hyperactivity, hypoactivity and eyelid drooping (reviewed by Eisler, 1987; Fimreite, 1979; Scheuhammer, 1987,
1991). Acute oral toxicity studies using methylmercury yieldeg,LD values ranging from 2.2 togA3 for
mallards Anas platyrhynchgs11.0 to 27.Qwg/g for quail CoturniX) and 28.3.g/g for northern bobwhite
(Colinus virginianuy. Some bird kills have occurred, generally due to ingestion of mercury-based fungicides
applied to grain. Whole-body residues of mercury in acutely poisoned birds usually excegd 28sh weight
and have been found up to 126/g. Mercury levels observed in such cases are generally highest in the brain,
followed by the liver, kidney, muscle and carcass.

Sublethal effects of mercury on birds include liver damage, kidney damage, neurobehavioral effects,
reduced food consumption, weight loss, spinal cord damage, effects on enzyme systems, reduced cardiovascular
function, impaired immune response, reduced muscular coordination, impaired growth and development, altered
blood and serum chemistry, and reproductive effects (Eisler, 1987; Scheuhammer, 1987, 1991; MDNR, 1993).
Reproductive and behavioral effects are the primary concern, however, and can occur at dietary concentrations
well below those that cause overt toxicity.

Scheuhammer (1991) concluded that on the basis of laboratory dose-response studies (Heinz, 1976a,;
Finley and Stendell, 1978), piscivorous birds consuming diets containing/g1dry weight) methylmercury in
their diet (approximately 0.259/g wet weight) will accumulate >2@/g (dry weight) in their feathers. Similar
levels in both spiked diets (Heinz, 1974, 1976a,b, 1979) and natural prey sources (Barr, 1986) have been shown
to be toxic to birds. Thus, it appears that mercury levels in feathers exceedigiy 20ould be interpreted as
evidence for possible toxic effects. Eisler (1987) recommended that)/si@resh weight in feathers be used as
a criterion for the protection of birds.

Tissue mercury concentrations that are associated with toxicity in birds are remarkably similar despite
differences in species, dietary exposure level and length of time necessary to produce the effect (Scheuhammer,
1991). Frank neurological signs are generally associated with brain mercury concentratiqng/gf(het
weight) or higher and 30g/g or more in liver and kidney. Liver mercury concentrations of 2¢ig (wet
weight) were associated with reproductive impairment in adult pheasants and mallard ducks (Fimreite, 1971;
Heinz, 1976a,b). Mortality was observed in newly hatched ducklings
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Table 2-7
Toxicity Values for Fish and Aquatic Invertebrates

Organism Hy?* (HgCl or HgNO,) (ug/L) Methylmercury (v.g/L)
ACUTE(LCy)
Fresh water 2.2 (cladoceran) to 2,000 (insect larvae) Not available
invertebrates
Fresh water fish 30uppy) to 1,000 (tilapia) Not available
Rainbow trout 155 to 420 24 t0 84
Fresh water AWQC 2.4 (total mergir
Salt water 3.5 (iysid) to 400 (soft clan) Not available
invertebrates
Salt water fish 36j@venile spot) to 1,678 (floundér) 51.1 (mummigho
Salt water AWQC 2.1 (total mergyr
CHRONIC

Fresh water 0.96 (cladoceran) to 1.287 (cladoceran) < 0.04 (cladoceran)
invertebrates
Fresh water fish < 0.23 (minnow) to < 0.26 (minnow) 0.29 (brook trout) to 0.93 (brook trout)
Fresh water AWQC 0.012 (total mergyr
Salt water 1.131 (ysid) Not available
invertebrates
Salt water AWQC 0.025 (total mereQr

# AWQCs are degned to be protective of the aquatic commyiais a whole.

b As cited in U.S. EPA, 1985, Lg s of 10,000 and 8,Z8Q for Atlantic clams Rangia cuneatawere reportedyOlson and Harrell
(1973), but Dillon (1977) reported L values of 58 and 2@/2 for the same clam species.

¢As cited in U.S. EPA, 1985, an L of 2,00/L for mummichas was reportedybKlaunig et al. (1975), but Dorfman (1977) and
Eisler and Henneke(1977) reported L¢ values of 80@/L or less for the same fish species.

Source: U.S. EPA, 1985 except where otherwise noted.

with brain mercury concentrations of 3:@/g (wet weight), while levels four times these values are required to
cause mortality in adults (Stoewsand et al., 1974, Finley et al., 1979; Scheuhammer, 1988).

Reproductive impairment has been observed in laboratory studies when mercury concentrations in eggs
exceed 0..xg/g (Fimreite, 1971; Heinz, 1974, 1976a,b, 1979). Field studies tend to confirm these results.
Reproductive impairment in the loon was associated with mercury levels in eggs ranging fra@ifgZEarr,

1986). Adverse effects on hatching and fledging were observed when mercury concentrations in the eggs of
common terns exceeded 3.6/g (Fimreite, 1974). Mercury appeared to be a contributing factor to reduced
reproductive success in raptors at some locations (Odsjo, 1982; Evans, 1986). In one study, however, hatching in
herring gulls appeared to be unaffected, despite the fact that eggs contained upwardggbdiithercury
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(Vermeer et al., 1973). Lowest-observed-adverse-effect level (LOAEL) and no-observed-adverse-effect level
(NOAEL) values for effects of methylmercury on avian wildlife are derived in Section 4.2.2 of this Volume.
Possible effects on populations of selected avian species are discussed in Section 2.3.3 of this Volume.

2.3.2.4 Individual Effects on Mammals

Extensive research on the toxicity of mercury to mammals indicates that effects vary depending on the
form of mercury ingested or inhaled. Inorganic mercury is corrosive, and acute exposure to humans and other
mammals may cause burning, irritation, salivation, vomiting, bloody diarrhea, upper gastrointestinal tract edema,
abdominal pain, and hemorrhaging (Goyer, 1993). Ingestion of mercurial salts in large doses may cause kidney
damage (Zalups and Lash, 1994). The main toxic effects due to ingestion of organic mercurials are neurological
effects such as paresthesia, visual disturbances, mental disturbances, hallucinations, ataxia, hearing defects, and
stupor (Clarkson et al., 1972).

Differences between the toxicity of different forms of mercury were demonstrated in a study by Aulerich
et al.(1974) using minkKMustela visohfed either 5 ppm methylmercury or 10 ppm mercuric chloride. Mink
treated with methylmercury died within 30 days, while those treated with mercuric chloride suffered no ill
effects. Methylmercury attacks the central nervous systems in mammalian wildlife as well as in humans. The
nervous system of the developing fetus may be particularly vulnerable (Bakir et al., 1973), and concern for these
effects tends to drive human health risk assessments for mercury (Clarkson, 1990; reviewed in Volume V of this
Report). Methylmercury ingestion can also cause reduced food intake, weight loss, muscular atrophy and
damage to an animal's heart, lungs, liver, kidneys and stomach (Goyer, 1993; MDNR, 1993).

Levels of exposure that induce mercury poisoning in mammals vary among species. Death occurs in
sensitive mammal species at 0.1-0ddg bw/d, or 1.0-5.Q.g/g in the diet. Smaller animals (e.g., minks and
monkeys) are generally more susceptible to mercury poisoning than are larger animals (e.g., mule deer and harp
seals), perhaps because of differences in elimination rates. Also, smaller mammals eat more per unit body weight
than larger mammals and, thus, may be exposed to larger amounts of mercury on a body weight basis. LOAEL
and NOAEL values for effects of methylmercury on mammalian wildlife are derived in Section 4 of this Volume.

2.3.3 Population Effects

Mercury contamination has been documented in endangered species, such as the Florida panther and the
wood stork, as well as in populations of loons, eagles and furbearers such as mink and otters. These species
experience high exposures because they either are piscivores or eat piscivores.

2.3.3.1 Loon Populations

It has been suggested by several researchers that loons are at risk from mercury contamination in aquatic
food chains. Loons are primarily piscivorous but also consume benthic macroinvertebrates, such as crayfish
(Barr, 1973). Mercury levels in crayfish approach and may even exceed those of forage fish from the same lakes
(Barr, 1986; Allard and Stokes, 1989). Much of the loon’s summer breeding range receives substantial mercury
inputs from airborne deposition. In addition, many of these areas are known to be susceptible to acid deposition.
As noted previously, a negative correlation often exists between lake water pH and mercury concentrations in
fish.
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A comprehensive study of mercury toxicity in wild loons was conducted by Barr (1986). Loons were
collected from three habitats within the Wabigoon River watershed (Ontario, Canada) both above and below a
chlor-alkali plant that discharged mercury into the river. The first habitat (designated C1) consisted of the lakes
and river directly downstream of the plant. Habitat C2 did not receive mercury discharges but was accessible to
mercury-contaminated fish that originated in C1. Habitat C3 was upstream from the chlor-alkali plant and
received no appreciable mercury from other sources. Contaminated fish were prevented from entering C3 by a
waterfall. A nearby habitat (C4), not connected to the other three habitats, received no mercury contamination
and served as a control. Human disturbances in all habitats were determined to be minimal, and concentrations
of organochlorine contaminants were low (less than 0.02 ppm total for all pesticides, including all DDT
metabolites, and 0.04 ppm for PCBSs).

Barr (1986) found a strong negative correlation between mercury levels in water and reproductive
success in loons as far as 160 km downstream from the mercury source. Mercury in prey fish and invertebrates
declined with increasing distance from the mercury source, but contaminated fish were able to migrate into the
uncontaminated C2 habitat. Mercury levels in loon tissues (eggs, liver, muscle and brain in both adults and
chicks) were highest in the C1 habitat but were also elevated in the C2 habitat, presumably because loons were
feeding on contaminated prey which migrated from C1. Mercury levels in loons from habitat C3 (upstream from
mercury source and inaccessible to contaminated fish) were comparable with levels from the uncontaminated
control habitat, C4. Most of the mercury in loon tissues, with the exception of the liver, was in the form of
methylmercury. Mercury in the liver appeared to be inorganic, suggesting the existence of a demethylation
pathway. Dose-response relationships appeared to exist between mercury in prey and reproductive success as
well as mercury in various tissues and reproductive success. For example, reductions in egg laying and in nest
site and territorial fidelity were associated with prey containing mean mercury concentrations in the range of
0.3-0.419/g. Reproductive success was also reduced in loons with brain or egg levels@b2a8d in loons
with liver residues above 13&)/g. No loons reproduced successfully where prey species contained mercury at
levels greater than 0/4/g.

Ensor et al. (1992) captured 93 loons and collected 128 dead or dying loons from 18 northern and central
counties in Minnesota. Feathers were collected from live loons. Feathers and liver tissue were collected from
the dead loons. In 22 percent of the liver samples, mercury concentrations exceegled the level associated
with impaired reproduction by Barr (1986). Adult loons contained greater concentrations of mercury than
juvenile loons in feathers (8.7 vs. 2.@/g wet weight) and in the liver (6.6 vs. L.@/g wet weight), as expected
for a contaminant which bioaccumulates. The mercury in the juvenile loons was considered to be representative
of local mercury contamination since all of their food would have been obtained from lakes within Minnesota.
Mercury in adult loons was thought to represent contributions from both the summering grounds (Minnesota) and
wintering grounds (Gulf of Mexico).

Ensor et al. (1992) concluded that juvenile loons that died of disease had significantly higher mercury
levels in feathers than juvenile loons that died from injury or were caught alive. Emaciated loons also had
significant (significance level not reported) elevations of mercury in both feathers and liver. It was not clear
whether elevated mercury in emaciated loons resulted from concentration of existing mercury stores while body
fat and protein were catabolized or whether mercury contributed to the emaciation. The authors concluded that
the evidence of adverse impacts on the Minnesota loon population was sufficient to recommend monitoring
mercury levels in loon populations.
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Working in north central Wisconsin, Belant and Anderson (1990) collected both live and dead loons and
addled eggs from abandoned nests. Residues of mercury and 14 organochlorine pesticides were measured in
feathers (live and dead loons) and brain, muscle, and liver (dead loons). The conclusions reported in this study
were similar to those reached by Ensor et al. (1992). Pesticide concentrations in dead loons were relatively low.
In contrast, mercury levels in liver (mean concentration of A48/RBg wet weight) exceeded those associated
with reproductive dysfunction as reported by Barr (1986).

Scheuhammer and Blancher (1994) reported on mercury levels in fish sampled from lakes throughout
Ontario, Canada in areas without known point sources of mercury. Up to 30% of the lakes contained fish with
mercury levels that exceeded @@/'kg (wet weight), the level associated with reproductive impairment in loons
as reported by Barr (1986). The lack of any identified point source of mercury contamination was considered by
the authors to be indirect evidence of airborne deposition of mercury over large portions of Ontario.

Preliminary results from an ongoing study of loons in northern Wisconsin were reported by Meyer et al.
(1996). A significant negative correlation was found between mercury levels in blood from chicks and lake pH.
Chick mortality was also greater on low pH lakes. It was not clear; however, whether these effects can be
attributed to mercury or to a general reduction in the prey base of acidic lakes. Previously, it had been shown
that mercury levels in blood and feathers of adult loons were negatively correlated with lake pH (Meyer et al.,
1995).

The viability of loon populations within their traditional habitats in the United States is unclear. None of
the studies reviewed was able to demonstrate clear population declines on a regional or national basis. Several
studies have found that substantial numbers of loons contain mercury at or above levels associated with reduced
reproductive success as reported by Barr (1986) . It has also been suggested (but not clearly demonstrated) that
sublethal effects of mercury exposure may produce greater susceptibility to environmental stresses, including
other contaminants. Mercury also may make loons more susceptible to secondary infections, especially during
stressful activities such as molting and migration. Investigations in response to a die-off of over 2,500 loons in
the Gulf of Mexico in 1983 found that elevated levels of mercury were associated with abnormally high
infestations of parasites (Barr, 1986).

2.3.3.2 Eagle Populations

Bald eagles are distributed throughout the United States. Many migrate into the lower forty-eight states
only during the winter months; others are resident throughout the year. Bald eagles, like several other avian
species, were adversely impacted by DDT and its metabolites during the 1950s, 60s, and 70s. Due to their status
as a federally listed "threatened" species, the potential threat of mercury exposure to eagle survival and recovery
is a concern.

Researchers have measured mercury residues in bald eagle feathers (U.S. FWS, 1993; Welch, 1994;
Bowerman, 1994; Wood et al., 1996), eggs (Grier, 1974; Wiemeyer et al., 1984, 1993; Grubb et al., 1990;
Anthony et al., 1993; Elliott et al., 1996) and blood (Anthony et al., 1993; U.S. FWS, 1993; Welch, 1994; Wood
et al., 1996). Several of these studies have also reported on levels of other contaminants that might threaten eagle
reproduction.

Wiemeyer et al. (1984) sampled bald eagle eggs that had failed to hatch from nests located in 14 states

between 1969 and 1979; eggs were tested for organochlorine residues and mercury. The highest levels of
mercury were detected in eggs from Maine. Eight organic contaminants were negatively correlated with eggshell
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thinning, a trait often linked with reproductive failure in birds. When mercury levels were compared with the

mean 5-year production rate for eagle nests, a weak negative correlation was found, suggesting an adverse effect
of mercury. The analysis was confounded, however, by the co-occurrence of DDE in many of the eggs with the
highest mercury levels. The authors concluded that mercury contamination appears to have the potential for
adverse effects on eagle production in only a few of the breeding areas sampled, primarily in Maine.

Continuing the work begun earlier, Wiemeyer et al. (1993) collected eggs that had failed to hatch from
nests in 15 states between 1980 and 1984 and analyzed them for organochlorine pesticides, polychlorinated
biphenyls (PCBs) and mercury. These data were then combined with the data collected previously (Wiemeyer et
al., 1984). As before, DDE was the contaminant most significantly (negatively) correlated with eggshell
thinning, with DDD, DDT and PCBs significantly, but less strongly, correlated. The highest levels of DDE,

PCBs and mercury occurred in eggs collected in Maine. Mercury levels in eagle eggs, at or ahayg 0.28

(wet weight), were significantly correlated with a reduction in mean 5-year production rate for eagle nests. This
value is comparable to the negative effect value of.0/§ derived earlier (Wiemeyer et al., 1984). The authors
noted, however, that only three egg samples (all from Maine) contained mercury levels greatern.itpyanahé

that these eggs also contained levels of DDE known to reduce eagle productivig/q6Wiemeyer et al.

(1993) concluded that recent data provide even less evidence than previously indicated (Wiemeyer et al., 1984)
that contaminants other that DDE are adversely impacting bald eagle productivity. Grubb et al. (1990), Grier
(1974), and Anthony et al. (1993) reached similar conclusions on the lack of evidence for an association between
mercury levels and reproductive failure in bald eagles.

Bowerman and co-workers (Bowerman, 1993; Bowerman et al. 1994) examined the productivity of bald
eagles in six geographic regions, including Lakes Superior, Michigan, Huron, and Erie and the states of Michigan
and Minnesota. Significant negative correlations existed between plasma levels of PCB and p,p'-DDE and
reproductive success. Mercury levels in feathers ranged from 9.0 tod?8.But were not correlated with
reproductive success.

Welch (1994) sampled eggs, blood and feathers from Maine bald eagles and analyzed them for
organochlorine pesticides, PCBs, TCDD equivalents (TCDD-eq), and mercury. Mercury levels in inland eagles
were higher than concentrations in eagles inhabiting the coastline. In general, these elevated mercury levels
appeared to be related to mercury residues in fish from the two areas. Productivity was also lower for inland
eagle nests; however, the correlation of mercury levels in blood and feathers with mean productivity (5 and 15
years) was not significant.

Mercury concentrations in eagle eggs from British Columbia approached and in some instances exceeded
the level (0.28:9/g) associated with long-term declines in eagle populations as reported by Wiemeyer et al.
(1993). However, populations in this region appeared at the time of the study to be increasing. Mercury residues
in feathers, blood and livers from eagles in central Florida were lower than those determined for most other wild
eagle populations (Wood et al., 1996).

One of the difficulties in evaluating the effect of mercury on the bald eagle is the co-occurrence of
organochlorine compounds such as PCBs, DDE and TCDDs at levels that may have adverse effects on
reproduction. Bowerman (1993) hypothesized that the effect of the organochlorine contaminants may be
masking the effect of mercury. The U.S. Fish and Wildlife Service (1993) also suggested that, while mercury
was not found in Florida bald eagles at lethal levels, sublethal levels may be adversely affecting eagle
reproduction. Historical data suggest that eagle populations in the Great Lakes Basin are still well below the
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region’s carrying capacity. In contrast, eagle populations on many inland waters appear to be doing well
(Colborn, 1991; Bowerman, 1993; Bowerman et al., 1994).

2.3.3.3 Wood Stork Populations

Mercury has been detected in feathers of the endangered wood stork, although the levels found
apparently have not caused toxic effects. Young wood storks in Florida had mercury levels.gfd @&y
weight; higher mercury levels would be expected for adults from the same area (Burger et al., 1993). Fleming et
al. (1984) reported mercury levels of 048/g wet weight in wood stork eggs, which is somewhat less than
Eisler's (1987) recommended criterion of <0.90:20) wet weight in eggs.

2.3.3.4 Other Wading Birds

The wading bird population in Florida has declined substantially since the 1940's (Ogden, 1994). While
a variety of factors have been implicated, cause-and-effect relationships remain difficult to establish. The
possible effect of mercury on wading birds was investigated by Spalding et al. (1994) and Sundlof et al. (1994).
In general, there is a positive relationship between mercury residues in wading birds and the trophic level at
which they feed (Sundlof et al., 1994). Mercury levels in livers of birds that feed on fish (e.g., Great Blue Heron,
Great White Heron, and Great Egret) exceeded, in several instances, those associated by other authors with
neurologic signs in birds (30y/g wet weight) (Scheuhammer, 1991).

2.3.3.5 Furbearer Populations

In one Ontario incident, an eagle was found scavenging on a mercury-poisoned dead otter at Clay Lake
(Wren, 1985). Mercury levels in the otter (liver - @§/g; kidneys - 58:g/g; brain - 3Q.g/g) were well above
those known to be toxic to otters in laboratory exposures. The primary source of the mercury was a chlor-alkali
plant that discharged mercury directly into the river.

In a separate incident, a mink exhibiting unnatural behavior was collected near the mercury-contaminated
Saskatchewan River (Wobeser and Swift, 1976). Subsequent determination of mercury levels in the liver (58
1a/g), kidney (32.9:.9/g), muscle (15.29/g), brain (13.4.9/g) and fur (34.9.g/g), combined with clinical and
pathologic findings, were deemed sufficient by the authors to conclude that the animal had been poisoned by
mercury. Residue levels found in this animal exceeded those determined in laboratory studies to be associated
with toxicity. The origins of mercury in this case could not be determined; however, it was observed that fish
from the Saskatchewan River contain mercury at concentrations higher than those known to cause toxicity to
mink in laboratory studies.

In a study of furbearers obtained from trappers in the Wisconsin River watershed (1972-1975), otters
contained the highest tissue mercury levels, followed by minks, raccoons, foxes, muskrats and beavers (Sheffy
and St. Amant, 1982). Liver mercury concentrations reported by Halbrook et al. (1994) for otters collected from
the coastal plain of Georgia (5.1-2.8/g) were approximately one-third the levels reported for otters and mink
that died in experimental dosing studies (Aulerich et al., 1974; Wobeser et al., 1976; O'Conner and Nielson,
1981), and it was speculated by these authors that sublethal behavioral and reproductive impacts could result in
population level effects.
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Mink populations, like those of the otter, have declined substantially in the Southeastern coastal states,
particularly in the coastal plain. Mercury concentrations in mink from the coastal plain were found to be higher
than those in mink from inland areas, and were in the range@&5n kidney) of those known to be associated
with reproductive and behavioral effects in laboratory studies (Osowski et al., 1995). Liver PCB levels were also
found to be significantly elevated. In this regard, it is of interest to note studies with mink which suggest that
mercury and PCBs can act synergistically to reduce reproductive success (Wren et al., 1987). Giesy et al. (1994)
determined that PCBs and mercury do not pose a threat to mink on three Michigan rivers. As with most
assessments of this type, however, combined impacts were not considered.

2.3.3.6 Florida Panther Populations

Mercury is suspected of contributing to the death of one and possibly more endangered Florida panthers.
The Florida Panther Interagency Committee (FPIC) reported that approximately 100 ppm of mercury was
detected in the liver and 130 ppm in the hair of a 4-year-old female panther (FPIC, 1989). The panther, No. 27,
had been radio-instrumented since 1988 and was found dead in the eastern part of the Florida Everglades
National Park (FPIC, 1989). Relatively high levels of mercury (0.005-20.0 ppm) were detected in archived liver
samples from six dead panthers, and levels ranging from 0.02-130.0 ppm have been measured in the hair samples
from ten live individuals. The FPIC concluded that panther No. 27 died of mercury poisoning; however, the
cause of death of the six archived animals was not mentioned in their report.

The most probable source of mercury contamination in Florida panthers is via the food chain. The diet of
the Florida panther includes both raccoons and white-tailed deer but varies greatly depending on prey
availability. Mercury contamination in raccoons has been found to occur in a distributional pattern that coincides
with the species range of Florida panthers (Roelke et al., 1991). The accumulation of mercury in raccoons is due
to consumption of contaminated aquatic life, including invertebrates, fish and amphibians. The panthers most at
risk, therefore, appear to be those that consume mercury-contaminated raccoons. Panthers that prey on deer are
less exposed to mercury because deer are herbivores and accumulate less mercury. Based upon the findings of
the FPIC, habitat modifications have been implemented in the Florida Everglades to increase local deer herds.

In addition to mortality, mercury contamination could decrease reproductive success in the Florida
panther. Methylmercury ingested by a pregnant mammal passes through the placenta to the developing fetus,
potentially causing abortions, stillbirths, congenital defects and behavioral modifications that result in the death
of neonates. Roelke et al. (1991) found a significant inverse correlation between mercury concentrations in
mother panthers and survivorship of the young. Because so few Florida panthers remain (only 30 to 50 in the
wild) (Jordan, 1990), the possibility exists that mercury contamination could contribute to the extinction of this
endangered species (Roelke et al., 1991). However, mercury is but one of several stressors that may be affecting
the panther. Habitat fragmentation, inbreeding (Roelke et al., 1993), and feminization by endocrine disrupting
compounds (Facemire et al., 1995) have all been implicated as causative factors in the decline of this species.
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2.3.4 Communities and Ecosystems

2.3.4.1 Aquatic Communities and Ecosystems

Effects of contaminants on aquatic communities have been investigated by examining functional and
structural responses of natural assemblages in laboratory settings to toxic substances added singly or in
combination. The species diversity of freshwater and brackish-water microbial communities was reduced by
exposure to 4@g/L of mercuric chloride (Singleton and Guthrie, 1977). Carbon fixation was reduced by 50
percent in freshwater phytoplankton communities exposed togdL.dof mercuric chloride, but this effect was
mitigated by the presence of humus or sediment (Hongve et al., 1980). Mercuric chloridgl(D.5
administered to a marine aquatic community inhibited phytoplankton growth, killed or retarded development in
copepods, and increased the number of viable bacteria (Kuiper, 1981). The species composition of the
phytoplankton also changed, possibly due to selective reduction of predation by the copepods. Bacterial
populations may have increased due to increased food supply in the form of dead phytoplankton (Kuiper, 1981).

In general, mercury concentrations (asHg ) required to elicit toxic effects on natural aquatic
communities exceed those commonly measured in surface waters by two or more orders of magnitude (low ng/L
in waters not impacted by point source discharge) (Spry and Wiener, 1991; Wiener and Spry, 1995). Studies of
the effects of methylmercury on aquatic assemblages were not found, however, and it can be reasonably
anticipated that the toxicity of methylmercury to these communities would exceed that of mercuric chloride.
Effects of mercury or any other substance at this level of biological organization could potentially have far-
reaching impacts on the entire food chain by changing both nutrient and energy fluxes.

Field studies of mercury occurrence and effects at the community level are not available. Moreover,
interpreting field studies can be difficult because more than one stressor is often present. Elevated concentrations
of mercury have been found in several species of piscivorous wildlife that have experienced reproductive failure
in the Great Lakes region (e.g., Caspian terns, herring gulls, double-crested cormorants, and mink) (Peakall,
1988; Colborn, 1991; Environment Canada, 1991, Gilbertson et al., 1991). However, other bioaccumulative
contaminants, such as PCBs, dioxins and DDT/DDE, have been implicated as the most likely causative agents
(Colborn, 1991, Gilbertson et al., 1991).

2.3.4.2 Terrestrial Communities and Ecosystems

As noted previously, atmospherically deposited heavy metals such as mercury tend to accumulate in top
soils. This results in particularly high exposures in decomposer communities, which play a crucial role within
the natural nutrient cycles of terrestrial ecosystems. Mercury forms stable complexes with organic substances of
high molecular weight (humic acids) and exhibits limited mobility within soils. Processes that may be affected
by heavy metals in top soil include litter decomposition, carbon mineralization, nitrogen transformation and
enzyme activity. Mercury effects on soil microorganisms vary depending on soil type (Zelles et al., 1986).
Mercury generally inhibits heat production, respiration and iron reduction by soil microorganisms in sandy soils
and, to a lesser extent, in clay. At some intermediate concentrations, however, mercury may stimulate microbial
activity in peat (Zelles et al., 1986).

It is difficult to estimate specific toxic levels for microbial-mediated processes in decomposer
communities due to widely differing soil properties and methodological discrepancies in the literature. In a
report on mercury in the Swedish environment, Lindqvist (1991) cites a study in which soil microbial activity
was significantly reduced at mercury concentrations ranging from 0.06:0/&Iry weight of humus. The
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concentration of mercury in forest soils in Sweden is in the range 0.0L@®9In a second cited study,

however, the mercury concentration in soil required to reduce soil microbial activity wagg50A common

effect of metal contamination on soil animal groups is a decrease in species diversity. In some species,
susceptibility to metals may be a secondary effect due to differences in food availability rather than metal toxicity
per se.

2.3.5 Conclusions

Of the pathways by which ecosystems and components of ecosystems might be exposed to atmospheric
mercury, exposure of high trophic level wildlife to mercury in food is particularly important. The trophic level
and feeding habits of an animal influence the degree to which it is exposed to mercury. Mercury biomagnifies in
aquatic food chains resulting in increasing tissue concentrations of mercury as trophic level increases. Predatory
animals primarily associated with aquatic food chains accumulate more mercury than those associated with
terrestrial food chains. Thus, piscivores and other carnivores that prey on piscivores generally have the highest
exposure to mercury. In a study of furbearing mammals in Wisconsin, the species with the highest tissue levels
of mercury were otter and mink, which are top mammalian predators on aquatic food chains (Sheffy and St.
Amant, 1982). Top avian predators of aquatic-based food chains include raptors, such as the osprey and bald
eagle. Smaller birds feeding at lower levels in aquatic food chains also may be exposed to substantial amounts of
mercury due to their high food consumption rate (consumption/kg bw/d) relative to larger birds.

Although clear causal links have not been established, mercury originating from airborne deposition may
be a contributing factor to population effects on several wading birds, loons, river otters, mink, and the Florida
panther. Effects of mercury originating from point sources on restricted wildlife populations have been
conclusively demonstrated and provide a tissue residue basis for evaluation of risk to other populations. Based
upon reviews of both laboratory and field data, mercury levels that exceed the following valug#g ({resh
weight) have been suggested as evidence for possible adverse impacts on avian populations: featjigrs - 20
(Scheuhammer, 1991); eggs - 2§/g (after conversion from dry weight) (Scheuhammer, 1991); liverg/&

(Zillioux et al., 1993). Such criteria must be used with caution, however, as residue thresholds both above and
below these values have been reported. Field data for mammals are not as extensive as those for birds. Mercury
residues in mink and otter that were thought to have been poisoned by mercury originating from a point source
exceeded those seen in dead laboratory animals by a factor of two or more (see Section 2.3.2.4) (Wren, 1991).
The reason for this variation is presently unknown. Additional information is needed before tissue-residue-based
criteria for piscivorous mammals can be developed. Criterion values for fish and water that are designed to be
protective of piscivorous wildlife are calculated in Section 5 of this Volume.

2.4 Ecosystems Potentially at Risk

The information presented in Sections 2.1 through 2.3 suggests that the ecosystems most at risk from
mercury releases to air exhibit one or more of the following characteristics:

. they are located in areas that experience high levels of atmospheric deposition;
. they include surface waters already impacted by acid deposition;
. they possess characteristics other than low pH that result in high levels of mercury

bioaccumulation in aquatic biota;
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. they include species that experience high levels of exposure (e.g., piscivorous birds and
mammals).

2.4.1 Highly Exposed Areas

Ecosystems subjected to high levels of mercury deposition (e.g., near sources of mercury emissions or in
areas with high deposition rates) will be more exposed to mercury than ecosystems with lower levels of mercury
deposition. The pattern of mercury deposition nationwide, therefore, will influence which ecoregions and
ecosystems might be exposed to hazardous levels of mercury.

2.4.2 Lakes and Streams Impacted by Acid Deposition

In many aquatic systems, the tendency for mercury to bioaccumulate in fish is inversely correlated with
pH and alkalinity (or acid neutralizing capacity) (reviewed by Spry and Wiener, 1991). Thus, fish in acidic lakes
(pH 6.0 to 6.5 or less) often have higher body or tissue burdens of mercury than fish in nearby lakes with higher
pH. This relationship has been found for a variety of fish species and water bodies, including the following:

. various fish species in 14 lakes and 31 streams in Florida (FDER, 1990);

. yellow perch from lakes in the Upper Michigan peninsula (Grieb et al., 1990);

. yellow perch from seepage lakes in Northern Wisconsin (Cope et al., 1990);

. yellow perch from an experimentally acidified lake in Northern Wisconsin (Wiener et
al., 1990);

. yellow perch from Southern Ontario lakes (Suns and Hitchin, 1990);

. yellow perch from 12 Adirondack lakes (Simonin et al., 1994);

. walleyes from Wisconsin lakes (Lathrop et al., 1991);

. largemouth bass from 53 lakes in Florida (Lange et al., 1993);

. northern pike from 80 Minnesota lakes (Sorensen et al., 1990); and

. smallmouth bass from Ontario lakes (McMurtry et al., 1989).

The increased accumulation of mercury in low pH lakes appears to be due largely to increased microbial
production of methylmercury (Xun et al, 1987; Bloom et al., 1991; Miskimmin et al., 1992), although
biogeochemical processes that release mercury from sediments have also been implicated (Rada et al., 1993).
The bioavailability of methylmercury is probably also enhanced by decreased levels of calcium, as is typical of
such lakes. There are, however, exceptions to the general relationship between pH and bioaccumulation of
mercury (Fjeld and Rognerud, 1993), and it has been suggested that clear correlations between pH and mercury
bioaccumulation are likely to occur only when mercury deposits onto seepage lakes (Richardson et al., 1995).
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2.4.3 Dissolved Organic Carbon

DOC appears to be an important determinant of mercury translocation from watersheds to waterbodies
and, in many systems, may be a better predictor of fish mercury residues than pH (McMurtry et al., 1989; Nilsson
and Hakanson, 1992; Fjeld and Rognerud, 1993; Driscoll et al., 1994,1995; Watras et al., 1995b,c). However,
high concentrations of DOC may also complex methylmercury, diminishing its bioavailability (Driscoll et al.,
1994,1995; Hintelmann et al., 1995). Methylmercury uptake across the gills of the Sacramento blackfish was
measured directly by Choi et al. (1997). The addition of moderate amounts of DOC to the exposure water
dramatically reduced this uptake. DOC has been shown to reduce the bioavailability of neutral organic
compounds to freshwater invertebrates (Landrum et al., 1985). Studies of this type have not yet been conducted
with mercury.

2.4.4 Factors in Addition to pH and DOC that Contribute to Increased Bioaccumulation of Mercury in Aquatic
Biota

Numerous factors in addition to pH and DOC can influence the bioaccumulation of mercury in aquatic
biota. These include the length of the aquatic food chain (Cabana and Rasmussen, 1994; Cabana et al., 1994;
Futter, 1994) and water temperature (Bodaly et al., 1993). Physical and chemical characteristics of a watershed
affect the amount of mercury that is translocated from soils to water bodies (McMurtry et al., 1989, Johnston et
al., 1991; St. Louis et al., 1994; Joslin, 1994; Hurley et al., 1995). Interrelationships between these factors are
poorly understood, however, and there is no single factor that has been correlated with mercury bioaccumulation
in all cases examined.

2.4.5 Sensitive Species

For the purposes of this discussion, sensitive species are defined as those species that are more likely
than others to experience adverse effects due to mercury contamination. Such species may or may not be
inherently more sensitive on an absorbed dose basis. Sensitive species also may be at risk because they receive
high methylmercury exposures due to their position in the food chain or because their populations are already
stressed. In the first category are top-level predators of aquatic-based food webs exposed to high concentrations
of mercury in their prey. Examples include piscivorous raptors (e.g., bald eagles and ospreys), waterbirds (e.g.,
herons, gulls, kingfishers, and cormorants), and mammals (e.g., mink and otter). The second category includes
threatened and endangered species, which are species that have already experienced severe population declines
and are at risk of further population declines or extinction (e.g., Florida panther).

25 Endpoint Selection

U.S. EPA distinguishes two types of endpoints for ecological risk assessment purposes: assessment
endpoints and measurement endpoints (see text box). Assessment endpoints are explicit expressions of the actue
environmental value that is to be protected. Often, the assessment endpoint cannot be measured directly, so a ris
assessor selects one or more measurement endpoints that can be related, either quantitatively or qualitatively, to
the assessment endpoint (U.S. EPA, 1992a). In its draft guidance on risk assessment procedures, U.S. EPA
(1996) suggested that the term "measurement endpoint” be replaced by the term "measure of effect.” It was
deemed prudent for this Report, however, to utilize established terminology until the draft guidelines are
finalized.
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A goal of the problem formulation phase in an
assessment is to select assessment endpoints that are
relevant to decisions to be made. Factors relevant to ti
selection of these endpoints include: (1) ecological

Endpoints for Ecological Risk Assessment

eAssessment endpoint an explicit expression of the
environmental value that is to be protected (U.S. EPA,

relevance; (2) susceptibility to known or potential 1992a).

stressors; and (3) representation of management goals
(U.S. EPA, 19924, 1996).

Measurement endpoint- a measurable ecological
characteristic that is related to the valued characteristic
chosen as the assessment endpoint. (U.S. EPA, 1992

Table 2-8 provides examples of ecological
assessment and measurement endpoints at various levels
of biological organization. In current practice, the most tractable endpoints are at the individual or population
level and include mortality, growth, development and reproduction.

Based on the information provided in Sections 2.1 through 2.4, the ecological components that appear to
be most at risk from atmospheric mercury are piscivorous mammals and birds that feed at or near the top of
aquatic food chains. This is particularly true of threatened or endangered species that already have suffered
population declines due to one or more causes. An appropriate assessment endpoint, therefore, would be
maintenance of self-sustaining populations of these species. Appropriate measurement endpoints for exposed
wildlife species would include growth and survival of adults or other life-stages, reproductive success, and
behavioral impacts. Alternatively, when such data are difficult to collect, it may be necessary to infer adverse
effects on wildlife from laboratory toxicity studies.

2.6 Conceptual Model for Mercury Fate and Effects in the Environment

An important product of the problem formulation phase in ecological risk assessment is a conceptual
model of how the stressor may affect ecological components of the natural environment (U.S. EPA, 1992a,1996).
The conceptual model identifies the ecosystem(s) potentially at risk, exposure pathways between sources and
receptors, and the relationship(s) between measurement and assessment endpoints. A preliminary analysis of the
ecosystem, stressor characteristics, and ecological effects helps to define possible exposure scenarios (i.e.,
qualitative descriptions of how the stressors co-occur with or contact the various ecological components).

A conceptual model of the ecological effects of airborne mercury emissions can be visualized using
Figures 2-1 through 2-5. Mercury is emitted to the atmosphere primarily as the elemental form or as an inorganic
ion. Inorganic mercury returns to earth in wet deposition due to its relatively high solubility in water and because
it adsorbs to airborne particulates. Elemental mercury has a long half-life in the atmosphere and tends to stay
aloft but may react with other chemicals to form inorganic mercury species. Wet deposition containing mercury
falls onto watersheds or directly on water bodies. Mercury deposited onto watersheds is rapidly bound to organic
matter and tends to accumulate over time. A portion of this mercury is released, however, and is transported in
runoff and groundwater to receiving waters such as lakes, streams and wetlands. Biotic and abiotic chemical
reactions transform mercury in water and associated sediments to organic derivatives (primarily methylmercury).
Organomercurial compounds then accumulate in aquatic food chains due both to their tendency to become
sequestered in tissues and to the efficiency with which they are transferred from one trophic level to another.
Eventually, mercury in fish is consumed by piscivorous wildlife, with the resulting potential for adverse
toxicological effects. Uptake
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pathways other than consumption of contaminated prey (e.g., inhalation and drinking of contaminated water) are

Table 2-8

Examples of Assessment and Measurement Endpoints

Level of Oganization Assessment Endpoints Measurement Endpoints
Biodiversity Habitat area
Ecoragion? Regional production Regional production
Landscape aesthetics Other landscape descriptors
Productive capabilt Habitat area
Ecosstem Nutrient balance Biomass
Y Soil balance Productiwit
Nutrient export
Recreational qualt Species number
Charge to less useful/desiregpe Species evenness
Communiy Market/sport value Species diveysit
Market/sport value
Saprobic index
Extinction Occurrence
Abundance Numbers/dengit
Yield/production Age structure
Population Frequergross morbidiy Fecundiy
Massive mortaly Yield/production
Rarge Frequeng of gross morbidiy
Mortality rate
Survival Lorgevity
Growth and development Growth and development
Individual Reproduction Fecungit
Good plysical condition Overtyanptomolay
Biomarkers
Habitat qualiy Temperature
o Water flow
Abiotic Soil characteristics
Sediment characteristics

2 An ecor@ion is an area (ggon) of relative homgeneiy in ecolajical systems (based on elevation, soils, latitude,

precipitation).

Source: Adapted from U.S. EPA, 1989.

considered to be of little consequence for piscivorous birds and mammals.

2.7

Analysis Plan

The final goal of the problem formulation phase of an assessment is to develop a plan for subsequent
analyses of exposure and effect (U.S. EPA, 1996). In Chapter 3 of this Volume, an attempt is made to
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characterize the exposure of piscivorous avian and mammalian wildlife to airborne mercury and to link these
exposures with information pertaining to specific emissions categories. A stepwise approach was taken, with
each step representing an increased level of complexity and uncertainty. Field residue data were used to the
maximum extent possible for characterization of mercury bioaccumulation and biomagnification in fish. These
data are believed to be better suited for this purpose than laboratory bioconcentration and bioaccumulation data.
Using a previously derived "national average" mercury concentration in fish, exposures to selected wildlife
species were estimated using published exposure factors. Air dispersion models were employed in this analysis,
progressing from the use of a long-range transport model to estimate mercury deposition on a regional basis to
the combined use of both local-scale and long-range models. Mercury deposition estimates on a regional scale
were compared with the distributions of sensitive wildlife species. Finally, an effort was made to determine
whether wildlife living in close proximity to a mercury emissions source experience particularly high exposures
leading potentially to adverse impacts within relatively small geographical regions.

An effects assessment is conducted in Chapter 4 of this Volume by reviewing pertinent toxicology testing
data, with priority given to long-term dietary exposures with wildlife species. A review of data on mercury
elimination suggested the need to evaluate species differences in mercury toxicokinetics and the ameliorative
effects of selenium supplementation. The primary goals of this assessment were: (1) to estimate toxic dose
levels for piscivorous wildlife and (2) to provide guidance on the rational use of uncertainty factors for
subsequent analyses of risk and the development of protective exposure criteria.
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3. EXPOSURE OF PISCIVOROUS AVIAN AND MAMMALIAN WILDLIFE TO
AIRBORNE MERCURY

3.1 Objectives and Approach

The objective of this analysis was to characterize the extent to which piscivorous wildlife are exposed
to mercury originating from airborne emissions. Three general approaches were used, which may be described as
follows.

1. Estimation of current average exposure to piscivorous wildlife on a nationwide basis (Section 3.2).

Estimates of current mercury exposure to selected piscivorous wildlife species were calculated as
the product of the fish consumption rate and measured mercury concentrations in fish. This was not intended to
be a site-specific analysis, but was instead intended to provide national exposure estimates for piscivorous
wildlife based on typical mercury concentrations in fish. This analysis utilized mean total mercury measurements
from two nationwide studies of fish residues and published fish consumption data for the selected wildlife
species.

2. Estimation of mercury deposition on a regional scale (40 km grid) and comparison of these data with
species distribution information (Section 3.3).

A long-range atmospheric transport model (RELMAP) was used in conjunction with a mercury emissions
inventory to generate predictions of mercury deposition across the continental U.S. This information was then
compared with wildlife species distributions to characterize the potential for co-occurrence of high mercury
deposition rates and the presence of wildlife species of concern.

3. Estimation of mercury deposition on a local scale in areas near emissions point sources (Section 3.4).

A local-scale atmospheric transport model (GAS-ISC3) was used to simulate mercury deposition
originating from four different mercury emissions source classes. The analysis was conducted for two
hypothetical lakes located in the western and eastern U.S. The proximity of these lakes to the source was varied
to examine the effect of this parameter on model predictions. To account for the long-range transport of emitted
mercury, the 50th percentile RELMAP atmospheric concentrations and deposition rates were included in the
estimates from the local air dispersion model. To account for other sources of mercury, estimates of background
concentrations of mercury were also included in this exposure assessment.

3.2 Description of Computer Models

The models used for the wildlife exposure assessment are identical to those used for the human exposure
assessment (see Volume IV of this Report) and are described in detail in Volume 11l of this Report. Atmospheric
transport models were used to simulate the deposition of mercury at two different geographical scales (see
Table 3-1). A regional-scale analysis was conducted using the Regional
Lagrangian Model of Air Pollution (RELMAP). RELMAP calculates annual mean air concentrations and annual
mean deposition rates for each cell in a 40 km grid. This analysis covered the 48 contiguous states and was base
upon a recent inventory of mercury emissions sources (see Volume Il of this Report).

3-1



Table 3-1
Models Used to Predict Mercury Air Concentrations,
Deposition Fluxes and Environmental Concentrations

Model Description

Predicts aveige annual atmospheric mergwoncentration and wet andydr
RELMAP deposition flux for each 40 Kgrid in the U.S. due to all anthropocentric sources @f
mercuy in the U.S. and a natural barkund atmospheric merguconcentration.

Predicts aveige concentration and deposition fluxes within 50 km of emission
source.

GAS-ISC3

IEM-2M

Predicts environmental concentrations based on air concentrations and depositipn
rates to watershed and water pod

The local-scale exposure analysis was conducted using both RELMAP and a local air transport model,
GAS-ISC3, to generate hypothetical exposure scenarios for four mercury emission source classes. GAS-ISC3
uses hourly meteorological data to estimate hourly air concentrations and deposition fluxes within 50 km of a
point source. For each hour, general plume characteristics are estimated based on the source parameters (gas ex
velocity, temperature, stack diameter, stack height, wind speed at stack top, and atmospheric stability conditions)
for that hour. GAS-ISC3 was run using one year of actual meteorological data (1989, the same meteorologic year
as was utilized in the RELMAP modeling). The average annual predicted values for air concentration and
deposition rates were then used as inputs to the IEM-2M model. Finally, the IEM-2M model was used to
simulate the result of deposition over a 30 year period, which is the assumed typical lifetime of a facility.

The IEM-2M model was used to translate both regional and local-scale mercury deposition estimates into
mercury levels in soil, water and biota. Mercury levels in fish were calculated from average water concentrations
using estimated BAFs for fish occupying trophic levels 3 and 4. It was assumed throughout the wildlife exposure
analysis that 100% of mercury contained in fish exists as methylmercury.

IEM-2M is composed of two integrated modules that simulate mercury fate using mass balance equations
describing watershed soils and a shallow lake. IEM-2M simulates three chemical components -- elemental
mercury (Hg ), divalent mercury (Rg ), and methylmercury (MHg). The mass balances are performed for each
mercury component, with internal transformation rates linkin§ Hg*; Hg , and MHg. Sources include wetfall and
dryfall loadings of each component to watershed soils and to the water body. An additional source is diffusion of
atmospheric HYy vapor to watershed soils and the water body. Sinks include leaching of each component from
watershed soils, burial of each component in lake sediments, volatilizatiolf of Hg and MHg from the soil and
water column, and advection of each component out of the lake.

At the core of IEM-2M are nine differential equations describing the mass balance of each mercury
component in the surficial soil layer, in the water column, and in the surficial benthic sediments. The equations
are solved for a specified interval of time, and predicted concentrations output at fixed intervals. For each
calculational time step, IEM-2M first performs a terrestrial mass balance to obtain mercury concentrations in
watershed soils. Soil concentrations are used along with vapor concentrations and deposition rates to calculate
concentrations in various food plants. These are used, in turn, to calculate concentrations in animals. IEM-2M
simultaneously performs an aquatic mass balance driven by direct atmospheric deposition along with runoff and
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erosion loads from watershed soils. MHg concentrations in fish are derived from dissolved MHg water
concentrations using bioaccumulation factors (BAFs).

Mercury residues in fish were estimated by making the simplifying assumption that aquatic food chains
can be adequately represented using four trophic levels. Respectively, these trophic levels are the following:
level 1 - phytoplankton (algal producers); level 2 - zooplankton (primary herbivorous consumers); level 3 - small
forage fish (secondary consumers); and level 4 - larger, piscivorous fish (tertiary consumers). This type of food
chain typifies the pelagic assemblages found in large freshwater lakes and has been used extensively to model
bioaccumulation of hydrophobic organic compounds (see for example Thomann, 1989; Clark, 1990; and Gobas,
1993). Itis recognized, however, that food chain structure can vary considerably among aquatic systems
resulting in large differences in bioaccumulation in a given species of fish (Futter, 1994; Cabana et al., 1994a,b).
In addition, this simplified structure ignores several important groupings of organisms, including benthic
detritivores, macroinvertebrates, and herbivorous fishes. The second simplifying assumption utilized in this effort
was that methylmercury concentrations in fish are directly proportional to dissolved methylmercury
concentrations in the water column. It is recognized that this relationship can vary widely among both physically
similar and dissimilar water bodies.

Methylmercury concentrations in fish were derived from predicted water column concentrations of
dissolved methylmercury by using BAFs for trophic levels 3 and 4 (see Table 3-2). The BAFs selected for these
calculations were estimated from existing field data. Respectively, these BAFs (dissolved methylmercury basis)
are 6.8 x 10 and 1.6 x 10 . Methylmercury was estimated to constitute 7.8% of the total dissolved mercury in the
water column. The technical basis for these estimates is presented in Volume Ill, Appendix D.

The variability around these predicted fish residue values is highlighted in Table 3-2. Percentile
information for the BAF estimates developed in Appendix D of Volume 1l are presented. This table
demonstrates the large variability in fish residues that may occur at a given methylmercury water concentration.
This variability is largely due to the variability in field-derived BAF values.

Table 3-2
Percentiles of the Methylmercury Bioaccumulation Factor
Percentile of Distribution
Parameter
5th 25th 50th 75th 95th
Trophic 3 BAF 46x10| 95xP0| 1.6x90[ 2.6¥10 5.4%1(Q
Trophic 4 BAF 3.3x10 | 5.0x10 6.8x%0 9.2x10 1.4x"1(

3.3 Current Exposure of Piscivorous Wildlife to Mercury

Four avian species (eagle, common loon, kingfisher and osprey) and two mammalian species (otter and
mink) were assumed to be exposed to methylmercury through the ingestion of contaminated fish. Fish
consumption is thought to be the dominant mercury exposure pathway for piscivores (see Chapter 2 of this
Volume). Consequently, an analysis of these ecological receptors' methylmercury contact rate based on the daily
ingestion rate of fish is reasonable and appropriate.



The piscivorous bird's or mammal's methylmercury contact rate from fish consumption can be estimated
as the product of methylmercury levels in the fish and the daily amount of fish eaten. The trophic level at which
piscivores feed significantly impacts their exposure to methylmercury. Those piscivores consuming a diet
primarily consisting of trophic level 3 fish are expected to ingest approximately five times less methylmercury
per gram of fish eaten than those eating trophic level 4 fish from the same site. Animals consuming a mixture of
trophic level 3 and 4 fish would experience (on a per gram of fish basis) an intermediate level of exposure.
Finally, many top level predators consume a mixture of both aquatic and terrestrially-derived prey. In general,
mercury levels in the tissues of terrestrial animals are much lower than those of fish. A special case exists,
however, when a terrestrial animal (e.g., a raccoon) feeds on aquatic biota and is itself preyed upon by a larger
terrestrial animal (e.g., the Florida panther). A similar situation exists when a piscivorous bird (e.g., the herring
gull) is consumed by a larger bird (e.g., the bald eagle). In these situations, the potential exists for the top
predator to obtain a higher mercury dose than it would otherwise receive from a strictly fish-based diet. The
extent of this increase depends, in turn, upon the proportion of the diet composed of these mammalian and avian
prey items and the extent to which the prey items accumulate mercury in excess of levels found at trophic levels 3
and 4.

Exposure factors for the present analysis were obtained from two recent compilations of wildlife dietary
habits (U.S. EPA, 1993a, 1995a) and are shown in Table 3-3. Bald eagles were assumed to eat fish derived from
trophic levels 3 and 4, as well as prey derived from other sources. Expressed as percentages, these prey items
were assumed to contribute 74, 18 and 8% of the daily dietary intake. For this Report, dietary items other than
fish were assumed to contain no mercury. Eagles are, therefore, expected to experience a greater methylmercury
exposure per gram of fish consumed than ospreys, loons, and kingfishers, which were assumed to consume only
trophic level 3 fish. Part of this increase, however, is offset by the contribution of uncontaminated prey
consumed by eagles. Among the mammals, otters, which were assumed to consume an 80/20 mix of trophic level
3 and 4 fish, are expected to have a greater methylmercury exposure per gram of fish consumed than mink, which
were assumed to eat only trophic level 3 fish. In addition, 10% of the mink diet was assumed to consist of
uncontaminated prey items.

Table 3-3
Exposure Parameters for Mink, Otter, Kingfisher, Loon, Osprey, and Eagle
on i
Body Wit. Ingestion Rate| Drinkig Rate | Trophic Level of Aé:s:]at
Species (Wt ) (E) (W) Wildlife Food .
Trophic
kg kg/d L/d Source
Level
Mink 0.80 0.178 0.081 3 90
Otter 7.40 1.220 0.600 34 80,20
Kingdfisher 0.15 0.075 0.017 3 100
Loon 4.0 0.8 0.14 3 100
Ospry 1.50 0.300 0.077 3 100
Eagle 4.60 0.500 0.160 34 74,18,8
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The ratio of grams fish consumed per day to piscivore body weight is also significant in estimating
mercury exposure on a pg/kg bw/d basis. The greater this ratio, the higher the resulting mercury exposure,
assuming that methylmercury concentrations in fish remain constant. For example, osprey, loons, and kingfishers
each consume trophic level 3 fish only. Kingfishers consume an amount of fish equivalent to about 50% of their
body weight each day, while osprey and loons consume roughly 20% of their body weights in fish per day. The
resulting average daily intake of methylmercury.gikg body weight will, therefore, be higher in kingfishers.

Residue data used to calculate national averages for mercury concentration in fish were obtained from two
studies. The first, entitled "A National Study of Chemical Residues in Fish," was conducted by U.S. EPA
(1992b) and also reported in Bahnick et al. (1994). The second study, entitled "National Contaminant
Biomonitoring Program: Concentrations of Seven Elements in Freshwater Fish, 1978-1981," was published by
Lowe et al. (1985). These data are described in Section 2.3.1.2 of this Volume. Based upon these values,
national average methylmercury concentrations in fish tissue were determined to be 0.052 pg/g and 0.26 pg/g for
fish occupying trophic levels 3 and 4, respectively. Eagles consume approximately 500 g of food per day (U.S.
EPA, 1993a, 1995a), 74% of which (370 g/d) consists of trophic level 3 fish, and 18% of which (90 g/d) consists
of trophic level 4 fish. Multiplying these consumption rates by the methylmercury concentrations at trophic
levels 3 and 4 and dividing by the average weight of an adult eagle (4.6 kg) (U.S. EPA, 1993a, 1995a) yields an
average daily exposure of approximately.tdmethylmercury/kg bw/d. Similar calculations were made for

other piscivores in this hypothetical exposure scenario allowing comparisons to be made among species (see
Table 3-4).

From a modeling standpoint, methylmercury

levels in trophic level 3 fish and the mercury Table 3-4

concentration in water are irrelevant to a ranking of Summary of Sample Calculations of
predator exposure; only the relationship between the Wildlife Species Methylmercury Exposure
methylmercury concentrations in trophic levels 3 and 4 is From Fish Ingestion, Based
critical. As noted previously, fish consumption rate on Average Fish Residue Values

expressed per gram of body weight has a large effect on
these exposure calculations. Thus, despite consuming a _
comparatively small amount of the trophic level 3 fish, the _ Sample Estimated
kingfisher ranks well above any other birds (or mammals) Species Methylmercury Exposure from
. . . . Fish Ingestion (xg/kg bw/d)
in this estimated amount of mercury ingested per kg/bw.

] ) Kingfisher 25

3.4 Regional-Scale Exposure Estimates
Otter 15
There are many stationary, anthropogenic Loon 10

mercury sources in the U.S., and the impact of these
emissions may not be limited to the local area around the Osprey 10
facility. To account for impacts of mercury emitted from
these non-local sources, the long-range transport of
mercury was simulated using the RELMAP model. The
RELMAP model was used to predict the average annual
atmospheric mercury concentration and the wet and dry
deposition flux for each 40 Km grid in the continental
U.S. The emission, transport and fate of airborne mercury over the continental U.S. were modeled using
meteorologic data for the year of 1989. This year was assumed to be a typical year from an atmospheric
dispersion perspective. Inputs to the RELMAP model were obtained from the mercury emissions inventory
presented as Volume Il of this Report. In all, over 10,000 mercury emitting cells within the U.S. were addressed.
A detailed description of the RELMAP model is provided in Section 4 of Volume lll.

Mink 10

Eagle 9




3.4.1 Predicted Current Mercury Exposure Across the Continental U.S.

In the first stage of analysis, estimated total mercury deposition data were used with ARC/INFO
cartography software to generate U.S. map overlays. The overlays can be applied to similar scale maps of natural
resources and species distributions or combined with additional data, such as acid deposition or pH of surface
waters. Figure 3-1 shows RELMAP projections for total (including wet and dry) anthropogenic mercury
deposition. Nearly all the land area east of the Mississippi River is projected to receive mercury deposition
greater than &g/m?. Highly industrialized northeastern states and south Florida are projected to receive more
than 20ug/nm?. RELMAP results are projections that may differ quantitatively from actual sampling data for a
given locale. It is anticipated, however, that additional sampling data will confirm the prediction that mercury is
deposited in significant quantities over large geographic areas.

Limitations on data precluded a quantitative, nation-wide analysis of the exposure of piscivorous wildlife
to mercury. Existing data are sufficient, however, to permit a qualitative analysis. In the case of plant life, the
analysis was limited to plotting the location of federally threatened or endangered species, thereby indicating
where threatened populations coincide with estimated high mercury deposition.

Avian wildlife selected for this analysis included species that are widely distributed (kingfishers) and
narrowly distributed (bald eagles, ospreys, and loons). All the birds selected were piscivores that feed at or near
the top of aquatic food chains and are therefore at risk from biomagnified mercury.

Two of the mammals selected for this analysis (mink and river otters) are piscivorous and widely
distributed. The other mammal selected, the Florida panther, is not widely distributed but is listed as an
endangered species. The Florida panther lives in an environment known to be contaminated with mercury and
preys upon small mammals (e.g., raccoons) that may contain high tissue burdens of mercury.

The maps and map overlays that follow were used to examine in a qualitative fashion the potential for
anthropogenic mercury to impact representative piscivorous species in a variety of ecosystems. Animal
distribution information was obtained from the Nature Conservancy (1994).

3.4.2 Locations of Socially Valued Environmental Resources

Major freshwater lakes and river systems potentially affected by high levels of atmospheric mercury
deposition are illustrated in Figure 3-2. Most of the freshwater located in the lower 48 states occurs in areas
where mercury deposition is predicted to be high. Because mercury accumulates in sediments, it is anticipated
that significant mercury inputs to surface waters will continue for a long period of time even if atmospheric
deposition is substantially reduced. The Great Lakes are particularly vulnerable due to the length of time
necessary to replenish contaminated freshwater with clean freshwater.

Figure 3-3 shows the location of national resource lands, which include national parks and monuments,
national forests, wildlife refuges and Native American reservation lands. The area of national resource lands that
are predicted to have high mercury deposition is relatively small when compared with the total area of national
resource lands, most of which are located in the western states. The small size of eastern resources makes them
especially vulnerable to the effects of mercury because depleted wildlife populations cannot easily be
repopulated from less-impacted adjoining regions. Increasingly, natural areas
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may become "islands" surrounded by development. The loss of biodiversity is an important problem that could
be exacerbated by the added stress of mercury toxicity.

3.4.3 Airborne Deposition Overlay with Threatened and Endangered Plants

Figure 3-4 shows the geographic locations of populations of threatened and endangered plant species
overlaid with RELMAP's predicted mercury deposition. Large concentrations of endangered plant populations
exposed to high levels of deposition occur in central and southern Florida, along the northeastern coastal region,
and scattered throughout the midwest.

3.4.4 Regqions of High Mercury Deposition

Predicted mercury deposition rates in excess of 5 pg/m2 are shown in Figure 3-5. These data are used
below to estimate the extent of overlap of wildlife species ranges with regions receiving high levels of mercury
deposition. It should not be inferred from this analysis that wildlife living in areas that receive relatively low
levels of mercury deposition are not at risk. For example, much of northern Wisconsin receives only moderate
amounts of mercury, yet the occurrence of high mercury levels in fish is a well-documented problem.
Nevertheless, it is of interest to define deposition patterns on a broad geographical scale. These data can then be
interpreted in the context of regional and watershed-specific factors that contribute to mercury translocation,
methylation, and bioaccumulation.

3.4.5 Regqions of High Mercury Deposition Overlay with the Distribution of Acid Surface Waters

Figure 3-6 shows the co-occurrence of acidified surface waters (NAPAP, 1990) and regions receiving
high levels of mercury deposition. While it is recognized that a variety of factors impact the methylation of
mercury and its subsequent accumulation in aquatic biota (see Chapter 2 of this Volume), mercury residues in
fish have been positively correlated with low pH in ecosystems of widely varying type, including both northern
oligotrophic lakes and the lakes and wetlands of central Florida. Poorly buffered surface waters receiving high
levels of mercury deposition are located in central Florida, throughout the Chesapeake Bay region, and in the
northeastern U.S., including the Adirondack region of New York.

3.4.6 _Regions of High Mercury Depaosition Overlays with Wildlife Species Distribution Maps

Figure 3-7 shows the range of kingfisher habitat and areas where this habitat overlaps with regions of
high mercury deposition. Kingfishers consume fish primarily from trophic level 3. Approximately 29% of the
kingfisher's range overlaps with areas of high mercury deposition. On a nationwide basis, mercury does not
appear to be a threat to the species. However, as indicated by the exposure assessment in Section 3.3, kingfisher
consume more mercury on a body weight basis than any of the other wildlife species examined.

Figure 3-8 overlays the range of bald eagle habitat onto regions that receive high levels of mercury
deposition. Although a recovery in the population of bald eagles in the lower 48 states has resulted in a status
upgrade from "endangered" to "threatened," bald eagle populations are still depleted throughout much of their
historical range. Bald eagles can be found seasonally in large numbers in several geographic locations, but most
of these individuals are transient, and the overall population is still small. Historically, eagle populations in the
lower 48 states have been adversely impacted by the effects of bioaccumulative contaminants (primarily DDT
and perhaps also PCBs). Approximately 34% of the bald eagle's range overlaps with regions of high mercury
deposition. Areas of particular concern include the Great Lakes region, the northeastern Atlantic states, and
south Florida.
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Figure 3-9 indicates where the range of osprey coincides with regions of high mercury deposition.
Nationwide, approximately 20% of the osprey's range overlaps these regions; however, a much larger fraction of
the osprey's eastern population occurs within these regions. The osprey diet consists almost exclusively of fish.
Osprey populations underwent severe declines during the 1950s through the 1970s due to widespread use of DDT
and related compounds.

Figure 3-10 depicts areas where the range of the common loon coincides with regions of concern. Nearly
40% of the loon's range is located in regions of high mercury deposition. Limited data from a study of a mercury
point source showed that the reproductive success of loons was negatively correlated with exposure to mercury in
a significant dose-response relationship (see Section 2.3.3 of this Volume). Mercury residues in fish collected
from lakes used as loon breeding areas may, in some cases, exceed levels that, on the basis of the point source
study, are associated with reproductive impairment. Loons frequently breed in areas that have been adversely
impacted by acid deposition. An assessment of mercury's effects on loon populations is complicated by the fact
that decreases in surface water pH have been associated with both increased mercury residues in fish and a
decline in the available forage base.

Figure 3-11 shows the Florida panther's range. All (100%) of the panther's range falls within an area of
high mercury deposition. Mercury levels found in tissues obtained from dead panthers are similar to levels that
have been associated with frank toxic in other feline species. The State of Florida has taken measures to reduce
the risk to panthers posed by mercury. Existing plans include measures to increase the number of deer available
as prey in order to reduce the reliance of panthers on raccoons. As indicated previously, raccoons frequently feed
at or near the top of aquatic food webs and can accumulate substantial tissue burdens of mercury. An evaluation
of the risk posed by mercury to the Florida panther is complicated by the possible impacts of other chemical
stressors, habitat loss and inbreeding.

Figure 3-12 shows where mink habitat coincides with regions of high mercury deposition (approximately
35% nationwide). Mink occupy a large geographic area and are common throughout this range, although rarely
observed due to their nocturnal habits. Mink are extremely aggressive carnivores and, given the opportunity, will
prey on small mammals and birds. Many subpopulations, however, prey almost exclusively on fish and other
aquatic biota. Due to allometric considerations, the mink may be exposed to more mercury on a body weight
basis than larger piscivorous mammals feeding at higher trophic levels. In several cases, mercury residues in
wild-caught mink have been shown to be equal to or greater than levels associated with toxic effects in the
laboratory.

Figure 3-13 shows where the range of the river otter coincides with areas of high mercury deposition
(approximately 38% nationwide). River otters occupy large areas of the United States, but their population
numbers are thought to be declining in both the midwestern and southeastern states. The river otter's diet is
almost exclusively of aquatic origins and includes fish (primarily), crayfish, amphibians and aquatic insects. The
consumption of large, piscivorous fish puts the river otter at risk from bioaccumulative contaminants such as
mercury. Like the mink, mercury residues in some wild-caught otters have been shown to be close to, and in
some cases greater than, concentrations associated with frank toxic effects.

3.5 Modeling Exposures Near Mercury Emissions Sources
In this section, computer models are used to predict exposures of piscivorous wildlife to mercury

resulting from hypothetical local source emissions. Modeling assumptions related to the presence of
“background” mercury as well as mercury transported from other regions of the U.S. are also discussed.

3-16



Figure 3-9
Osprey Range and Regions of High Mercury Deposition
(Detail: Eastern U.S.)

& Deposition 5-10 ug/m2
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Figure 3-11
Florida Panther Range and Regions of High Mercury Deposition
(Detail: Eastern U.S.)
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3.5.1 _Estimates of Background Mercury

In Volume Il of this Report, it was noted that mercury is a constituent of the environment and has always
been present on the planet. Estimates of atmospheric mercury concentrations and deposition rates from periods
pre-dating large-scale anthropogenic emissions (“pre-anthropogenic”), as well as levels due to current sources,
were determined for hypothetical eastern and western sites. These estimates were used as inputs to the IEM-2M
model. The IEM-2M model was run until equilibrium was achieved for both the eastern and western sites and for
both the pre-anthropogenic and current time periods. Chemical equilibrium is defined here as “a steady state, in
which opposing chemical reactions occur at equal rates" (Pauling, 1963). When modeling the pre-anthropogenic
period, the initial conditions of all model compartments, except the atmosphere, were set to a mercury
concentration of 0. The results of running the pre-anthropogenic conditions to equilibrium in IEM-2M were used
as the initial conditions for estimating the current mercury concentrations. Table 3-5 lists the estimated mercury
air concentrations and deposition rates used at both hypothetical sites and for both time periods.

Table 3-5
Inputs to IEM-2M Model for the Two Time Periods Modeled
Eastern Site Western Site
Time Period Air Concentration Annual Air Concentratioh Annual
ng/m? Deposition Rate ngfn Deposition Raje
ug/ne fyr ug/m lyr

Pre- 0.5 3 0.5 1
Anthropogenic

Current 1.6 10 1.6 2

3.5.2 Hypothetical Wildlife Exposure Scenarios

The exposure of piscivorous wildlife to mercury originating from hypothetical point sources was
characterized using the same approach as that used to characterize human exposure to mercury from consumptio
of contaminated fish (see Volumes lll and V). A benefit of this approach is that it facilitates comparisons
between exposure levels to human and wildlife receptors.

Mercury exposure was assessed for piscivorous wildlife hypothetically located at two generic lacustrine
sites: (1) a humid site east of 90 degrees west longitude and (2) a more arid site west of 90 degrees west longitude
(see Volume Il for site descriptions). Both sites were assumed to be located in relatively flat terrain. Exposure at
each site was assessed for piscivorous wildlife living around one of three lakes located at 2.5, 10, or 25 km from
the emissions source, as shown in Figure 3-14. The primary physical differences between the two hypothetical
sites as parameterized included the assumed average annual precipitation rate, the assumed erosion
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Figure 3-14
Configuration of Hypothetical Water Body and Watershed Relative to Local Source
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>

characteristics for the watershed, and the amount of dilution flow from the water body. The eastern site had
generally steeper terrain in the watershed than was assumed for the western site. The drainage lakes were
assumed to be circular with a diameter of 1.78 km and average depth of 5 m, with a 2 cm benthic sediment depth.
The watershed area was 37.3%m . In each case, deposition information was used to estimate mercury
concentrations in water, averaged over the entire lake.

3.5.3 Predicted Mercury Exposure Around Emissions Sources

The goal of the local scale analysis was to evaluate the extent to which mercury emissions sources have
the potential to create locally elevated mercury exposures for piscivorous wildlife receptors. Air concentrations
and deposition rates due to a single local source were predicted using the GAS-ISC3 atmospheric dispersion and
deposition model. For the purposes of this study, hypothetical sources were assumed to contribute mercury in
addition to that simulated by RELMAP. Details of the local-scale modeling exercise are presented in Volume IlI
of this Report. Additionally, current background concentrations of mercury in various media were estimated and
used as inputs to the modeling (see Volume Il for description).

Model plants (hypothetical anthropogenic mercury emissions sources) representing four source classes
were developed to represent a range of mercury emissions sources. The source categories were selected for the
indirect exposure analysis based on their estimated annual mercury emissions or their potential to be localized
point sources of concern. The categories selected were: municipal waste combustors (MWCs), medical waste
incinerators (MWIs), utility boilers, and chlor-alkali plants. Table 3-6 shows the process parameters assumed for
each of these facilities. The characteristics of the facilities were derived based on typical rather than extreme
representations; the facilities are known as model plants (see Volume lI).
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Table 3-6

Process Parameters for the Model Plants Considered in the Local Impact Analysis

Stack Stack Ig Emission Peciation Exit Exit
Model Plant Plant Size @acity Height Diameter Rate Percent Velocity Tenyperature
(% ofyear) (ft) (ft) (katyr) (Hg/Hg*Hgs) (m/sec) (°F)
Large Municpal Waste 2,250 tons/ga 90% 230 9.5 220 60/30/10 219 285
Combustors
Small Municpal Waste 200 tons/ga 90% 140 5 20 60/30/10 21.9 375
Combustors
Large Commercial HMI 1500 Ib/hr pacity 88% 40 2.7 458 33/50/17 9.4 175
Waste Incinerator (2000 Ib/hr actual)
(Wetscrubber)
Large Hogital HMI 1000 Ib/hr caacity 39% 40 2.3 23.9 2/73/25 16 1500
Waste Incinerators (667 Ib/hr actual)
(Good Combustion)
Small Hogital HMI 100 Ib/hr capacity 27% 40 0.9 1.34 2173127 104 1500
Waste Incinerators (67 Ib/hr actual)
(1/4 sec Combustion)
Large Hogpital HMI 1000 Ib/hr caacity 39% 40 2.3 0.84 33/50/17 9.0 175
Waste Incinerators (667 Ib/hr actual)
(Wet Scrubber)
Small Hogital HMI 100 Ib/hr cgacity 27% 40 0.9 0.05 33/50/17 5.6 175
Waste Incinerators (Wet (67 Ib/hr actual)
Scrubber)
Large Coal-fired Utility 975 Megawatts 65% 732 27 230 50/30/20 31.1 273
Boiler
Medium Coal-fired 375 Mgawatts 65% 465 18 90 50/30/20 26.7 275
Utility Boiler
Small Coal-fired Utiliy 100 Megawatts 65% 266 12 10 50/30/20 6.6 295
Boiler
Medium Oil-fired Utility 285 Magawatts 65% 290 14 2 50/30/20 20.7 322
Boiler
Chlor-alkaliplant 300 tons 90% 10 0.5 380 70/30/0 0.1 Ambien
chlorine/dy

2Hg° = Elemental Mercyr
 Hg?" = Divalent Vaor Phase Mercyr
°Hg, = Particle-Bound Mercury
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GAS-ISC3 was employed to estimate ghesition orpinating from localpoint sources (<50 km from the
receptor). The IEM-2M model was then utilized to estimate the fate of mgiouhe watershed and water lyod
The estimated concentrations of dissolved iletarcury in the water column were usedp@dict
methylmerculy concentrations in fish that oqmutrophic levels 3 and 4. This was acadished ty multiplying
the predicted metiimercury dissolved water concentratiog the BAF at each tphic level. Wildlife recptors
were assumed togest the fish at rategven previously (Table 3-3).

3.5.4 Results of kpothetical Eyosure Scenarios

High rates of mercyrdeposition were associated wignoximity to industrial sources emittn
substantial levels of divalent merguisee Tables 3-7 and 3-8). Additional factors that contributedtoldcal
deposition rates include low stack lgat and slow stack exgas velocities. Imgeneralpredicted dissolved
methylmerculy concentrations in lake waters located 2.5 km from the source vgher kian levelpredicted at
10 or 25 km. This was dyimarily to the dilution of the mercuremissions in the atmplsere. Mercuy
concentrations in fish (hence the meycarposure tapiscivores) wergroportional to dissolved megtmercury
levels in the local waters. When the twgbthetical locations were cqrared (western and easterngher
mercuy concentrations wengredicted to occur in the environmental media at the eastern location. This was due
primarily to higher levels ofrecipitation at the eastern site, which tends to remove mefoun the
atmogphere. Also, the assystions of baciground mercuy are hgher for the eastern than the western site. On a
per kilogram of bog weight per dg basis, thegeciespredicted to be most prsed were the kgiisher and the
otter.

3.5.5 Issues Related to CombigiModels to Assess Environmental Fate of Meyaumnd Eyosures to
Wildlife

In modelirg the environmental fate and sufygent exosure ofpiscivorous wildlife to mercyr emitted
from a number of different sources, mpagimplif ying assumtions have been made. Each glifiying assurmption
is associated with somegtee of uncertaint the accumulation of these uncertainties results in uncegriaittie
exposure levelpredicted ly the models. Manof the irput parameters to the models ynalso bequite variable
across time and location. This varialiliéads to uncertaiptin the modelig results. While no effort is made
here toquantify these variabilities and uncertainties, this section will gitémdescribe those deemed most
significant to this element of the assessment.

There is no consensuppoach for develping exposure scenarios f@ollutants such as mergymwhich
have alwgs been environmental constituents (i.e., how to parate bacground concentrations into
environmental fate modelj). The gproach develped for this document is clegnhot the ony approach that
could have been taken to account for environmentalgoaskd concentrations; however, egaitential
alternative pproach evaluated algwesented associated uncertgirit the error in estimate of bagtound
results in an overestimation of concentrations in environmental media from these soumesgtited irpacts
of anthrgpogenic sources will be underestimated, and vice versa.

Combinirg the ouputs of the different environmental fate models, while deemed negésséris
pollutant, cleary conpounds the uncertaiptelating to individual model assuptions and iput parameter
uncertainties. The chemicadoperties associated with elemental meycaind divalent mercyr species in the
atmogphere are assumed to beyeissimilar. This necessitates an atpiesic modelig approach that can
account for log rarge atmogpheric tranport of anthrgogenic emissions as well as local trpoit from agiven
source. Therimary impacts of environmental merguresult from bioaccumulation and biogméfication in the
aguatic food chain. This necessitates the use of a model such as IEM-2M that
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Table 3-7

Predicted MHg Exposure to Ecological Receptors for Eastern Site (Local + RELMAP 50th Percentile)

MHg Concentrationi(g/g) Predicted MH) Exposure from ligestion of Fish (rg/kg/day)
MHg Dissolved Tier3 Tier4  Baakound RELMAP ISC Bald Egle Osrey Kindfisher River Otter Mink Loon
Concentration (@/L)
Variant b:Lage Municipal 2.5 km 1.7E-01 2.7E-01 1.2E+00 38% 7% 54% 4.4E-02 5.4E-02 1.4E-01 7.4E-02 5.4E-02 54E-02
Waste Combustor 10 km 1.1E-01 1.8E-01 7.6E-01 58% 11% 3% 2.9E-02 3.6E-02 8.9E-02 4.8E-02 3.6E-02 3|pE-02
25 km 8.9E-02 1.4E-01 6.0E-01 73% 14% 13% 2.3E-02 2.8E-02  7.1E-02 3.9E-02  2.8E-02 2 EE—OZ
Variant b:Small Munigpal 2.5km 9.5E-02 15E-01 6.4E-01 68% 13% 14% 2.5E-02 3.0E-02 7.6E-02 4.1E-02  3.0E-02 3IJOE-02
Waste Combustor 10 km 8.2E-02 1.3E-01 5.6E-01 79% 15% 646 2.2E-02 2.6E-02 6.6E-02 3.6E-02 2.6E-02 2|pE-02
25 km 7.9E-02 1.3E-01 5.3E-01 83% 16% 2% 2.1E-02  2.5E-02  6.3E-02 3.4E-02  2.5E-02 2|pbE-02
Large Commercial HMI 2.5km 9.6E-02 15E-01 6.5E-01 68% 13% 1% 25E-02 3.1E-02 7.7E-02 4.2E-02  3.1E-02 1E-02
10 km 8.0E-02 1.3E-01 5.4E-01 82% 16% 3% 2.1E-02 2.5E-02 6.4E-02 3.5E-02 2.5E-02 2|pE-02
25 km 7.8E-02 1.2E-01 5.3E-01 83% 16% 1% 2.0E-02  2.5E-02 6.2E-02 3.4E-02  2.5E-02  2|pbE-02
Large Hogpital HMI 2.5 km 1.9E-01 3.1E-01 1.3E+00 34% 6% 60po 5.0E-02 6.2E-02 1.5E-01 8.4E-02 6.2E-02 6|RE-02
10 km 9.4E-02 15E-01 6.4E-01 69% 13% 18% 25E-02 3.0E-02 7.5E-02 4.1E-02 3.0E-02 3|pE-02
25 km 8.1E-02 1.3E-01  5.5E-01 80% 15% 5% 2.1E-02 2.6E-02 6.5E-02 3.5E-02 2.6E-02 2 EE-OZ
Small Hogital HMI 2.5 km 8.5E-02 1.4E-01 5.8E-01 76% 15% 9% 2.2E-02 2.7E-02 6.8E-02 3.7E-02 2.7E-02 2 I7E—02
10 km 7.8E-02 1.3E-01 5.3E-01 83% 16% 1% 2.0E-02 25E-02 6.3E-02 3.4E-02 2.5E-02 2|pE-02
25 km 7.8E-02 1.2E-01  5.3E-01 84% 16% 0% 2.0E-02 2.5E-02  6.2E-02 3.4E-02  2.5E-02 2|pE-02
Large Hogital HMI (wet 2.5km 8.1E-02 1.3E-01 5.5E-01 80% 15% 4% 2.1E-02 2.6E-02 6.5E-02 3.5E-02 2.6E-02 2|pE-02
scrubber) 10 km 7.8E-02 1.2E-01 5.3E-01 84% 16% 1% 2.0E-02 2.5E-02 6.2E-02 3.4E-02 2.5E-02 2|pE-02
25 km 7.7E-02 1.2E-01 5.3E-01 84% 16% 0%o 2.0E-02  2.5E-02 6.2E-02 3.4E-02  2.5E-02 2|bE-02
Small Hogpital HMI (wet 2.5km 7.8E-02 1.2E-01 5.3E-01 84% 16% (0] ) 2.0E-02 25E-02 6.2E-02 3.4E-02 25E-02 2|bE-02
scrubber) 10 km 7.7E-02 1.2E-01 5.3E-01 84% 16% 0% 2.0E-02 2.5E-02 6.2E-02 3.4E-02 2.5E-02 2|pE-02
25 km 7.7E-02 1.2E-01 5.3E-01 84% 16% 0%6 2.0E-02  2.5E-02 6.2E-02 3.4E-02  2.5E-02 2|pE-02
Large Coal-fired Utility 2.5km 1.3E-01 2.1E-01 9.1E-01 48% 9% 42% 3.5E-02 43E-02 1.1E-01 5.8E-02 4.3E-02 4|BE-02
Boiler 10 km 8.6E-02 1.4E-01 5.9E-01 75% 14% 10% 2.3E-02 2.8E-02 6.9E-02 3.8E-02 2.8E-02 2|BE-02
25 km 8.0E-02 1.3E-01  5.5E-01 81% 15% 4% 2.1E-02 2.6E-02 6.4E-02 3.5E-02  2.6E-02 2|pE-02
Medium Coal-fired Utiliy 2.5 km 1.0E-01 1.6E-01 6.9E-01 64% 12% 24% 2.7E-02 3.2E-02 8.1E-02 4.4E-02 3.2E-02 3|RE-02
Boiler 10 km 8.3E-02 1.3E-01 5.6E-01 78% 15% 7%6 2.2E-02 2.7E-02 6.6E-02 3.6E-02 2.7E-02 2| E-02
25 km 8.0E-02 1.3E-01 5.4E-01 81% 16% 3% 2.1E-02 2.6E-02  6.4E-02 3.5E-02  2.6E-02 2|pE-02
Small Coal-fired Utiliy 2.5km 8.3E-02 1.3E-01 5.6E-01 79% 15% 6%o 2.2E-02 2.6E-02 6.6E-02 3.6E-02 2.6E-02 2|pE-02
Boiler 10 km 7.9E-02 1.3E-01 5.4E-01 82% 16% 2% 2.1E-02 2.5E-02 6.3E-02 3.4E-02 2.5E-02 2|pE-02
25 km 7.8E-02 1.2E-01 5.3E-01 83% 16% 1% 2.0E-02  2.5E-02 6.2E-02 3.4E-02  2.5E-02 2|pE-02
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Predicted MHg Exposure to Ecological Receptors for Eastern Site (Local + RELMAP 50th Percentile)

Table 3-7 (continued)

MHg Concentration(g/g) Predicted Mty Exposure from Igestion of Fish (rg/kg/day)
MHg Dissolved Tier3 Tierd Baakound RELMAP ISC Bald Egle Osprey Kingdfisher River Otter Mink Loon
Concentration (g/L)
Medium Oil-fired Utility 2.5km 7.8E-02 1.2E-01 5.3E-01 83% 16% 1% 2.0E-02 2.5E-02 6.2E-02 3.4E-02 2.5E-02 2|pE-02
Boiler 10 km 7.8E-02 1.2E-01 5.3E-01 84% 16% 0% 2.0E-02 2.5E-02 6.2E-02 3.4E-02 2.5E-02 2|pE-02
25 km 7.7E-02 1.2E-01  5.3E-01 84% 16% 046 2.0E-02 2.5E-02 _ 6.2E-02 3.4E-02 _ 2.5E-02  2|pE-02
Chlor-alkaliplant 2.5 km 1.0E+00 1.6E+00 6.8E+00 6% 1% 94% 2.6E-01 3.2E-01 8.0E-01 44E-01 3.2E-01 32E-01
10 km 1.8E-01 2.8E-01 1.2E+00 37% 7% 5600 4.6E-02 5.7E-02 1.4E-01 7.7E-02 5.7E-02 5|fFE-02
25 km 1.0E-01 1.6E-01 6.8E-01 65% 12% 23% 2.6E-02 3.2E-02 8.0E-02 4.4E-02 3.2E-02 3 FE-OZ
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Table 3-8

Predicted MHg Exposure to Ecological Receptors for Western Site (Local + RELMAP 50th percentile)

MHg Concentrationi(g/g) Predicted MKy Exposure from Igestion of Fish (rg/kg/day)
MHg Dissolved Tier3 Tier4  Baakound RELMAP IS Bald Egle  Osrey Kingfisher River Otter Mink Loon
Concentration (g/L)
Variant b:Lage 2.5 km 8.8E-02 1.4E-01  6.0E-01 15% 1% 84% 2.3E-02  2.8E-02 7.1E-02 3.8E-02 2.8E-02 2fE-02
Municipal Waste 10 km 5.5E-02 8.8E-02  3.7E-01 24% 2% 749 1.4E-02  1.8E-02 4.4E-02 2.4E-02 1.8E-02  1§E-02
Combustor 25 km 2.7E-02 4.4E-02 _ 1.9E-01 48% 4% 489 7.0E-03 _ 87E-03 _ 22E-02 _ 12E-02 _8.7E-03 _ 8.fE-03
Variant b:Small 2.5 km 3.3E-02 5.3E-02  2.3E-01 40% 3% 576 8.7E-03  1.1E-02 2.7E-02 1.5E-02  1.1E-02 1E-02
Municipal Waste 10 km 1.9E-02 3.1E-02  1.3E-01 68% 6% 26% 5.1E-03  6.2E-03 1.5E-02 8.4E-03 6.2E-03  6.JE-03
Combustor 25 km 1.6E-02 2.5E-02  1.1E-01 84% 7% 994 41E-03 _ 5.0E-03 _ 1.3E-02 _ 6.8E-03 5.0E-03 _ 5({[E-03
Large Commercial HMI 2.5km 3.4E-02 5.4E-02  2.3E-01 39% 3% 58p6 8.8E-03  1.1E-02 2.7E-02 1.5E-02  1.1E-02 1E-02
10 km 1.7E-02 2.7E-02  1.1E-01 80% 7% 149 43E-03  5.3E-03 1.3E-02 7.2E-03 5.3E-03  5.}E-03
25 km 1.5E-02 2.4E-02  1.0E-01 89% 8% 3% 3.9E-03  4.7E-03 1.2E-02 6.4E-03  4.7E-03 __ 4.JE-03
Large Howpital HMI 2.5 km 1.4E-01 2.3E-01 9.6E-01 9% 1% 909 3.7E-02  4.5E-02 1.1E-01 6.1E-02 45E-02  43E-02
10 km 3.1E-02 5.0E-02  2.1E-01 42% 4% 549 8.2E-03  1.0E-02 2.5E-02 1.4E-02 1.0E-02  1.f)E-02
25 km 1.8E-02 2.9E-02  1.2E-01 73% 6% 209 4.7E-03 __ 5.8E-03 1.4E-02 7.8E-03  5.8E-03  5.§E-03
Small Hogital HMI 2.5 km 2.3E-02 3.6E-02  1.5E-01 58% 5% 379 6.0E-03  7.3E-03 1.8E-02 9.9E-03 7.3E-03  7.§E-03
10 km 1.5E-02 2.4E-02  1.0E-01 87% 7% 6% 4.0E-03  4.9E-03 1.2E-02 6.6E-03 4.9E-03  4.4E-03
25 km 1.4E-02 2.3E-02 _ 9.9E-02 91% 8% 199 3.8E-03 _ 4.6E-03 1.2E-02 6.3E-03 _ 4.6E-03 4.HE—03
Large Hogpital HMI (wet 2.5 km 1.8E-02 2.9E-02 1.2E-01 74% 6% 20% 4.7E-03  5.7E-03 1.4E-02 7.8E-03 5.7E-03  5J[E-03
scrubber) 10 km 1.5E-02 2.4E-02  1.0E-01 90% 8% 3% 3.8E-03  4.7E-03 1.2E-02 6.4E-03 4.7E-03  4JE-03
25 km 1.4E-02 2.3E-02  9.8E-02 92% 8% 199 3.8E-03 _ 4.6E-03 1.2E-02 6.3E-03 __ 4.6E-03 4.HE-O3
Small Hopital HMI (wet 2.5 km 1.5E-02 2.3E-02  9.9E-02 91% 8% 2% 3.8E-03  4.6E-03 1.2E-02 6.3E-03 4.7E-03  4.BE-03
scrubber) 10 km 1.4E-02 2.3E-02  9.7E-02 92% 8% 0% 3.7E-03  4.6E-03 1.1E-02 6.2E-03  4.6E-03  4.4E-03
25 km 1.4E-02 2.3E-02  9.7E-02 92% 8% 0% 3.7E-03 _ 4.6E-03 1.1E-02 6.2E-03  4.6E-03 4.HE-03
Large Coal-fired Utiliyy 2.5 km 3.1E-02 49E-02 2.1E-01 43% 4% 53% 8.0E-03  9.8E-03 2.4E-02 1.3E-02 9.8E-03  9.BE-03
Boiler 10 km 1.9E-02 3.0E-02 1.3E-01 70% 6% 249 4.9E-03  6.0E-03 1.5E-02 8.2E-03  6.1E-03  6.{|E-03
25 km 1.8E-02 2.9E-02  1.2E-01 73% 6% 219 4.8E-03 _ 5.8E-03 1.5E-02 7.9E-03  5.8E-03  5.§E-03
Medium Coal-fired Utiliy 2.5 km 2.3E-02 3.6E-02  1.5E-01 58% 5% 37% 5.9E-03  7.3E-03 1.8E-02 9.9E-03 7.3E-03  7.BE-03
Boiler 10 km 2.0E-02 3.2E-02  1.4E-01 66% 6% 289 5.2E-03  6.4E-03 1.6E-02 8.7E-03  6.4E-03  6.4E-03
25 km 1.8E-02 2.8E-02  1.2E-01 74% 6% 199 4.6E-03 __ 5.7E-03 1.4E-02 7.7E-03 _ 5.7E-03 __ 5.J{E-03
Small Coal-fired Utiliy 2.5 km 1.9E-02 3.0E-02  1.3E-01 70% 6% 24% 4.9E-03  6.0E-03 1.5E-02 8.2E-03  6.1E-03  6.JE-03
Boiler 10 km 1.6E-02 2.6E-02  1.1E-01 81% 7% 139 4.3E-03  5.2E-03 1.3E-02 7.1E-03 52E-03 5JE-03
25 km 1.5E-02 2.4E-02  1.0E-01 88% 7% 4% 3.9E-03 _ 4.8E-03 1.2E-02 6.5E-03  4.8E-03 _ 4.§E-03
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Table 3-8 (continued)
Predicted MHg Exposure to Ecological Receptors for Western Site (Local + RELMAP 50th percentile)

MHg Concentrationi(g/g) Predicted MKy Exposure from Igestion of Fish (rg/kg/day)
MHg Dissolved Tier3 Tierd Baakound RELMAP IS Bald Egle  Ogrey Kingfisher River Otter Mink Loon
Concentration (g/L)
Medium Oil-fired Utility 2.5km 1.5E-02 2.3E-02 1.0E-01 90% 8% 29 3.8E-03 4.7E-03 1.2E-02 6.4E-03  4.7E-03 4.}|E-03
Boiler 10 km 1.5E-02 2.3E-02 9.9E-02 91% 8% 2% 3.8E-03 4.7E-03 1.2E-02 6.3E-03 4.7E-03 4.YE-03
25 km 1.4E-02 2.3E-02  9.8E-02 92% 8% 1% 3.8E-03 4.6E-03 1.2E-02 6.3E-03  4.6E-03 4.HE-03
Chlor-alkaliplant 2.5 km 1.0E+00 1.6E+00 6.9E+00 1% 0% 99% 2.7E-01 3.3E-01 8.1E-01 4.4E-01 3.3E-01 3[BE-01
10 km 1.2E-01 19E-01 8.0E-01 11% 1% 889 3.1E-02 3.8E-02 9.5E-02 5.2E-02  3.8E-02 3.4E-02
25 km 3.7E-02 5.9E-02 2.5E-01 36% 3% 619 9.7E-03 1.2E-02 3.0E-02 1.6E-02 1.2E-02 1.BE-02
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estimates intercopartmental fluxes and resulfjrconcentrations in abiotic and biotic cpoments of the

watershed and waterbpd-inally, exposurepredictions are modeled as gilified daily averge estimates.

Seasonal variabilitamorg other inportant exosure factors are not taken into account. Each of these models has
parameter iputs that are variable and uncertain. Collecjiydiese result in uncertaynin thequantitative

predictions of the models.

The current scientific understandiof the environmentalycling of mercuy (regardless of source) is
inconplete. As described in Volume Ill, areas of uncertaintlude emissiongpeciation, the atmgheric
chemisty of emitted mercwy, cangy interactions, factors that affect thguatic mercuy cycle (includirg both
the manitude of effect exhibitedybagiven factor as well agotential interactions amgrdifferent factors), and
the metabolism of mercytin differentpiscivorous pecies.
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4. EFFECTS OF MERCURY ON AVIAN AND MAMMALIAN WILDLIFE

Perhps better than gnother metal, mercwrillustrates thepoint that toxiciy dgpends on the chemicgbacies
in question. As indicatefreviousy, mercuy can exist in an elemental form, as divalentdaaic mercuy, or
as an one of several ganic forms. Of th@ossible oganic forms that mabepresent in naturalystems,
methylmercury generalyy predominates. Both inganic and metyimercury can accumulate ingaatic biota.
However, theoroportion of total mercuyr that exists as the matlated formgeneraly increases with tyghic
level, often aproachirg 100% at trphic levels 3 and 4. It isparopriate, therefore, to focus attention on the
toxicity of mettylmercuy to piscivorous avian and mammalian wildlife. A review of meydaxicity to
mammalian gstems irovided ty Goyer (1993). The toxicyt of mercuy to birds is reviewedypScheuhammer
(1987). It is not our intention to glicate these efforts. Instead, a brief sumyrarmettylmerculy toxicity to
vertebrate ystems igoresented, with thgoal of providing guidance on selection oppropriate toxicolaical
endpoints. Thisgeneral discussion is followed Ibrief reviews of several toxigitstudies involvig avian and
mammalian wildlife pecies (Sections 4.1 and 4.2). Information retatirercuy residues in tissues to observed
toxic effects is summarized in Section 4.4. Research on selenium/yneteuactions and the actiyibf
endayenous demetHating systems is described in Section 4.5. Agkirstudy on the interactive effects of
merculy and PCBs on goduction in mink is reviewed in Section 4.6, ghasizirg the point that wild animals
are often eposed to mulfile chemical stressors.

4.1 Mechanism of Toxicity

Methylmercul in the diet is absorbed withdhi efficieng in the vertebrate destive tract and associates
rapidly with sulfhydryl-containirg molecules in blood, includinboth free amino acidpiimarily cysteine) and
glutathione (Cast and Malone, 1979). These mobile gbexes trangort mettylmercury to tissues and gans
and mg facilitate its movement across cell membranespahticular, there igood evidence for saturable
trangort of mettylmercury-cysteine corplexes across both the blood-brain atatental barriers (Keer et al.,
1992; Kaiwara et al., 1996). Althagh it exhibits a rage of toxic effects in several @t tissues, thprimary
effects of methilmercur are on the central nervougstem. Neurotoxicyt occurs in both adults and devailtg
animals. In the latter case, this effegpears to be linked to a disturbance of microtubule function in diyidin
cells, resultig in anti-mitotic activiy (Rodier, 1995). The mode-of-action of m@dtherculy in the differentiated
nervous gstem is less well known, but manvolve selective effects on astybes and other neugtial cells
(Cranmer et al., 1996).

In chronic toxiciy evaluations with mammals, includiliumans, the most sensitive indicator of toxic
effect is cgnitive impairment of animals gposed durig develgpment (see Volume V of this Rert). In
general, the guhisticated methods guoyed in such studies have not been used in toxgaabevaluations with
wildlife. Instead, less "subtle" epdints aregeneraly enployed, includirg reduced hatchgsuccess and
diminished mobiliy. The work of Heinz with mallard ducktis (Heinz 1976a,b, 1979)mesents a notable
exception to thisgeneral rule (see Section 4.2). For wildlife, therefore, it is difficult to establish whether
reproductive or behavioral epdints are most "sensitive" to mgtimercury exposure. Efforts to distiuish
between these epdints are complicated further i the fact that ngroductive inpacts can occur as a result of
direct effects on the devegdimg nervous gstem, inpaired behavior of adults (g, unsuccessful matis or
diminishedquality of parental cargiving), or a combination of both.
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4.2 Toxicity Tests with Avian Wildlife Species

Most studies of chronic @sure to birds have been conducted gisirercuy-contaminatedrain.
Fimreite (1970) identified a LOAEL of 1,/g/g/d for growth inhibition in lghorn cockerel chickgallus)
based pon 6.g/g methylmerculy dicyandiamide in the feed. Fimreite (1971) also identified a LOAEL of
0.18ug/g/d for reproductive effects (reduced survival, reducgd production, and defective shells) ingin
neckedpheasantfPhasianus colchic)ded seed treated with mgtmercury dicyandiamide. Scott (1977)
identified a LOAEL of 4.9.g/g/d for reproductive effects (reduced fertilitreduced gg number, reduced
survival, defective shells) in domestic chickens.

The most comrehensive studies of the effect of megcan birds were conducted bleinz (1974, 1975,
1976a,b, 1979). Heinz assessed the effects of gietattylmercury dicyandiamide (0, 0.5 and 3u@/g as
elemental mercy) over threegenerations of mallard ducks. In the figeiheration, treatment gan in adult
ducks. Subspientgenerations received treatmengioming at nine dgs of aye. Initially, Heinz (1974)
identified a NOAEL of 0.5g/g based pon regroductive effects in a 21 week syudin a later stug (Heinz,
1976a,b), rproduction in first and secorgéneration ducks was evaluated, and the NOAEL for the first
generation wasgain determined to be Q.§/g. The secondeneration, however, suffered adverggaductive
effects includilg eggs laid outside the nest bop<0.05), reduced number of ducldgmsurvivirg to one week of
age (p<0.05), and reducegtowth of ducklirgs (<0.05) at the 0,59/g dose. Congpiently, the LOAEL was
0.5ug/g for reproductive effects for the secogdneration; no NOAEL was identified. A thiggneration of
mallards also demonstrated advergeageuctive effects at Oug/g mercuy in the diet. Effects observed
included reduced number of viablggs laidper da (p<0.01) and thinnergg shells p<0.05).

Heinz (1975, 1979) also examined behavioral effects of meeposure on theproach reponse of
chicks to maternal calls and avoidance ajiftenirg stimuli. In thirdgeneration duckligs there was a reduction
in regonse rate andpeed of reponse to maternal callp€0.01). When data wepmoled from all studies and
sulject to analsis of variance (ANOVA) with mulgile conparisons, alterations of behavior were observed in the
lowest dos@roups in allgenerations (0,59/g). These alterations included reduction in the number of dgsklin
which gproached maternal callp€£0.01) and an increase in the distance traveled to avoid a thrgetgmulus
(p<0.05). In summar, no NOAEL could be determined for behavioral effects, and the NOAEL gordective
effects could oyl be demonstrated for the firgneration.

For the determination of ampropriate LOAEL in this Reort, it was concluded that effects observed in
second and thirdeneration ducks at Q8/g should not be discounted. It seems likiblat the effects observed
in the second and thigenerations were a result of the earlier onset of dodtor this reason, 0.%8/g was
selected as a LOAEL for mallard ducks. Assuyrarfeediny rate of 156y/kg bw/d for adult mallards, the
LOAEL is 78 g Hg/kg bw/d for rgoroduction and behavior.

4.3 Toxicity Tests with Mammalian Wildlife Species
River otters [Cutra canadensjsfed 2.g/g mettylmercury for six months suffered from anorexia and
ataxia (O'Connor and Nielson, 1981). In minky@/g of dietay pherylmercuric chloride caused lethaliin
40% of the males and 31% of the females within six weekspofsexe (Borst and Lieshout, 1977).
Wobeser et al. (1976a,b) studied the effects of dietansunption of mettylmercur on ranch mink.

There were twgarts to this stugl which taether formed the basis of Wobeser's dissertation research (Wobeser,
1973). In the firspart (Wobeser et al., 1976a), 25 adult female mink and their litters were divided into three
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groups: Grouw | contained five females and 19 kits (control); Grdiucontained 10 females and 34 kits (50%
fish diet); and Grop 1l contained 10 females and 29 kits (75% fish diet). The ratiorprepared usig
mercug-contaminated freshwater drum from Lake Wpegi, Manitoba; mercuyrin fish tissue was assumed for
the purposes of th@resent anakis to consisprimarily of mettylmercury. The fish was suplied in aground,
frozen form and was then mixed with cereal and uncontaminated chow to a desipedittomof 50 or 75 §
fish/100 Ig of food. All mink were fed once dgiin slight excess of consygtion. The three gposuregroups
were observed for 145 ga Assumig a food consuiption rate of 16@/kg bw/d (propriate to cative
animals) (Bleavins and Aulerich, 1981) and an ayer@eght of 0.8 Ig for the mink, these treatments
correponded to dosiglevels of @proximately 35 and 55:.9 Hg/kg bw/d. One female and 3-6 kits were
euthanized evgrl5 (treatment) or 30 (control) gl Conplete necrpsies were theperformed. No clinical
signs of disease were observed iy ahthe mink within the eperimentalperiod, and no mortajitor growth
impairment occurred which could be attributed to the fegedfrmercuy-contaminated fish.

In a second geriment (Wobeser et al., 1976b), 30 adult female mink wergneskto one of sigroups
of five animals each. The animals were fed chpikesl with metlylmercuric chloride at 0.0 (control), 1.1, 1.8,
4.8, 8.3, or 15.Q.g/g (by anassis), correponding to dosimg levels of 180, 290, 770, 1330, and 24@kg bw/d.
Two mink from eaclgroup were allowed to die of intoxication or were euthanized after 98 @hae end of the
experiment). Animals were negusied and the tissues ayzéd for mercuy content. All animals in the control
group remained clinicajt normal, and the owlclinical sgn in the 1.1xg/g dosegroup was a sljht tendenyg for
two of the animals to move more slgwthan the others durgthe last few dgs of the eperiment. Anorexia,
posterior ataxia, and lateral recumbgmeere observed in the other four dgseups. Death occurred within
26-36 dgs at 4.8:9/g and within 19-26 dgs at 8.3ug/g. Histgoatholaical abnormalities were seen at Ld/g,
including pale,yellow livers, lesions in the central nervoystem, and axonal deneration.

Based pon a review of the Wobeser studies (Wobeser, 1973; Wobeser et al., 1976a,b), it can be
concluded that the LOAEL for subchronicpesure of mink to metiimercury is 180ng/kg bw/d (1.119/g dose
group), usirg nerve tissue lesions as an effectspeintt. The NOAEL derived from these studies is®8fkg
bw/d. Inportantly, it was Wobeser'spmion that had the studies been carried out for gdoduration, nervous
tissue damge observed in the 1/g/g dosegroup would have become manifested apdined motor function.

Charbonneau et al. (1974) fed random-bred domestickoais lomesticys3, 8.4, 20, 46, 74 or 176
1g/kg/d of mercuy, either as megfimercuric chloride in food or as mgtimercury-contaminated fish, 7 d/week
for 2years. Clinical examinations of the animals were condysgddically. Neurolaical examinations, usn
a modification of the method of McGrath (1960), were conduatied to the test, montilthrowghout the test,
and more frguently as clinical gijns of metlylmercury toxicosis becamepgarent. Neurolgical impairment,
including hindrance of the Ipping reaction and ypalgesia, was observed in animalpesed to 46, 74, or 176
1g/kg/d, regardless of whether casts were fed contaminated fispilegdsfood. No treatment-related effects
were observed in three lower dgsgroups. Overt syns of toxiciy, including ataxia, loss of balance, and motor
incoordination, were observed in animals fed 74 or/dg/Bg/d. These findigs siggest that 2Q.g/kg/d is the
NOAEL and 46ug/kg/d is the LOAEL for chronic dietgrexposure to metfimercury in domestic cats.
Charbonneau et al. (1974) also concluded that there was no difference iy tmddgavailabiliy between
naturally contaminated fish and fisipiked with metlylmercuric chloride.
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4.4 Tissue Mercury Residues Corresponding to Adverse Effects

Merculty residues associated with toxic effects in birds are review&tbeuhammer (1987). Adult
pheasants fed a mgtimerculy-spiked diet for 12 weeks accumulated liver residues jofyg but exhibited no
discernable adverse effects. However, there was a decrease in hayabifeitiilized eygs due to emiyonic
mortality and an increase in the number of unfertilizggse Unhatchedggs contained 0.5 to 1ibg/g as
mercuy. In a multgenerational stud hen mallards fed meghmercury in the diet accumulated liver residues of
approximately 1.5ug/g without gparent adverse effect (Heinz, 1979). Dudldiborn to these hens exhibited
behavioral effects includgreduced rggonse to maternal calls angder-reponsiveness to a fiintenirg stimuli.
Mercuty residues in theggs from which these ducklgs hatched werepgroximately 0.8ug/g. Kidney residues
consideraly higher (>20pg/g) than thosgust reviewed were measured at death in mgrdased birds of
several pecies (Finlg et al., 1979).

Wobeser et al. (1976b)perted that mercyrresidues in the liver and kidnef mink that died durig a
93-da feedirg study were 24.3 and 23.,1g/g, repectively. Somewhat fgher values were pprted in toxiciy
studies with mink (55.6 and 37.8/g) by Aulerich et al. (1974) and with otter (39.0 and 33g0y) by O'Connor
and Nielson (1980). Interesgly, mercuy residues in tissues from wild animals that arg@ecied to have died
from mercuy poisonirg are about twice those of animals that died fropeernental intoxication (Wren, 1985,
1991). Such discpancies mg be due to kinetic-based differences amerposed animals (see Section 2.3.1.3
of this Volume). Perhas the most valid coparison that can be made at this time is that betwegsrently
unaffected wild animals and wild animals that have died from mepaisonirg.

4.5 Factors Relevant to the Interpretation and Use of Mercury Toxicity Data

Although several excellent studies of m@thercury toxicity to selected wildlife gecies have been
carried out, the available data areganeral,quite limited, and the extent to which these results can be
extrgpolated from the laboratgrto the field and from ongscies to another remainsqoestion. Two related
issues that macontribute substantigllito this uncertaintare sigled out for pecial attention. These aregdagic
demetlylation as a mechanism for detoxification of nydtiercury and the ameliorative effects of digtar
selenium.

Theprotective effect of seleniungainst metlimerculy toxicity to birds has been known for over
twenty-five years (Ganther et al., 1972). Koeman et al. (1973) found that mearmdiselenium occur in a 1:1
molar ratio in the livers of several marine mamnpeicges. Previoug| it had been shown that much of the
mercuy in the livers in marine mammals existed in angaaic form. It is now known that these observations
are related. Althagh efforts to elucidate the exact mechanism continue, selenium has been shown to bind
mercuy after hgatic demetilation of metlylmerculy. The compounds formed in this mannprobabiy include
both mercuy-selengroteins and igSe (Palmisano et al., 1995; Cavalli and Cardellicchio, 1995).

Thus, it gpears that manvertebrate [geciespossess a gability to detoxify and squester mercyr
originating as metlimercury in the diet. Moreover, the extent to which thipataility is develped gpears to
be related to an animal's feeginabits and is most gily develged in fish-eatig marine mammals and the
carnivorougpolar bear (Dietz et al., 1990). Correlations between selenium and ynbawar also been perted
for several seabirds, althgluthe Se/lg ratio ma be hgher than 1:1 (Elliott et al., 1992). Thepeaity of this
system to detoxif methylmercuwy is lagely unknown. Variable detoxification amgimdividuals of a sigle
species pilot whales) has been demonstrated; lactgttmales demonstrated gsificantly diminished
detoxifying cgoability (Caurant et al., 1996).
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The demethlating cgpabilities of birds and mammals that inhabit terrestrial and freshwatersteos
are less well known. Meytmercury constituted 46% of total merguin the livers of mink fed a diet of
mettylmerculy-contaminated fish (Jernel6v et al., 1976). There was no obvious relgtibeshieen levels of
liver mercuy and selenium. Similar values werpaged ty Wren et al. (1986) for mink (53%) and otter (34%).
Barr (1986) found that meglhmercury conprised 4-27% of total mercyiin livers from loons taken from
mercuy-contaminated waters in northwestern Ontario. Selenium concentrations were not measured.
Interestimgly, thepercentage of metlylmercury did not vay with thegradient of site contamination, asght be
expected if the demetthating system was saturated @drticularly high exposure levels. Avositive correlation
between liver mercyrand selenium wasperted in thegoldenge, but no attept was made to identifmercuy
species (Eriksson et al., 1989). Altlgsulimited to a sigle stud, evidence sggests that demeytation of
methylmercury also occurs in some birds ey (Norheim and Forslic, 1978).

Additional evidence that this detoyihg pathway is related to animal feedirhabits isprovided ty
Fimreite (1974). Amog adult ducks, fish-eathmeigansers exhibited the lowest levels of nyétiercuy as a
percent of total (12% in the liver). Matlmerculy constituted 32%, 38% and 52% of total meyaduarthe livers
of goldenges, mallards angintails. Moreover, this detoxiing ability appears to devejpear in life.
Methylmerculy levels as @ercent of total in livers taken from duclkdgmwere 27%, 49%, 53% and 58% in the
meiganser, mallardjoldeneg/e andpintail. Methylmercuy levels in breast muscle from all foypegies as a
percent of total were essentiaitientical, averging about 60%.

Theprotective effect of seleniungainst mercuwy toxicosis mg vary with lifestage and the chemical
form of selenium. Selenium as selenomethioning.@ig) protected adult male mallardgainst the toxic effects
of mettylmercuy (10xg/g) in the diet. However, a combination of these treatments in hen mallards resulted in
adverse rproductive effectgreater than those seen with meycar selenium alone. These effects included
reduced hatchosuccess and survival of duclds) includirg an increase in teragenic impacts (Heinz and
Hoffman, 1996). Metyimerculy in the dietgreatly increased selenium stgeain tissues. The livers of male
mallards fed o selenium contained 9.6/g selenium, whereas in mallards fed both selenium and
methylmerculy, the livers contained an avgeaof 114:g/g selenium. This observation isportant because g
concentrations of selenium are knowrptoduce teratgenic effects in wild birds (Ohlendorf et al., 1986). The
ecolgical significance of these findgs remains to be determined. Data summarized abggesiuhat, aman
duck gecies, mallardpossess less pability to detoxify methylmercury thanpiscivorous megansers and
goldengres. In addition, the levels of merguand selenium ephoyed in this stug are well above those known
to cause toxic effects whepied searatey.

To summarize, map if not most, birds and mammalessess a gability to detoxify mettylmercury,
and the activit of this ystem @pears to be related to an animal's fegdiabits. This conclusion isgsiificant
for at least two reasons: (1) the toxyof mettylmercury to birds and mammals mée hghly dgpendent pon
the availabiliy of dietay selenium and (2) most toxigitests with birds conducted to date have been carried out
using nonJpiscivorous pecies that manotpossess a well-devgled demethlating cgpability.
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4.6 Combined Effects of Mercury and Other Chemical Stressors

In most guatic ystems mercyris but one of manpotential chemical stressors. Ugicurrent
assessment methods, there geaeral tendencto evaluate the toxigotential of conpounds @plied
individually. A notable exggtion is the use of toxicqeivaleng factors (TEQS) t@redict the combined ipact
of conmpounds that act thrgi an Ah recptor-mediated mode of action (PCBs, dioxins)pp#ing this gproach
to a mixture of mercyrand PCBs would be difficult, however, due to differences in chemical modes of action.

It is of interest, therefore, to note that the effects of PCBs and/imetttury, singly and in combination,
have been evaluated in mink (Wren et al., 1987a,b). Growth and survival of kits were redaceairibined
exposure to PCBs (Arochlor® 1254) and mdthercury at concentrations that individualbroduced no
regonse. The authors of these studies described this outcomeyagmistic effect.” Given the limited
number of dose levels (0.0, 0.5 and 1dlg), however, it would be difficult to rule out an additivep@sse.
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5. ASSESSMENT OF THE RISK POSED BY AIRBORNE MERCURY EMISSIONS
TO PISCIVOROUS AVIAN AND MAMMALIAN WILDLIFE

5.1 Scope of the Assessment

As described in Chtier 2 of this Volume, mercytbioconcentrates, bioaccumulates and bigmifees in
aquatic food chains. Thegeocesses result in merguresidues in fish that are muclghéer than concentrations
in the water in which thelive, therely providing an enriched contaminant source figcivorous avian and
mammalian wildlife. Existig datapermit ageneral treatment of merguexposure and effects on such
populations. A more accurate assessment of thepdskd ly mercuy to a pecific group of animals occpying
agiven location rguires the collection of necesgapporting information such as food habits,gratory
behavior, breedmpbiology, and mercw residues irpreferred
prey items.

A general summarof ecol@ical risk assessment methodgiievided ty U.S. EPA (1996) in its
Praposed Guidelines for Ecalical Risk Assessment. The data needs of these methgdsidaiy and dictate
to a considerable deee which methods can bppiied to agiven situation. Guidance @ovided in Section 5.2
on the risk assessment methods that beamost pplicable to airborne mercuremissionsgiven the nature and
extent of currenyl existing information. Additionabuidance igrovided in Section 5.3 based on a review of
published assessments fiscivorous pecies livirg in the Great Lakes geon, south Florida, central Ontario,
and coastal ggons of Geogia, South Carolina and North Carolina.

The scpe of thepresent Rport was intended to be national in scale. It was determined, therefore, that
ary effort to assess the risk of merguio agiven gecies livirg in a defined location would be ippropriate.
Instead, an effort was made to qmare mercuy exposure and effects ingeneral w§ usirg data collected from
throughout the counirand in so doig to devel@ qualitative statements about risk.

Consistent with this broader-scalgeoach, an effort is made in Section 5.4 to derive a wildlife criterion
level (WC) for mercuwy that isprotective ofpiscivorous wildlife. This WC is defined as the concentration of
mercuy in water that, if not exceedegrotects avian and mammalian wildlfiepulations from adverse effects
resultirg from ingestion of surface waters and frong@stion of guatic life taken from these surface waters. The
health of wildlifepopulations mg, therefore, be considered the assessmeipoértcdf concern. Althogh not
generall derived for thepurpose of ecolgical risk assessment, WC values irmmate the same/pe of exposure
and effects information used in more standa@ches. Such calculations afsovide for a sirple
assessment of risk inyagiven situation, i.e., ypdeterminirg whether the concentration of mergum water
exceeds the criterion value.

Calculation of a WC for mercyiis based pon the use of a wildlife reference dogg@ach, combined
with knowledye of the extent to which mergubecomes concentrated iquatic food chains. The methods used
to calculate this criterion value are based on those described in fos@&idreat Lakes Water Quylit
Guidance for the Great Lakes Water Qudlititiative (U.S. EPA, 1993c) and ptemented in the final Water
Quality Guidance for the Great Lakegstem (U.S. EPA, 1995b), henceforth referred to as theptBeal
Guidance" and "Final Guidance," pestively. When omginally implemented in spport of the Great Lakes
Water Qualiy Initiative (GLWQI), this pproachyielded a sigle measurement epdint, which was the total
mercuy concentration in water that was believed t@imective ofpiscivorous wildlife. In theresent
assessment, an effort is made pdate the WC for mercurby calculatirg its value usig data for
methylmercury. It should be noted that a megltimercury-based WC can still be related to total meyawsidues
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in fish or water throgh the use of gpropriate conversion factors. yBonvention, mercyrconcentrations in
environmental media (and in dogigolutions) are usuallexpressed agg/g of elemental mercyr regardless of
the identiy of the mercuy species. This convention is retained thgbaut thepresent angsksis.

Methylmercury BAFs for trhic levels 3 and 4 (foge fish and lager, piscivorous fish, rggectively) are
estimated in Apendix D of Volume Ill. This information is summarized in Section 5.4.2 optégsent Volume.
It is recanized that there is considerable natural variabiliith regpect to the accumulation of mergun
aquatic food chains, which contributes in turn to variailit trophic relationshps and BAFs. In addition, there
is a lack of understandjrof fundamentaprocesses that contribute to mgttion of mercuy and subsguent
bioaccumulation in@uatic oganisms. Additional uncertaynterives from ogoing improvements in sapiing
techngue and angtical methodolgy. A review of uncertainties associated with the derivation of WC values is
provided in Section 5.4.11. breneral, the same uncertaintiggplg to ary risk assessment effort for mergtin
wildlife.

Tempering these uncertainties is adgarandgrowing volume of both laboratgrand field data for
mercuy. From thepergective of WC develpment, field data are gfarticular interest. The GLWQI ptilates
that when sufficient field data are available, field-derived BAFs shouldotakedence over values estimated
from laboratoy studies or  enploying enpirical relationshps (eg., correlation with chemicalarophobicity).
The focus of the BAF angis in this Volume is on incporating recent field data into the revised GLWQI
approach. The results of this effort are summarized in Section 5.4.2.3.

5.2 Summary of Relevant Risk Assessment Methodologies

Perhas the most coprehensiveype of risk assessment that can be gptechis a corparison of
statistical distributions of gosure and effects information. In essence, risk is determined fromgitee dé
overlg of these distributions. Linearization of the effects armbsure distributions siptifies such
conparisons. This igenerall acconplished ty log transformation of the cumulativeosure and effects
distributions (U.S. EPA, 1996; SETAC, 1994).péarticularly good exarple of such an assessmenpiisvided
by Solomon et al. (1996) for atrazine iguatic ystems.

The data rquirements of such arpproach are extensive. Moreover, it is critigathportant that effects
information be collected under conditions that aremamable to the gposure data. For this reason, tippraach
is most easyl gpplied in circumstances where the effects afgressed after a relatiweshortperiod of eyosure
and the compound of interest does not bioaccumulate. Both of these criteria are satisfied fqroaicdike
atrazine.

Mercuty presents a fagreater challege by virtue of the fact that it bioaccumulates for extenpiesdods
of time and because toxic effects occuryadter sufficient bog residues are attained. Moreover, the limited
data collected to dagermit the characterization of a dosep@sse curve for oglthree or four wildlife pecies.

A more feasible pproach to assesgirchemical risk to wildlife gecies involves the coparison of a
point estimate of effect with a statistical distribution op@sure (U.S. EPA, 1996). The data needs of this
approach include one or a few toxigistudies from which anpg@ropriate toxicity engoint can be determined
and sufficient egosure data to define the distribution. In theést gplication of this @proach for a
conmpound such as mergutfor which the diet is thprimary route of ytake), eposure would be gxessed as a
residue concentration prey. Risk would then be characterized asptubability that exosure prey
concentration) would exceedyaven effect level. Alternativgl exposure can be characterized as a contact rate
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(mass of compound consumedgkbw/d). Althowgh more data intensive, this lattgapeoach ispreferred because
it better reflects the Iapterm nature of the @osure.

An even simpler gpproach to wildlife risk assessmentpegsses risk as the ratio ofpmsure and effects
point estimates. Often referred to as the “hagamient” method, this@gproach is ly far the most commonl
used of all current techouies. It m also be the most intuitive, since risk is inferrgdlie sinple fact of a ratio
approachirg or exceedig 1.0. The disadvarga of this @proach is that is does npermit aprobabilistic
assessment of risk. Moreover, because thigoach isgeneraly used when more detailed data are lagkiisk
assessors often jadt the effect level downward ugione or more “safgtfactors.”

In the following Section, severadublished efforts to assess the risk of mer¢arwildlife are reviewed.
These efforts illustrate th@int that while information needed perform such assessments are extrgmel
limited, effects information are igeneral more limited than pasure data.
5.3 Review of Published Efforts to Estimate the Risk of Mercury to Wildlife

5.3.1 Risk of Mercuy to Bald Eales in the Great Lakes Bien

Bowerman et al. (1994) cqrared feather mercuidata with measures ofp®ductiveperformance to
evaluate the risk of merguto bald egles in the Great Lakes Bien. Althowh no atterpt was made to devebo
aquantitative estimate of risk, it was determined that there was no association betweey resichues in
feathers and eithg@roductivity or nestilg success. On this basis, it was concluded that mewas not
affecting bald egle reproduction. A conclusion of thigpe ma be characterized agjaalitative statement of
risk.

5.3.2 Risk of Mercuy to Bald Eales in Michpan

Giey et al. (1995) used a hazaydiotient gproach to characterize the risk to baldleaposed ly
mercul and several ganic conpounds at locations above and below dams on three ¢dichivers. An
exposurepoint estimate for mercyrwas calculated from measured concentrations in fish angggisk
biomagnification factor (setgual to 1.0). Hazarduotients raging from 0.15 to 0.98 were calculated for
mercuy at stug sites on the three rivers. Thelestquotients were calculated for sites above the dams due to
thepresence of fgher mercuy levels in fish. The authors concluded that merclares nopose a ginificant
threat to egles living in this ragion. This conclusion was basegom the @inion that the NOAEC level used in
the ana¥sis (0.50g mercuy/g egg) was conservative, as well as thggestion that egles consume oplsmall
guantities of the most contaminated figlesies yellow perch and wallge) living in these rivers. Hazard
quotients for PCBs and TCDDdeivalents) were mucgreater than 1.0 (rgmg from 7.6 to 76) at all sites
downstream from the dams.

5.3.3 Risk of Mercuy to Loons in Central Ontario

Scheuhammer and Blancher (1994) assessed the risk of yneréoons ly conparing residues in fish
collected from central Ontario lakes with a threshold value fwpdeictive inpairment. A stregth of this
assessment is that the toxic effqmgt estimate was also determined in a gtoiwild loons (Barr, 1986). The
fish selected for this angis were of a sizepgropriate topredation ly loons. Care was also taken to syrve
lakes of theype preferred ly breedimg loons. Amox the lakes surwed, p to 30% contained fish which
exceeded the toxigitthreshold, deendirg upon the pecies of fish chosen.
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5.3.4 Risk of Mercuy to Mink in Geogia, North Carolina, and South Carolina

Osowski et al. (1995) assessed the risk of mgré€Bs and several chlorinatedjanic pesticides to
mink in the coastal gions of southeastern U.S. The risk associated with meveas determinedybconparing
residue levels in kidnetissue with levels that had been associptediously with toxic effects. Unfortunatg)
the threshold effect level (tissue residue) wasgivan. It is difficult, therefore, to criticallevaluate the
author’s conclusion that residues “were in thegeaof those known to causepacts to reroduction,growth,
and behavior in wild mink.”

5.3.5 Risk of Mercuy to Mink in Michigan

A second assessment for mink was conducye@iby et al. (1994) for animals liviqnon three rivers in
lower Michigan. In this assessment, an effort was made to calculate a baateat usiig published toxiciy
data for mink (Wobeser, 1976a,b) and measured residues in fish collected fromytisitetudnterestigly,
hazardquotientsgreater than 1.0 were calculated at all three sitegdranl.2-6.6). However, thegsiificance
of this finding was minimized because hazagttients calculated for PCBs and TCDD-like gmunds tended
to be hgher. In this rgard, it is of interest to nof@evious studies in which merguand PCBs ppeared to act
“synegistically” in toxicity studies with mink (see Section 4.6 of this volume).

5.3.6 Risk of Mercuy to Great grets in south Florida

Sundlof et al. (1994) ported on another researcher’s use of the hagastient method to assess the risk
of mercuy to great @rets in south Florida. The actual assessment was condugiad aba Masters dgee
researclprogram (Jurcgk, 1993). For this assessmenpublished LOAEL for reroductive effects in loons
(Scheuhammer, 1991) was qaaned to a metfimercury consunption rate calculated usimmeasured residues in
local fish and shellfish. Basegan this analsis, it was concluded thgteat grets were consumin3.9 times
the LOAEL, thusplacing the population at risk.

54 Calculation of a Criterion Value for Protection of Piscivorous Wildlife

5.4.1 Procedure Used to DevelGriterion Values for Wildlife in the Water QualiGGuidance for the Great
Lakes §stem

The WC for mercuyr is defined as the concentration of total meydnrsurface water that, if not
exceededprotects both avian and mammalian wildlife that use the water as a dronkioraging source. Thus,
the WC is the lghest gueous concentration of merguhat causes noggiificant reduction irgrowth,
reproduction, viabiliy or usefulness (in a commercial or recreational sensepagudation of animals eposed
over multple generations. For thaurpose of this angkis, the term "gueous concentration" refers to the
concentration of mettimercuy in filtered water, includig both the freegl dissolved form and meghmercury
that is associated with dissolvedjanic material.

The guation used in this analis to calculate a WC for merguis identical to that described in the

Praposed Guidance (U.S. EPA, 1993c) anglamented in the final Water QualiGuidance for the Great Lakes
System (U.S. EPA, 1995b):
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(TD x [L/UF]) x Wt,

we = W, + [(FDy)(F, x BAF) + (FD)(F, x BAF))]
where
WC = wildlife criterion value pg/L; after convertig from w.g/L)
Wt, = averge Pecies waiht (g)
W, = aver@e daily volume of water consumed (L/d)
F, = averge daily amount of food consumed/d)
FD, = fraction of the diet derived from fhic level 3
FD, = fraction of the diet derived from fhic level 4
BAF;, = aguatic life bioaccumulation factor for fhic level 3 (L{j; methylmercury
concentration in fish/megtmercury in water)
BAF, = aguatic life bioaccumulation factor for fhic level 4 (L{j; methylmercury
concentration in fish/megtmercury in water)
TD = tested doseug/g bw/d)
UF = uncertaing factor

A similar equation was first usedytthe State of Wisconsin to set Wild and Domestic Animal Criteria
(State of Wisconsin, 1989). The entippapach, includig both the guation and data gelirements for its
parameterization, was later modifiegd U.S. EPA for incgporation into the Praosed Guidance (U.S. EPA,
1993c) and Final Guidance (U.S. EPA, 1995b). The method, in its current form, was reviewed in 1992 at a
worksh@ entitled “The National Wildlife Criteria Methodayes Meetim,” which was ponsored i U.S. EPA
(U.S. EPA, 1994). Subgeentl, the method was used to deyeinterim Tier | WC for four corpounds (PCBs,
DDT, dieldrin, and mercyj) in the Great Lakes Basin (U.S. EPA, 1993b). These criteria have repehled
comment. The method has been reviewe#8BA's Science AdvisgrBoard on two occasions, most recegiitl
June of 1994. Detailed degaions of the method, includincomparisons with otheproposed methods for
settirg wildlife criterion values, argiven elsewhere (U.S. EPA 1993c, 1994).

An examination of the GLWQIguation reveals both a hazard and aposxre comonent. The
equation includes a term TD for “tested dose.” In thipdte data were reviewed to determine pprapriate
NOAEL, which was used for the TD. In the absence of a NOAEL, a LOAEL was used with the addition of an
appropriate factor (UF:- ) to indicate uncertairdround the toxic threshold. An uncertgifdactor (UF; ) also ma
be used t@rovide a magin of safey when @plying data from agecies other than theecies of concern. A
third uncertaing factor (UK, ) m& be used to extpmlate from subchronic to chronicgosures. Additional
adustments mabe warrantedyptoxicokinetic or toxicoginamic considerations. Collectiyethe goplication of
the UF to the TD results in the estimation of a "reference dose" (RfD) forgsidogealculation of the WC.

The WC for mercwr derived in spport of the GLWQI was epressed as the total mergugoncentration
in filtered water. Althogh it was recgnized at the time that metimercury is the form of mercyrthat
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bioaccumulates in fish, few laboratorj@sssessed the agétal cgability to geciate mercyrin water from
natural sources.

A WC for mercuy was calculated in the Rposed Guidance ugirfixed values for alparameters in the
equation. Pecies-pecific WC values (WC ) were calculated for each of the wildliecges of concern (gke,
herring gull, kingfisher, mink, otter). Intermediate WC values (WC) were then obtained for avian and
mammalian wildlife ly calculatirg thegeometric mean of values for contribgigpecies. The final WC (W(C)
was set qual to the lowest of the two resulimtermediate values and, for mergwvas driven i the
calculations for avianpecies.

The WG for mercwr derived in the Praosed Guidance is 13@@y/L. A conparison of the GLWQI
criteria for birds and mammals with those derived in thigoRes presented in Section 5.4.8 of this Volume.

For thepresent angkis, a decision was made to consider all but one of the wilghfeiess considered in
the Preposed Guidance. Hergrgulls, which are indjenous to the Great Lakegi@n, are not evaluated in this
Report. The herrig gull was relaced in thegpresent angsis by the common loonGavia imme). The other
avian wildlife for which WC values are calculated are the bajtkdRaliaeetus leucocephalysogrey
(Pandion haliaetusand belted kigfisher Ceryle alcyolj. The mammalian wildlife for which WC are calculated
are the mink Mustela visopand river otterl{utra canadensjs Each of thesepecies was oginally selected
after consideration of the followgn (1) their eyposure to bioaccumulative contaminants; (2) their relevance to
Great Lakes ecgstems; (3) the availabilitof information with which to calculate criterion values; and (4) the
evidence for accumulation and/or adverse effects.

Several other wildlife gecies would satigfmost or all of the selection criteqpaesented in the GLWQI.
Notable exarples include the double-crested cormordtiglacrocorax auritul Forster's ternSterna forsteii,
wood stork Mycteria americang raccoon Procyon loto), snaping turtle (Chelydra serpentinaand American
alligator Alligator mississippiens)s Exposure factors for a lge number of wildlife pecies are available in a
recenty published handbook (U.S. EPA, 1993a). A critical evaluation of these data gettaén to the
develgpment of WC is also available (U.S. EPA, 1995a). Allometjitagions mg also be used to calculate
both feedig and drinkimg requirements (see for exate Calder and Braun, 1983; g 1987). In time, the
inclusion of other gecies, includig both anphibians and rgtiles, ma be gpropriate, particularly if an effort is
made to calculate WC on agienal basis or if thepecies used in thgresent angkis are not q@resentative of
the ecogstem of concern. Tharesent angkis is intended, however, to be national inpecoEach of thepgcies
selected for this angdis is distributed over Ige portions of the counyr(see pecies distributions in Section 3.3
of this Volume), and in these locations eaphcies is closgltied to water resources viguatic food chains.

Finally, this anaysis differs from that of the GLWQI insofar as WC values are calculated on a
“dissolved” (freey dissolved and associated with DOC) nyétiercury basis. A review of literature collected
over the last severgkars sggests that there is now sufficient information available to estimate BAFs for
mercuy on a metilmercury basis. Previoug| it was thoght that much of the variation around BAFs estimated
on a total mercyrbasis could be attributed to differences agwater bodies in thproportion of total mercwyr
existing as the meylated form. Theyoal of thepresent angkis was to calculate a WC for the bioaccumutatin
form of mercuy, therely yielding an estimate with the lowegbssible variation around the mean.
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5.4.2 Bioaccumulation Factors (BAFs) for dfafication of Methyimercur in Aquatic Food Chains
5.4.2.1 Definition of BAFs and Overview

The bioaccumulation factor (BAF) for agiven trgphic level is defined as the ratio of mgltihercury
concentration in fish flesh divideg/the concentration of dissolved mgdthercury in the water column. The
BAF represents the accumulation of mengcin fish of a pecific trophic level from both directptake from water
andpredation on contaminatedgamisms. The BAF is principal input variable in the GAS ISC3 pasure
model used in Volume 1l of this Rert to link estimates of mercudeposition to eyosure levels for fish-
consumiiy species.

In this Report, BAFs are estimated for fbic level 3 (forging fish) and trphic level 4 piscivorous
fish), which are degnated as BAE and BAF , nesctively. BAF, is estimatedybthree different methods and
BAF; is estimated yptwo different methods. The result, or joui; of each estimation method is a distribution of
BAF values, each associated with somgrele of likelihood. The three methodgwhich BAF, is estimated are:
a modified GLWQI method, a BAF x PPF method, and a direct field-derived method from measured BAFs at
trophic level 4. BAF is estimated/lihe modified GLWQI method and direcfrom measured BAFs at hic
level 3. These methods are summarized in Section 5.4.2.2 of this Volume and described in gegaiidix
to Volume 1l (Appendix D also describes two BAPp@oaches for total mercyy. BAF, is intended to be
representative of the random selection of gltio level 4 fish from a random lake in a randgeagraphical
location. Itis meant to be used to estimate the concentration oflmetbury in such a randomselected fish
when multplied by the dissolved metttimerculy concentration. BAFperforms the same function for ploic
level 3 fish.

Thegeneral @proach used in this analis was based qurobabilistic methods, as described ipp&ndix
D to Volume lll. This gproach was taken to alloguantitative epression of the overall variabiitsurroundiig
the various estimates of the BAFs and to determine the relative sensitithe estimates tgscific individual
variables.

5.4.2.2 BAF Estimation Methods

Modified GLWQI Method

The GLWQI method is essentialihe same as that in the posed Guidance (U.S. EPA, 1993c),
modified to consider oglmettylmercury, and based entingbn field-derived BCFs and PPFs. The formula is
given in equation 1.

BAF, = BCF x FCM (1)

where

n is the trehic level for which the BAF is estimated,

BCF is the wajhted-averge bioconcentration factor (BCF) for dissolved nyétiercury at
trophic level 1, and

FCM, is the food-chain muftlier representitg the cumulative biongmification of
methylmercury from trgphic level 2 to trphic level n, n=[3,4].
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The formulas for FCN and FCM agiven in gquations 2 and 3, rpsctively.
FCM, = PPE x PPF (2)
FCM,= PPE x PPF x PRF (3)
where

PPR is theoredatorprey factor at trghic level 2 reresentig the biomgnification of
mettylmercury in zoglankton as a result of feedjron contaminateghytoplankton,

PPR is the same for pbic level 3 fish feedig on contaminated ganisms, and

PPF, is the same for phbic level 4 fish feedig on trghic level 3 fish.

Distributions were asgined to each of the variables iquations 1-3 based on data available in the
published literature. The basis and dggmn of the distribution for each variable are describedppefdix D
of Volume Ill. The nominal values for some of the variables are not the sgresasted in the Pposed
Guidance (U.S. EPA, 1993c) due to diffgramssurptions and pproaches to data aryais.

BAF x PPF Method

The formula for the calculation of BAFylthis method igiven in equation 4.

BAF, = BAF,x PPE, (4)
where

BAF; is the field-measurement-derived distribution for the BAF ghimlevel 3 and

PPF,  is the same as for the GLWQI method.

Field-derived (Direct) Method

This method estimates BAF and BAF dirgdtom measurements of BAFs in field studies. The
derivation of the BAF distributions is described ipp&ndix D of Volume lII.

5.4.2.3 Results of BAF Simulations and Recommended Values
Results of therobabilistic simulations for each of the methodsgiaven in Table 5-1, which shows
representative statistics for each BAF uttdistribution. All of the statistics agiven as thegeometric

equivalents (antilgs) of the actual valuagenerated ypthe simulations. There is ad@rvariance in the
distributions, which cannot beated into variabilit in BAFs and uncertaiwptin their estimation.
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Table 5-1
Summary of Methylmercury Bioaccumulation Factors for Trophic Levels 3 and 4
(mean, 5%, and 95% values)

BAF, BAF,

Recommended 1,600,000 6,800,000
Method Direct GLWQI BAE x Direct GLWQI

Field-derived PPF Field-derived
Median (GM') 1,600,000 1,300,000 7,820,000 6,800,000 6,500,04p
5" pctl 461,000 71,500 1,960,000 3,260,000 331,000
95" pctl 5,410,000 2,440,000 31,100,000 14,200,00 129,000,000
GSDP 2.12 5.88 2.32 1.56 6.13

& Geometric Mean
b Geometric Standard Deviation

The recommended BAFs are those depetofrom field data at each ploic level. Values estimated
using the GLWQI methodolgy are similar in each case to those estimated from field data but shovgraatgr
variability. Thisgreater variabilif is not suprising given thegreater number of variables apaucity of data for
the GLWQI pproach (see ppendix D of Volume IIl). Ony four field-derived datgoints were available to
characterize the BAF and BAF distributions. In each case, however, thepeidtstavere in relativglgood
agreement, resultopin narrower statistical distributions that those associated with the GLWQI angl BAF ,x PPF
approaches.

The GLWQI stpulates that when h quality field data are available, BAFs devedal from these data
should takeorecedence over values estimated gi&iboratoy data. At the time of its devgdment, the field
data needed to estimate BAFs for the GLWQI were not available. Receliglcted field data are thglat to be
sufficient togenerate accurate estimates of mean BAFs fphitdevels 3 and 4. Confidence in estimates of the
geometric standard deviations is lower. Additional data from a broadgradieaoystem ypes are needed to
better characterize the gies of these distributions.

5.4.2.4 Sensitivit Analysis

A limited sensitiviyy anaysis was conducted to examine the influence of distribution form on the BAFs
estimated P the direct field-derived method. The arsi$ investijated the irpact on the oyut of assumig the
BAFs were distributed normalrather than Ignormally. The difference in the two assptions was small, with
slightly higher median estimates for the normal distributions agtthfihigher ypper percentiles for the
lognormal. The empirical data more closglmatched the lgnormal form. This angsis ispresented in
Appendix D of Volume II.
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5.4.2.5 Uncertaintand Variabiliy

Generaly, in the reresentation of the put and oyput distributions, there are no distinctions as to size
or Yecies of fish, location oype of lake (eutrphic or oligotrophic), water colummH, or absolute mercyr
concentrations (in fish or water). The available data are insufficient to make these distinctions. Field data are
heavily biased towards northern (@ditrophic) lakes and somewhat towards smal@ufger) fish.

There is no distinction between varialyiland uncertaintin the BAF, distributions. That is, the
variability in the ouput distributions reflects both naturalfariableprocesses and the uncertgiatound those
processes. For exahe, the BAF, distributions include variabifitn the BAF associated with variations in fish
size combined with measurement uncertainties.

Perhas thegreatest source of variabiliis that of model uncertaiyiti.e., uncertaint introduced k
failure of the model to account foigsificant real-worldprocesses. In lake suggconducted within a relatiwel
restrictedgeagraphic region, lamge differences can exist between lakes witlpeesto mercuy concentrations in
agiven gecies of fish (see for exae Cqoe et al., 1990; Grieb et al., 1990; Sorenson et al., 1990; Jackson,
1991; Lame et al., 1993). Althagh much of this variabilit can be attributed to local lgeochemicaprocesses
that determine thpercentge of total mercur that exists as the meftlated form, additional sources of varialyilit
undoubted} exist. In addition, it has beerpeatedy shown that mercyrin fish accumulates thrghout the
lifetime of the individual (Scott and Armstrgn1972; MacCrimmon et al., 1983; Wren et al., 1983; Mathers and
Johansen, 1985; Skurdal et al., 1985, Wren and MacCrimmon, 1986; Sorenson et al., 1990; Jackson, 1991;
Gutenmann et al., 1992; Glass et al., 1993, Suchanek et al., 19§8;dtaal., 1993). Rwrted BAF values for a
given ecies my, therefore, var as a function of theges of the animals examined. As a result, some
researchers haveggested that coparisons between lakes should be madeglsitandardized" fish values
(eg., a value for aypothetical 1 k northernpike), typically derived ly linear rgyression of residue data
collected from individuals of vging size and/or ge (Wren and MacCrimmon, 1986; Sorenson et al., 1990;
Meili et al., 1991). An additional source of varialyilis seasonal variation of dissolved nyétercury in the
water column. While the concentration of mydtiercury in fish flesh ispresumab} a function of the vating
water concentrationpscific values for BAE and BAf ageneraly calculated from sigie representative
values.

5.4.2.6 Conclusions

BAFs derived from adpiate data collected at a site of concern should be used in lieu of the estimated
valuespresented in this Rert. The criteria for definipthe adguacgy of data are discussed in the Data Qualit
Objectives section of gpendix D in Volume Ill. When such values are not available, the use gétimeetric
mean values from the BAF and BAF put distributionggenerated from the direct field-derived distributions is
the recommendedparoach. Use of thgeometric mean, rather than the arithmetic mean, is a qoeisee of the
assunption that BAFs are distributed in nature as tlgatihm of the observed value. The recommended
approach is more direct and less variable than the GLWQI method and involves feweptassihe
recommendation as to the use of theofmetric) mean value of these distributions is based on the inadilit
distinguish amoxg various sources of uncertairand variabiliy in the ouput distributions, with consgient
problems of intgpretation of pecific percentiles. Because thepesure concern is for peated igestion of
contaminated fish, the mean, rather than the median, ipphapaate value. The median is griiseful when
the concern is the random selection of alsifish.
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Reducimg the uncertainstin the BAFsgenerated Y these methods will geiire the collection of more data
representative of the critical factors undemly the observed variabijitand the inclusion of additional terms to
explicitly model those factors. For exgl, the inclusion of ange/size rgression term would account for a
substantiaportion of the variabily in both BAF, and PPF .

5.4.3 _BE)posure Parameters

Exposureparameters for thpresent angkis are shown in Table 5-2. The scientific basipémameters
that gply to the mink, otter, kigfisher, oprey and egle is reviewed elsewhere (U.S. EPA 1993a, 1995a). The
weight of loons was calculated as the ageraf values rgorted ty Barr (1986) for adult males and females, and
the feedilg rate was taken from Barr (1973). Datavided ly Barr (1996) sggest that, whegiven the
opportunity, loons feed almost exclusiyebn live fish and that these fish befpaimost exclusivel to trgphic
level 3.

Table 5-2
Exposure Parameters for Mink, Otter, Kingfisher, Osprey, and Eagle
on i
Body Wt. Ingestion Rate| Drinkig Rate | Trghic Level of A)éll (Ce:]at
Species (WtA) R) (W) Wildlife Food Trophic
kg kg/d L/d Source Ler\)/el
Mink 0.80 0.178 0.081 3 90
Otter 7.40 1.220 0.600 3.4 80,20
Kingfisher 0.15 0.075 0.017 3 100
Loon 4.00 0.800 0.120 3 100
Ogorey 1.50 0.300 0.077 3 100
Eagle 4.60 0.500 0.160 34 74,18

For this analsis, it was assumed tharey not attributed to tnghic levels 3 and 4 were derived from non-
aquatic orpins and do not contain mergurWere theserey to contain mercy, WC values calculated for the
relevant pecies would decrease. BAFs forghic levels 3 and 4 were agsed the values recommended in
Section 5.4.2.3 of this Volume.

5.4.4 Summar of Health Engoints for Avian and Mammalian Wildlife

The avian chronic TD value was derived from studieblbinz (1975, 1976a,b, 1979) in which three
generations of mallard duckaras platyrhynchgsvere dosed with megtmercury dicyandiamide (0, 0.5 and
3.0ppm) (see Section 4 of this Volume). The lowest dosepd (78 .g/kg bw/d), resulted in adverse effects
on reproduction and behavior and was d@mpsited as a chronic LOAEL. As no NOAEL wapoded, a UE of 3
was used accordjto methodolgy described in U.S. EPA (1995b). In gdeure from the GLWQI, a decision
was made not to aast this value further usira pecies-to-pecies uncertaigtfactor (UF, )greater than 1.0.
Although no toxiciy data are available for grof the bird pecies of interest, a review of the literaturggasts

5-11



thatpiscivorous birdgossess greater cpability to detoxify mettylmercury than do norpiscivorous birds (see
Section 4 of this volume). Adsting the TD for mallards even lower is, thereforejustified.

The mammalian chronic NOAEL was derived from studies of subchropasere ly Wobeser (1973,
19764a,b) in which mink were dosed with megcir the form of mercwy-contaminated fish (0.22 and 0.8@m,
naturally incomporated into fish; 1.1, 1.8, 4.8, 8.3 and 1ppih, iked into the diet). Effects observed include
histgpatholagic lesions in nerve tissue at Jpfim and hgher doses. Anorexia, ataxia and death occurred at 1.8
ppm and hgher doses. The dose of 0433n (55.g/kg bw/d) was selected as the NOAEL for subchronic
exposure. As this was a less than lifetime giuedUR; of 3 wasplied to the TD or NOAEL. The value of this
uncertainy factor is less than the value gloyed in the GLWQI (10). However, the authors of the GLWQI also
identified 1.1ppm as the NOAEL, whereas this aysit considers the higiatholaical lesions seen in the 1.1
ppm dosegroup an adverse toxic effect. The subchronic NOAEL{UF is L&/Rg bw/d, which is
approximatel equal to the chronic NOAEL (20g/kg bw/d) estimated from Iagpterm feedig studies with
domestic cats (Charbonneau et al., 1974).

Based on the information above, the TDs used for calculation of a WC for ynesena:
For avian wildlife - A LOAEL of 78.g/kg bw/d.
For mammalian wildlife - A NOAEL of 5xg/kg bw/d.

Dividing the avian TD ® a UR._ of 3yields an avian RfD of 2fgkg bw/d. A mammalian RfD of 18gkg bw/d
was calculatedypdividing the mammalian TDya UF; of 3.

5.4.5 Calculation of Wildlife Criterion Values

WC values were calculated for each of the wildlfeces of concern ugirexposure values
recommended in Section 5.4.4.4. Calculations of WC values for each of the sglecies! follow.

The mean of the two WC values calculated for mammals 80 The mean of the four avian values
is 74pgL. The lowest of these is the WC calculated for mammapaniss. Therefore, the WC for
methylmercury is 50pg/L.

For the mink:

~ (TD x[U(UF, x UFg x UF)]) x Wt,
W, + [(0.9)(F, x BAF)]

we,

c . (0.055mgkgd x [1/(1 x 3 x 1)]) x 0.8kg
S 0.081L/d +[(0.9) (0.178kg/d x 1,600,000)]

WC = 57 pglL
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For the otter:

(TD x [1/(UF, x UFg x UF))]) x Wt,

WG, -
W, + [(0.8) F, X BAF,) + (0.2) F, X BAF)]
we, - (0.055mgkg/d x [1/(1 x 3 x 1)]) x 7.4kg
0.60L/d + [(0.8) (1.22kg/d x 1,600,000)+ (0.2) (1.22kg/d x 6,800,000)]
WG, = 42 pglL

For the kingfisher:

(TD x [1/(UF, x UFg x UF))]) x Wt,

WC, =
W, + [(1.0) (F, x BAF)]
WC. - (0.078 mgkg/d x [1/(1 x 1 x 3)]) x 0.15kg
s 0.017 + [(1.0) (0.075x 1,600,000) ]
WC, = 33 pglL
For the loon:
WE. o (TD x [1/(UF, x UFg x UF)]) x Wt,
S W, + [(1.0) (F, x BAF)]
WC. - (0.078 mgkg/d x [1/(1 x 1 x 3)]) x 4.0 kg

> 0.012L/d + [(1.0) (0.8 kg/d x 1,600,000)]

WC = 82 pglL
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For the oprey:

~ (TD X [/(UF, x UFg x UF)]) x Wt,
W, + [(1.0) (F, x BAFR)]

we,

WC. - (0.078 mgkg/d x [1/(1 x 1 x 3)]) x 1.5 kg
> 0.077L/d + [(1.0) (0.3kgd x 1,600,000) ]

WC = 82 pglL

For the bald egle:

we (TD x [L/(UF, x UFg x UF)]) x Wt,
> W, + [(0.74) F, x BAF) + (0.18) F, x BAF,]

WC. - (0.078 mgkg/d x [1/(1 x 1 x 3)]) x 4.6 kg
S 0.16L/d + [(0.74) (0.5kg/d x 1,600,000)+ (0.18) (0.5kg/d x 6,800,000)]

WC, = 100 pgL

5.4.6 _Calculation of MercyrResidues in Fish Corngsnding to the Wildlife Criterion Value

The WC for metiilmercury, alorg with gopropriate BAFs, can be used to calculate cqoesling
mercug residues in fish. Usimthe recommended BARFgesented in Table 5-1, a WC of p/L corregponds to
methylmercury concentrations in fish of 0.07:4/g and 0.346.g/g for trophic levels 3 and 4, rpsctively.

5.4.7 Calculation of the Wildlife Criterion Value for Total Mergum Water

A WC for total mercwy can be calculated ugjran estimate of dissolved mgtmercury as aproportion
of total dissolved mercurin water. Mercuy speciation data from filtered water spl®as are reviewed in
Appendix D of Volume Ill. Basedpon a surveg of these data, the best current estimate of yiratirculy as a
proportion of total is 0.078. Usgithis value, a mesimercury WC of 50pg/L corregponds to a total dissolved
mercul concentration of 64fig/L. An additional correction is needed if the WC is to baressed as the
amount of total mercyrin unfiltered water. The available data, althohighly variable, sggest that on avege
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total dissolved mercyrconprises about 7@ercent of that contained in unfiltered water (Back and Watras, 1995;
Driscoll et al., 1995; Mason and Sullivan, 1997; Watras et al., 1995a). d/thigrfinal correction results in a

WC of 910pg/L (unfiltered, total mercwy), which is @proximately 70 percent of the valupublishedpreviously

in the GLWQI.

5.4.8 Calculation of a Wildlife Criterion for the Florida Panther

Estimates of the NOAEL and LOAEL in domestic cats were not used in the derivation of a WC for
Floridapanthers, but wergresented instead fwovide a comparison with other mammals. The chronic NOAEL
for cats (2Qug/kg bw/d) is close to that derived from mink data (18g8<g bw/d). Cats, therefore, do nqipear
to be unjuely sensitive or insensitive to the toxic effects of meycur

Derivation of a WC tqrotect thepanther is corplicated ly thepossibility thatprey items (eg., the
raccoon) accumulate merguo an evemgreater extent than the fishpresented ¥ trophic level 4. Otheprey
(eg., deer)probabl/ contain relativet lower levels of mercyr Calculation of a W@rotective of thgpanther,
therefore, rquires collection of additional information on the diet of tiiisges and mercyresidues contained
therein. These residues would then have to be related topmdag) levels in water thragh the use of PPFs
(eg., raccoon/fish or otheigaatic biota) and BAFs (matic biota/water). Existgndata are insufficient to
suypport such an angsis but could be collected and deyad for thispurpose.

5.4.9 Conparison of GLWOQI Criteria with WC Derived in this Bart

The evaluation of data and calculation of WC values in thimR&vas done in accordance with the
methodgublished in the draft GLWQI (U.S. EPA 1993a). The availabditadditional data and differences in
interpretation of those data led to differences in the calculated values of the WC inpgbisd®el those
published in the final GLWQI (U.S. EPA 1995b). Both evaluationpleyed the same methodgjpas
described in Section 5.4.1 of this Volume. Both used the same studies as the basis for WC calculation: for birds,
the threggeneration rproduction stug in mallards (Heinz, 1974, 1975, 1976a,b, 1979) and, for mammals, the
subchronic dietarstudies in mink (Wobeser et al., 1976a,b). In addition to these studies,fbit &0 relies
on Wobeser's dissertation (Wobeser, 1973), wpiokided some additional information that wagraented ly
discussions with the author.

To provide a basis for coparing mettylmerculy WC values derived in this Rert with values
calculated in the GLWQ)I, it was necessty convert all metyimercury values to corrgonding total mercuy
estimates (see Section 5.4.6 of this Volume). Tabl@resgents a coparison between the WC values calculated
in the GLWQI (U.S. EPA, 1995b) and this et (converted to total meropm unfiltered water). All of the
WC values calculated in this part are lower (i.e., more conservative) than thmgaished in the GLWQI. All
species-pecific WC values, however, diffeyta factor of three or less. pressed as total merguythe WC
derived in this Rport is gproximately 70 percent of the WC derived in the GLWQI.

In the evaluation of effects in birds, both the GLWQI and thjgoReadentified a LOAEL for
reproductive effects in the secogdneration of mallards ersed to 0. pm mercuy in diet (Heinz 1976b,
1979). This LOAEL was gdsted to 0.078 gikg bw/d by applying an averge food irgestion rate for treated
mallards of 0.156 d¢gkg/d. In calculatig the wildlife reference dose, the GLWQI used g,UF of 3 and,a UF of
2. This Reort used a UF of 1 and a UF of 3 (see Section 5.4.11.2 for a discussion of UF ).

In the effects assessment fiscivorous mammals, both the GLWQI and thig&e used data on mink
administered mercyrin the diet. The GLWQI identified a NOAEL of 1ppm. At this dietay
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Table 5-3
Species-specific Wildlife Criteria Calculated in the Great Lakes Water Quality Initiative
(GLWQI) %and in the Mercury Study Report to Congress

Wildlife Criterion
Species (pgL)
GLWQI Mercury Stud/ Report to Corgress
Mink 2880 1038
Otter 1930 764
Kingfisher 1040 598
Ogrey Not done 1498
Eagle 1920 1818

#U.S. EPA, 1995b

exposure, there were chges in the liver, lesions in the central nervogstam, and axonal deneration;
moreover, two of the animals in this treatmgnaiup were observed at the end of treatment to move glbyvl
conmparison to other mink. The sty@uthors rported their pinion that mink treated at 1@m in the diet for
longer than the stuydwould be epected to show clinical gns of nervousystem damge. Animals treated at the
next dose, 1.8pm, were observed with anorexia, ataxia and increased mprtBltsed on these considerations,
this Report considered 1.ppm to be a LOAEL and, as described in Section 4.3, used data from tiparfirst

the stug to identify a NOAEL of 0.33pm. This Reort also used data from Wobeser (1973) to establish the
weights of female mink and kits used in tpart of the stuy; this resulted in gijht differences in conversion of
dose inppm diet ton.g/kg bw/d

In its assessment of pasure to birds thragh consurption of prey, the GLWQI made assystions that
were gpropriate to the Great Lakesgien. Inparticular the GLWQI assumed that mescaontaminated
herring gulls constitute 6% of the diet of baldghas. As this Reort is a nationwide assessment, use of this
region-specific assurmption was not considereggropriate; egles were assumed to consume non4iigy, with
no mercuy contamination, as 8% of the total diet. Theédat numerical difference in thegosure assessment
between the GLWQI and this pat is in the calculation of BAFs. The GLWQI used a BAF of 27,000 for
trophic level 3 and a BAF of 140,000 for ptic level 4. Total mercyrBAFs correpondirg to the
methylmercury-based values perted in Table 5-1 (and assumithat metlylmercury constitutes 7.8 % of total
mercug) are 124,800 and 530,400 forphac levels 3 and 4, rpsctivel.

Thus, the differences between the WC in the GLWQI and in thperRare a result of several factors.
First, this Rport uses more recent data to derive BAFs. Thm8mentay Information Document to the final
Water Qualiy Guidance for the Great Lakegsiem noted that jpreliminary draft of the Mercur Report to
Corgress was available but was not used because it had not beglatedmat the time the finguidance was
published (U.S. EPA 1995b, 144). Second, the GLWQppropriately used some ggon-gecific assurptions
that were not used in this nationwide assessmenf @nsurption of herrirg gulls by eagles). Third, different
toxicity encpoints were used in this Rert. In the GLWQI, a risk-mamg@ment decision was made to base the
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WC on enghoints that corprise direct effects ogrowth, rgroduction, or develament. In this Reort, more
sensitive enpoints were considered with tigeal of assessgagreater rage of toxic effects. Finall different
uncertainy factors were eployed in the two assessments.gimeral, uncertaigtfactors used in the GLWQI are
more conservative than those used in thigoRe

5.4.10 Uncertaint Analysis

A formal anaysis of uncertaint around the WC estimate was not agggd. Such an angis would
require gecification of numeric distributions for each of frerameters in thegeiation. Data for several of the
parameters in thegaation, inparticular the NOAEL and UF estimates, presenty sufficient togeneratepoint
estimates opl. A partial uncertaint anaysis has been conducted for the bioaccumulggghof the WC
approach (see ppendix D of Volume III).

5.4.11 Sensitivit Analysis

In a sensitiviy anaysis, an attemt is made to characterize the extent to which a calculated valugeshan
with charges in thegparameters pon which its calculation gends. Examination of theyeation for calculation
of WC values sggests that @roportional relationstp exists between the WC and the NOAEL, UF or,Wt . The
relationshps between the WC anhrameters thatpgear in the denominator are not gparent and must be
explored by varying theseparameters oneybone in gstematic fashion. The ayals is also colicated ly the
variable relationsipithat exists between ED and D . In the otter agteekD, and FL) tend to be recocal
(althowgh in the egle these values do not addt 1). In the mink, however, ED is agsed a value of less than
1, and the remainder of the diet is assumed to congistyothat are notguatic in orgin and are not
contaminated with mercyr

Neverthelesggeneral conclusions can be reacheghrding the sensitivig of WC estimates to chgas in
theseparameters. These can be described as follows:

. A decrease in gnparameter thatgpears in the denominator will have agar effect on WC
than an quivalentpercentge-wise increase.

. When BAF, @pears alone in the denominatopexcentge-wise increase in BAF or ED will
cause a less thamoportional decrease in the WC; conveysaldecrease in BAF or ED will
cause greater thamproportional increase in the WC.

. When both BAE and BAF ppear in the denominator, aguevalentpercentge-wise chage in
BAF, (and ly extension PPJF ) hasgeeater inpact on the WC than a chgain BAF;, but in
either case, the effect is less tipaoportional.

. If BAF;and BAF, are both allowed to chgan(holdirg PPF, constant), percentge-wise
increase in BAE (andybextension BAE ) will have a less thproportional effect on WC, while
a decrease in BAF will havegaeater tharproportional inpact.

. Under all circumstances,percentge-wise increase in& will cause a less tpiaportional
decrease in WC, while a decrease jn F will caugeater tharproportional increase in WC.
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. Owing to its small contribution to the awyais as a whole, lge chages in W, have a vgrsmall
impact on WC.

With the excetion of F,, it is nofpossible to conclude that, for aflecies, the WC is most sensitive to
one or the other of thearameters in the denominator of tlggiation. For pecies that feed at one ptuc level,
all parameters other than F have go¢ential to chage WC in aproportional orgreater tharproportional
manner. Forpecies that feed at two phic levels, the BAF at the lower pbic level becomes relativeless
important, but it mg still have a lage impact on WC if thepercentge of the diet rpresented ¥ this lower
trophic level is lage (eg., in the mink).

5.4.12 Uncertainties Associated with the Wildlife Criteria Methogplo

Efforts to develp WC values for th@rotection ofpiscivorous wildlife are relativglrecent in ogin, and
the methods eptoyed for thispurpose continue to undge modification and refinement. Ovgiio the
conplexity of natural gstems, uncertainties associated with the dewedmt of WC values are to bepected.
Additional uncertainties derive from the relative scgroitwildlife toxicity information and the necessinf
extrgpolating individual-based effects todtier levels of biolgical organization (&g., populations).

Uncertainties associated with the WC methodplbave been reviewed elsewhere (U.S. EPA, 1994).
Rather than qgeat this information, this Rert attenpts to focus on those areas that apeeislly pertinent to
the develpment of a WC for mercyr These uncertainties are described below ipanticular order.

5.4.12.1 Limitations of the ToxigitDatabase

Substantial uncertainties underlie most of the toxidéta for mercyrin wildlife. Conparison of
NOAELs and LOAELSs betweerpscies rguires adption of urproven assutions about the ptake,
distribution, elimination, and toxic effects of menguiConclusions basegaon extrgolation from one jgecies to
another are, therefore, tenuous. Additional uncertainties are a result pdketing from LOAELS to NOAELs
and from subchronic epdints to chronic engbints. In some instances, thereynadso be a need to account for
the possibility that test results do not agimtel protect the most sensitive individuals. Thisyni particularly
germane to the case of the Flornther, where there is concern for individual animals.

Toxicity studies utilizig "naturall incomporated” mercwr are complicated ly the possibility that
mercul is accorpanied ly other contaminants that are exegtsome or all of the observed effect. Idgall is
desirable to copare the effects of merguthat has been ingoorated naturayl with effects that are due to
mercuy that has beerpiked into aprepared diet. B spiking mercuy into the diet, the researcher can better
control the dose to the animal. The bioavailapiit mercuy in such a formulation nyabe different from that
which exists naturall However, Charbonneau et al. (1976) demonstrated that the bioavgikatulitoxiciy of
methylmerculy to cats is guivalent whethegiven in contaminated fish opiked in the diet.

EPA cannot test all wildlifepecies of interest. The use of uncertaifigictors for pecies extrpolation is
likely, therefore, to continue. Existjinformation can be used, however, tggast which pecies should be
singled out for testig. Information of thisype is reviewed in this document in several locations and includes
species distribution, natural hisioconsiderations, and pasure factors.

Finally, conparisons between wildlife and human NOAELSs are plicated ly differences in the abiijt
of agiven stug to reveal an adverse effect when it occurs. For wildlife, most of thpensi selected can be
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considered severehdverse or frank effects. \efew studies to date have been deed to stug subtle adverse
effects orprecursors to adverse effects in wildlife. Deyat@ntal neurotoxicit engooints are oparticular

interest due to their demonstrated sensytivithumans. Theguestion, therefore, arises: what would the LOAEL
or NOAEL for agiven wildlife species be if the researcher was logkior (or was able to detect) these more
subtle effects? Ongproach to thigjuestion is to examine the results of studies in which both frank and more
subtle effects were observed and determine the pomdayg difference between dogalevels.

5.4.12.2 LOAEL-to-NOAEL UncertaigtFactor UE

In determinirg the WC for mercuyr exposure in wildlife, a chronic NOAEL is thareferred value for the
TD. In cases where studies do not idgrifNOAEL, the data are examined to idgn8fLOAEL. This LOAEL
is then agusted usig a LOAEL-to-NOAEL uncertaint factor (UF, ) to estimate a wildlife RfD. A YF of 3 or
10 (based on EPA reference dose methagdlis typically applied when a LOAEL is used in the absence of a
NOAEL.

In determinirg the RfD for human gposure to metfimercury, a lage number of laboratgranimal
studies on metiimercury toxicity were summarized aspgoorting data. Results from mgrof these studies
permitted estimation of both a LOAEL and a NOAEL. These studies were examined in an effort to determine the
most gpropriate UF for wildlife eyosure to mercyr.

The studies examined are summarized in Volume V of thipiReNineteen studies were selected as
being the most relevant angbgropriate for determinig a UF,_ . Selection criteria included the followin

. methylmerculy toxicity to nonhuman mammals;
. oral exposure (withpreferencegiven to dosig in food or drinkirg water); and
. chronic or subchronic @sure durations (with expgons for rggroductive and devefmental

toxicity where such distinctions are less relevant).

Cancer andenotoxic engoints were not included because tumors are not offemtesl in wildlife toxiciy

studies. Enpoints included in the angdis included lethalit, neurotoxiciy, renal toxiciy, gastrointestinal

toxicity, immunotoxicit, develgmental toxiciy and reroductive toxiciy (see Table 5-4). Data abstracted from
the studies include theacies and sex of the test gedis, toxicolgic engoint, LOAEL, NOAEL and the ratio
between them. The LOAEL:NOAEL ratios were najregated ly engoint because there was an insufficient
number of studies at most guuihts to determine statisticabsificance.

The ratios of LOAEL-to-NOAELSs for laboratpanimal studies anglotted versus frgueng in Figure 5-
1. These ratios can be thght of as the reduction in the LOAEL necegsar estimate the corrpsnding
NOAEL. Figure 5-1 illustrates that the foaity of ratios lie between one and two (n=6) and between four and
five (n=9). Ony one ratio of the 1Plotted waggreater than 10. A ratio of five indicates that the NOAEL
observed followig exposure to metyimercury is 5-fold less than the
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Table 5-4

Analysis of LOAEL-to-NOAEL Uncertainty Factor

Endpoint LOAEL NOAEL RATIO

Species and Sex (gikg/day) (mg/kg/day) LOAEL:NOAEL Study
Lethality
B6C3F1 Mouse M 0.69 0.60 1.15 Mitsumori et al., 1990
Neurotoxicity
Rat (Wistar) M&F 0.25 0.05 5.0 Munro et al., 1980
Cat sex N§ 0.046 0.020 2.3 Charbonneau et al., 1976
Monkey (Macaca fasicularis) M&F 0.03 0.02 15 Sato and lkuta, 1975
Monkey (Macaca artoidegndM. nemestrina) M&F 0.5 0.4 1.25 Evans et al., 1977
Renal Toxicity
Mouse (ICR) M 0.72 0.15 4.8 Hirano et al., 1986

F 0.62 0.11 5.6
Mouse (B6C3F1) M 0.14 0.03 4.7 Mitsumori et al., 1990
F 0.6 0.13 4.6

Gastrointestinal Toxicity
Mouse (B6C3F1) 0.69 0.14 4.9 Mitsumori et al., 1990
Immunotoxicity
Rabbit (New Zealand White) M&F 0.4 0.04 10.0 Koller et al., 1977
Developmental Toxicity
Rat (Charles River) F 4.0 0.2 20.0 Nolen et al., 1972
Rat (Wistar) H 0.25 0.05 5.0 Khera and Tabacova, 1973
Rat (Charles River) F 1.4 0.7 2.0 Fowler and Woods, 1977
Rat (Wistar) offgring of both sexe 0.6 0.2 3.0 Schreiner et al., 1986
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Table 5-4 (continued)
Analysis of LOAEL-to-NOAEL Uncertainty Factor

Endpoint LOAEL NOAEL RATIO

Species and Sex (ghkg/day) (mg/kg/day) LOAEL:NOAEL Study
Reproductive Toxicity
Rat (Wistar) M 0.5 0.1 5.0 Khera, 1973
Mouse (ICR) M 0.72 0.15 4.8 Hirano et al., 1986
Mouse (B6C3F1) M 0.68 0.14 4.9 Mitsumori et al., 1990
Monkey (Macaca facicularis) M 0.065 0.047 14 Mohamed et al., 1987
Monkey (M. facicularis) F 0.06 0.04 15 Burbacher et al., 1988

NS - Not stated.
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correponding LOAEL. These data ipty that most ratios between LOAELs and their cqpoesling NOAELSs
will be less than 10.

A similar anaysis of animal toxici data (Weil and McCollister, 1963) wpsovided ty Dourson and
Stara (1983). None of the LOAEL-to-NOAEL ratios from studies of 52 chemical substances exceedeg 10. Onl
two of the 52 ratios exceeded five. The Dourson and Stara (198g3iartads been cited inygport of the use of
a variable UF of as much as 10 in derivieference doses for humans. Dourson and Stara (1983) recommended
the gplication of a relativel large UF when estimatgna NOAEL from a LOAEL for a severe or frank
toxicological effect. Conversg] a low UF could beplied when the toxicolgical effect was considered to be
relatively mild.

The distribution of LOAEL:NOAEL ratios around two and fipemarily reflect the dosepaicing
selected for the styddesgns. Two-fold, 5-fold and 10-foldpacing are common in g@eriments of thisyipe.
The most ppropriate intepretation of the ratios parted here andybDourson and Stara (1983) is that the
threshold for the toxicolgic effects, definedyeach stug, lies within the bounds of the parimentaly derived
LOAEL divided by a UF, and that most of the effects thresholds will be epassed ¥ usirg a UF of 10 or
less. Itis also likgl that the most@propriate UR will vay with the toxicol@ical engoint selected. For studies
that identify only a LOAEL, theprincipal assurption is that the next lower dose, had it been tested, would be a
NOAEL. This assumtion is best pplied to studies that idengifa LOAEL for mild effects. LOAELS for severe
or frank effects (which argeneralyy no used for human health risk assessmeqtjine a hgh degree of
professionajudgment in pplying a UF, .

The anasis ty Dourson and Stara (1983) and the wsialrgorted here uport the UF,  of three
selected B the authors of this Rert for use with the avian LOAEL. In derigran RfD for avian gecies, the
authors of the GLWQI used a UF of two. Given the substantial uncertainties in all the values used to calculate
the WC for mercur exposure, neither two nor three can be considered to be theaméct value.

5.4.12.3 Validiy of BCF/BAF Paradim

A significant shortcomig of the WC for mercuwr calculated in the GLWQI is its reliancpan BCF
values determined in the laboratorThis methodolgy is based on a bioaccumulatiparadgm (steag-state
BCF x FCM) that was devegbed for neutral {xdrophobic oganic conpounds and that nyebe ingpropriate for
application to mercwy. In addition, the laboratgrstudies available for estimaglBCFs were conducted with
fish and not with aganisms at the first tphic level phytoplankton) that bgin the bioaccumulatioprocess. The
modified GLWQI method uses field data for dirgaketerminirg BCFs inphytoplankton but must rglon other
uncertain assuptions, such as glrweight to wet weght conversion factors, to obtain thgpeopriate values.

The result is increased uncertgiim the results of the GLWQI methodgpwhen conpared to direct estimation
of BAFs from field data.

Field studies indicate that mgnrf not most, fish accumulate merguhroughout their lives, often in a
neary linear fashion with ge (see for exapte Scott and Armstran 1972; MacCrimmon et al., 1983; Wren et
al., 1983; Mathers and Johansen, 1985; Skurdal et al., 1985; Wren and MacCrimmon, 1986; Sorenson et al.,
1990; Jackson, 1991; Gutenmann et al., 1992; Glass et al., 1993; Suchanek, 1§98t Ban1993). Moreover,
most of the mercyraccumulatedyfish at trghic level 4 is thoght to be takenufrom dietay sources. Thus,
particularly for long-lived piscivorous fish, a relativglshort (oneyear or less) waterbornemosure cannot
duplicate the extent of accumulation that tapksce in nature. In addition, the relationsbetween a
concentration of anpplied mercuy species in the laboratgrand the concentrations of mplaé geciespresent
in the environment (some of which ynaot be bioavailable) is catetely unknown.
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The gparentprogress to "steadstate” observed in several chronic labonasiudies (see McKim et al.,
1976) should not be misinfeeted as an actual stgastate condition, but instegdobably reflectsgrowth
dilution with ragpidly growing fish. Growth dilution will tend to g@ess BCF values dugrperiods of raid
growth, but agrowth rate slows, continued accumulation of meyawitl result in an increase in whole-bpd
concentration withge.

5.4.12.4 Selection offgcies of Concern

The gecies identified for thpresent angkis were selected becauseytheere considered likglto be
exposed and not due to their inherent sensytitotmercuy. Lackirg toxicity information, littleguidance is
available concernmwhich wildlife gpecies are most sensitive to mescuin addition, there angroblems
associated with gnconmparison of laboratgrand field data. For exaie, laboratoy data sggest that mercyr
residues in ggs exceedig 0.5u0/g are associated with paired rgproduction in mallard ducks (Heintz, 1974,
1976a,b, 1979) and gmneckedpheasant (Fimreite, 1971). In contrasprogluction in herrig gulls gopears to
be unaffected even wheggresidues exceed 1@/g (Vermeer et al., 1973). Taken alone, these dajgest!
that mallards angheasant are more sensitive to the toxic effects of metban argyulls. This mg in fact be
true; however, such cqrarisons are copticated ly the presence/absence of additional stressors such as
confinement, handlimand weather, differences between naturalpgoared diets, thpossible ameliorative
effect of selenium, and the inptaty between "inherited" @) residues and that which the chick consumes.
Toxicity can be difficult to observe in a field sfyetven when it is occurrn In 18 of 38 nests under syuby
Vermeer et al. (1973), hatclgisuccess could not be evaluated for one reason or another.

Clearly, exposure and sensitiyitare related. If, for exapie, a pecies was, on a delivered dose basis, 10
times more sensitive than thegiabut, due to its dietgrhabits, received less than 10% of the dose, it would not
be eyected to show adverse effects at water concentrgtiotective of the egle. Pharmacokinetic
considerations mgalso be irportant. Thus, it has beenggested that birds eliminate a substantial amount of
mercug through incomporation intoplumage. The frgueng and extent to which birds molt maherefore,
impact their @parent sensitivit in an environmental settjn Finally, it has been shown that most, if not all,
wildlife possess some gability to detoxify mettylmercury by hepatic demetilation. Enhanced dematiation
would beparticularly important if it rgpresented an agtve stratgy for piscivorous pecies. The need for
toxicity information has alregdbeen noted. As such information becomes available yith@aecessgrto
revise the WC for mercuyr

There is also a need to consider animals other than birds and mamnpadicutar, there is a need to
characterize the @osure of carnivorous péles, such as the aifator, that are known to consume considerable
guantities of fish and feed on animalgy(eraccoon) that themselves feed goatic biota and are known to
accumulate mercyr(Roelke et al., 1991).

5.4.12.5 Trphic Levels at Which Wildlife Feed

The dietay preferences of the wildlifepecies identified for this angis are shown in Table 5-2.
Justification for these aggiments can be found in two recent U.S. HEiRAlications that were deveded for the
purpose of spporting WC calculations (U.S. EPA 1993a, 1995a). It can lpeaxd, however, that
representatives of the samgesies will be egosed to different levels of mergudue to different feedmhabits
and/or differences in the availabjliof gpecific prey items. For exaple, bald egles living on the shores of the
Great Lakes maconsume ginificant numbers of herrghgulls (Kozie and Anderson, 1991). Since ¢odis
themselves argiscivores, feedig primarily at trgphic level 3, it has beengued that when an gl consumes a
gull, it is feedirg at trgohic level 4 or hgher; thegull/forage fish PPF is thayht to be about 10, while the PPF for
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fish at trghic level 4 is believed to bggroximately 5 (U.S. EPA, 1995a). Bkes living in otherparts of the
countrly or migrating into an area durgnaparticular time ofyear mg consume relativglfew fish, feedig
instead on carrion, includirabbits, guirrels, and dead domestic livestock sucpigs and chickens (Hper et
al., 1988). Othepopulations, however, are criticgldgoendent pon the seasonal availabyliof fish,
particularly spawning salmonids.

The feediig habits of bald agles are reviewed extensiyetlsewhere (U.S. EPA, 1993a, 1995a). The
intent of this discussion is not to characterize the fweterences of the gke, but instead to demonstrate how
difficult it is to characterize wildlife feed@ghabits on a nationwidgear-around basis. For sonpesies, such
as the kigfisher and river otter, it can be reasoyaddsumed that fish alws conprise a hgh percentge of the
diet. For others, such as thelesand mink, considerable variations in diet are jikelexist. Still others, such
as the Floridganther, consumprey (eg., the raccoon) that, as pegies, consume variable amounts apfatic
biota but that, in south Florida, are tightito reoresent a close link to theyaatic food chain.

5.4.12.6 Variabiliy in BAFs at each Tighic Level

A concern related to the issue of feepmeference is thpossibility that trghic levelspresenty
assgned to the wildlife pecies in this angkis overestimate the actual extent to whicly e eyosed to
mercul. This is because BAFs are devd to r@resent the avege value for a trphic level when, in fact,
piscivorous birds and mammals ynlae more like} to taget prey at the lower end of the sizeg@ distribution.
Thus, egles are more likglto consume a 1gmorthernpike than a 10 gindividual,yet both are qgresented in
the BAF for trghic level 4. Similay, kingfishers argrobaby limited to smaller reresentatives of tyghic level
3 than would be true of anwey. The reason that these differences amiant is that mercyrtends to
accumulate thraghout the life of an individual fish, such that concentrations in an older individughagra
trophic level mg far exceed those inymurger individual.

The need to@ply BAF estimates on a nationwide basis in thisfrécludes further refinement. It
may, however, bgossible to eglore this issue Y usirg aprobabilistic gproach to angize individual data sets.
Specifically, it would be of interest to determine whetpercentile information from the resulgroutut
distributions can be related to fish of known size. Evemtuidlinay bepossible to use this or anothgpeoach
to refine BAF estimates for mergur

5.4.12.7 Natural HistgrConsiderations

Natural eyosures are likglto var in both gatial and terporal domains. This igarticularly true of
species that ngrate, includig the bald egle, ogprey, and belted kigfisher. The necesyibf incomporating this
type of information and the meang Wwhich this can be accgiished are penquestions.

5.4.12.8 Individuals Versus Palations

The methods used to devela WC for mercuy are based on effects data from individuglamisms.
The stated assessment poidt for this R@ort, however, is the health of wildlif@pulations. The relationshi
between individuals angbpulations is likey to val with the pecies and a lge number of environmental
factors. For sompopulations, the loss of agsiificant number of individuals nyahave little effectparticularly
if environmental factors (like cafing cgpacity) limit population size. Animals that arepble of dipersirg
over lage areagpresent an additional cqlication. It ispossible, for exaple, that ngative inpacts could occur
within agiven location but would be difficult to observe due to a continuous influx pétasnaffected
individuals. For othepopulations, inparticular those with low fecungitloss of a relativgl few individuals
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could have a lge impact. Clean, there is a need to be able to epdiate toxic effects on individuals to effects
on populations. Unfortunatg| this type of ana}sis is complicated ty numerous factors and is essenyiall
impossible to pply on a national scale.

Finally, a focus orpopulations mg not alwas be @propriate, particulary when endagered pecies are
involved. The same myaalso be true when various factors contribute tgtssibility of regional effects. For
exanple, 95% of egles nationwide nght beprotected lg a WC for avian jgecies, but in given region mortaliy
could gproach 100% if attributes of lakes and rivers in thgiore contributed to fgher than aveige
accumulation of mercyrin the auatic food chain.

5.4.12.9 Pecies Versus Taxa

The WC develped for mercuy in birds was calculated as theometric mean of values for foypesies.
Similarly, thegeometric mean of values for twpesies was used topresent all mammals. Thipgroach is
reasonable if the WC calculated for eaplcses within a taxa are similar, but it would failprotect pecies for
which the WC value is much lower than the others with which it wasgackra

In thepresent angkis, WC values calculated forghas, oprey, loon and kigfisher were within a factor
of three of one another. WC values for mink and otjezead to within a factor of about one and a half. As
additional data argathered, there is a need to idgntbecies that, ¥ virtue of sensitivig and/or eposure, are
particularly vulnerable to mercyr Decisions could then be made concegnire advisabiliy of gecial
measures to insure theirotection.

5.4.12.10 Discussion of Uncertainties Associated with the Wildlife Criteria Metigdolo

The existimg limited data sggest that BAF values peesent an irportant source of uncertainin present
efforts to calculate water-based WC values, alghaulack of toxiciy information and incopiete knowlede of
what wildlife eat contribute substantiall Considerabl@rogress has been made in understagdimdpredicting
how chemical and bioggcal factors affect mercyrbioaccumulation in@uatic biota, and, in time, it ngebe
possible to apist BAFpredictions as needed tgoresent pecific surface waters of concern. Ttresect for
continuirg uncertaing surroundiig these estimatesa@ures, however, for agtion of a residue-basegproach;
i.e., the use of measured mercugsidues in fish and wildlife to idengipopulations at risk.

It is important to recgnize that BAF values are calculated as the ratio of a tissue concentration and a
water concentration. Hphasis has begnaced orproblems associated with obtaigithe numerator in this
equation. However, considerable uncertgimtay also exist with rg®ect to the denominator. In several
instances, it has been shown that, witprioved analtical methods, mercyrevels in agiven water bog tend to
come "down," resultig in an increase in thgparent BAF. This "decline" is usuglhot thoght to be real but
instead reflects iprovements in sapting techngue and angtical methods.

It is also unclear which of the mergupecies are bioaccumulative and should, theref@eea in the
denominator. Theresent angksis considers dissolved mglimercury to be the best estimator of
bioaccumulatiorpotential in agiven water bog. Seciation data from a variebf systems sggest that most of
the metlylmercury in the water column exists as the dissolved form (mean of about 70%)pe=edix D of
Volume 1ll). Neverthelessjuestions remain concermgjithe bioavailabiliy of dissolved metyimercury
associated with DOC. Additional refinement of the BAspraach ma require methods to identifthe “freely
dissolved” fraction of metimercuy. A similar proach is now used routinein BAF calculations with fgh
log Koy Organic conpounds.
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An effort was made to treat the uncertgiim BAF estimatesyusing a probabilistic gproach. The
advantge of this @proach is that it eplicitl y treats known variation in theparameters, thergiproviding for
the statisticapossibility of a hgh or low end result. In addition, the distributions themselves follow from the
processes at work. As more information about mgruobtained, the distributions themselves can be
improved. For exaple, a skewed BAF distribution for fphic level 4 would be gected from random saiing
of a fishpopulation due to the relative scascitf the oldest individuals. Base@dan a surveg of published data,
the distribution of metyimercury values as percent of total alsopgpears to be Ighly skewed. With rggect to
the definition of these distributions, it isprtant to recall theossibility of regional bias introducegreviousy.
It could be agued that FCMs based orgression of data for a Ige number of lakes should bizen greater
weight (perhgs equal to the number of lakes) than data from glsitocation. This, however, would gnéerve
to increase the deee of rgional bias that is alreggresent.

5.5 Risk of Mercury from Airborne Emissions to Piscivorous Avian and Mammalian Wildlife

5.5.1 Lines of Evidence

Barr (1986) found that 0f8om of mercuy in trophic level 3 fish caused adverse effects gmaeuction
in common loons. In theresent Rport, an effort was made to calculate a WC for merevhich, if not
exceeded, would bgrotective ofpiscivorous birds and mammals. The meyawsidue in trphic level 3 fish
that correponds to this WC is 0.073pm, or about one-fourth the effect level identifigdBarr (1986). Based
upon a review of two national suryg the averge value for trphic level 3 fish in the continental U.S. was
estimated to be 0.05%m; however, these sury® mg have overestimated the true national agemdue to a
bias toward waters receigmunicipal and industrial waste. Nevertheless, recent gargelakes that do not
receivepoint source loadigs haveyielded residue values in f@afish exceedig 0.077ppm, particularly in
regions alreagl impacted ly acid dgosition (see for exapte Gerstenbeger et al., 1993; Simonin et al., 1994;
Driscoll et al., 1994; Lage et al., 1994; Cabana et al., 1994). Algjoii is difficult to precisel determine an
adverse effects level for mergun forage fish consumedybpiscivorous wildlife, this value@pears to lie in the
range 0.077-0.3(ppm. The exact level nyaalso vay to some dgree d@endirg upon the pecies inquestion and
specific environmental factors.

The effects data, thgh limited, are remarkable for their consistgnefDs derived for birds and
mammals (mink and domestic cats) are essepniiddintical. Vey few uncertaint factors were used in these
calculations, and the uncertajriactor values were small. In addition, the estimated value of UF (usepish ad
the TD for avian gecies) was quported ly several sources of data. Figalt should be noted that all wildlife
RfDs aregreater than the RfD for human healthdfactor of about 200 (RfD for human health =|0gkg
bw/d; see Volume 1V). As notgaeviousy, the human health assessment differs from the wildlife assessment in
its consideration of subtle goitive impacts. Theoossibility also exists that humans are more sensitive than
piscivorous wildlife on a delivered dose bagisthgps due to differences in abilito detoxify mettylmercuy.
Nevertheless, the WC for mergus unlikely to begrossly “overprotective” (i.e., too low) and nyain some
instances, be “undgnotective.”
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5.5.2 Risk Statements

Given the national-scale gu®of this Reort, quantitative estimates of risk are matssible or
appropriate. It is notable, however, that hazguibtients derived yother authors for mink (Gigset al., 1994)
andgreat grets (Jurczck, 1993) rgad from 1.2 to 6.6. Such calculationggest thepossibility of local impacts
on these two Ighly exposedpopulations. As indicategreviousy, fish residues in some areas exceed calculated
WC values for trphic levels 3 and 4. It should be pimasized that these WC values were calculatedjyusin
geometric mean BAF values; thus, BAFs wemghbr in goproximately half of the gstems for which field-data
were available. For this reason, agiven the small difference between effect (&) and no-effect (0.077
ppm) residue levels, it is likglthat individuals of some gily exposed supopulations (birds and mammals) are
consumiig fish at or vey near adverse effect levels. Additional work iguieed to establish whether and to
what extent irpacts are occurrg) and what effect local-scale pacts m& have on lager geciespopulations.
Existing data are insufficient tqpeculate on thepatial or tenporal scale of thesgossible adverse effects or the
potential for recover. However, the risk of adverse effectgiisat enogh to warrant intensified stydf highly
exposed wildlife supopulations,particularly in areas near merguemissiongoint sources. Finall the data
suwggest that pecial attention should bgiven to thepossibility that mercuy acts in concert with other
bioaccumulative contaminantsge.PCBs, TCDD) tgroduce toxic effects at residue levels that, when evaluated
separatey, would not indicate aroblem.
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6. CONCLUSIONS

The following conclusions are presented in approximate order of degree of certainty, based on the quality
of the underlying database. The conclusions progress from those with greater certainty to those with
lesser certainty.

. Mercury emitted to the atmphere deosits on watersheds and is translocated to waterbodies. A variable
proportion of this mercur is transformed Y abiotic and biotic chemical reactions t@anic derivatives,
including mettylmercury. Methylmercury bioaccumulates in individual ganisms, biomgnifies in
aquatic food chains and is the most toxic form of merd¢arwhich wildlife are egosed.

. Theproportion of total mercur in aquatic biota that exists as mgtimercury tends to increase with
trophic level. Greater than 90% of the mescaontained in freshwater fish exists as mlttercury.
Methylmercury accumulates in fish thrghout their lifetime, althogh chames in concentration as a
function of time mg& be conplicated ty growth dilution and chaging dietay habits.

. Piscivorous avian and mammalian wildlife arp@sed to mercyrprimarily through consumption of
contaminated fish and accumulate meydorlevels above those ey items.

. Toxic effects orpiscivorous avian and mammalian wildlife due to the cormiam of contaminated fish
have been observed in association \pint source releases of mergto the environment.

. Concentrations of mercyin the tissues of wildlifepecies have beenperted at levels associated with
adverse health effects in laboratatudies with the samgecies.

. Piscivorous birds and mammals receivgreater eposure to mercyrthan ay other known component
of agquatic ecogstems.

. BAFs for mercuy in fish vay widely; however, field data are sufficient to calculatgresentative means
for different trohic levels. These means are believed to be better estimates ofyniéoaacumulation
in natural gstems than values derived from labonatstudies. The recommended mythercury BAFs
for tropic levels 3 and 4 are 1,600,000 and 6,800,00pentively (dissolved basis).

. Based pon knowledje of mercuy bioaccumulation in fish, feedjrates, and the identiof prey items
consumed ¥ piscivorous wildlife, it ispossible to rank the relative posure of differenpiscivorous
wildlife species. Of the six wildlifegecies selected for detailed aysib, the relative rankgof
exposure to mercyris: kingfisher > otter > loon = ggey = mink >bald egle. Existirg data are
insufficient to estimate the pasure of the Floridpanther relative to that of the selectpddes.

. Local emissions sources (<50 km from fgoes) have th@otential to increase the posure of
piscivorous wildlife well above that due to sources located more than 50 km from threcee.,
"remote" sources).

. Field data are insufficient to conclude whether the mink, otter, or pid@vorous mammals have
suffered adverse effects due to airborne mgreunrissions.
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. Field data are insufficient to conclude whether the loon, wood gt @ret, or othepiscivorous
wading birds have suffered adverse effects due to airborne nyezmissions.

. Field data are gigestive of adverse toxicacal effects in the Floridpanther due to mercyrhowever,
the intepretation of these data is cplicated ty the co-occurrence of several otpetentially toxic
compounds, habitat dgadation, and loss gfenetic diversit. Field data sggest that bald eges have
not suffered adverse toxic effects due to airborne mgremissions

. Reference doses (RfDs) for mgliinercury, defined as chronic NOAELSs, were determined for avian and
mammalian wildlife. Each RfD was calculated as the toxic dose (TD) from labotaxaity studies,
divided ty appropriate uncertaint factors. The RfD for aviampscies is 2jugkg bw/d (mercuy basis).

The RfD for mammalian wildlife is 18g'kg bw/d (mercuy basis).

. Based pon knowledje of mercuy exposure to wildlife and its toxigitin long-term feedig studies,
criterion values can be calculated for finetection ofpiscivorous avian and mammalian wildlife. A
wildlife criterion (WC) value is defined as the concentration of total mgiouwvater which, if not
exceededprotects avian and mammalian wildliepulations from adverse effects resuitiinom
ingestion of surface waters and frongéstion of guatic life taken from these surface waters.

. The metlyimercury criterion forprotection ofpiscivorous avian wildlife is 74g/L (mercuy basis).

. The metlylmercury criterion forprotection ofpiscivorous mammalian wildlife is 58y/L (mercuy
basis).

. The final metlylmercury criterion forprotection ofpiscivorous wildlife pecies is 5@g/L. This value

corregponds to a total dissolved merguroncentration in the water column of §4dL and
methylmercury concentrations in fish of 0.0ppm (trophic level 3) and 0.346pm (traphic level 4).

. Modeled estimates of merguconcentration in fish around/pothetical mercyr emissions sources
predict exposures within a factor of two of the WC. The WC, like the human Rffpedicted to be a
safe dose over a lifetime. It should be noted, however, that the wildlife effects used as the basis for the
WC aregross clinical manifestations. ppession of subtle adverse effects at these doses cannot be
excluded.

. The adverse effect levgddpulation inpacts orpiscivorous wildlife) for metkilmercury in fish that
occupy trophic level 3 lies between 0.077 and @@n. A conparison of this rage of values with
published residue levels in fishgests that it iprobable that individuals of someghiy exposed
wildlife subpopulations are eperiencirng adverse toxic effects due to airborne meramissions.

There are many uncertainties associated with this analysis, due to an incomplete understanding of the
biogeochemistry and toxicity of mercury and mercury compounds. The sources of uncertainty include the
following:

. Variability in the calculated BAFs is a source of uncenaiB@AFsgiven in this Reort relate
methylmercuy in fish to dissolved metttimercury levels in the water column. Methods for the
speciation of mercyrin environmental saptes are rpidly improving but remain difficult tgperform.
Questions also remain concerpithe bioavailabiliy of mettylmercurly associated with spended
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particulates and dissolvedgamic material. Local bigeochemical factors that determine net mlettion
rates are not full understood. The food webs thghuwhich mercuy moves argoorly defined in man
ecoystems, and myanot be adguatel represented Y a four-tiered food chain model.

The reoresentativeness of field data used in establistiia BAFs is a source of uncertgintThe dgree

to which the angkis is skewedypthe existilg data set is unknown. A giwportionate amount of data is
from north-central and northeastern lakes. Tp@i@ability of these data to a national-scale assessment
is unknown.

Limitations of the toxicly databasgresent a source of uncertgint Few controlled studies of
guantifiable effects of mercyrexposure in wildlife are available. These are characterigdifiited
numbers of dogge levels, makig it difficult to establish NOAEL and LOAEL values. The toxic
endpoints rgported in most such studies can be considered severegmigistions as to the geee of
protection gainst subtle effects offered bbeference doses and WC values. Use of less than lifetime
studies fomprediction of effects from lifetime gosure is a source of uncertgint

Concerns exist garding thepossibility of toxic effects in gecies other than thgscivorous birds and
mammals evaluated in this pat. Uncertaing exists about mercureffects in birds and mammals that
prey upon ajuatic invertebrates and abaquassible effects on gohibians and quatic reptiles.

Uncertainy also exists about mergueffects in fish. Toxicit to terrestrial ecgstems, irparticular soil
communities, rpresents another source of uncertaint

Lack of knowlede of wildlife feedirg habits is a source of uncertaintExisting information freuently

is anecdotal or confined to evaluations @iaticular localiy; the extent to which this information can be
generalized is pen toquestion. In some instances wherein fegdiabits are relativglwell

characterized (g., Floridapanther), the extent of mergucontamination oprey is poorly known (eg.,

in raccoons).

While the methods used to assess toxi@tus on individual-level effects, the statghl of the
assessment is to characterizegbtential for adverse effects in wildlif@pulations. Factors that
contribute to uncertaiptin population-based assessments include these: varyaibilihe relationsiu
between individuals angbpulations; lack of data on cging cgpacity; and relationsligs of one
population, of the same or differerpecies, to anothguopulation.

A focus onpopulations mg not alwgs be @propriate. This could be true for endgmed pecies, which
may be hghly dependent for the survival of theecies on the health of a few individuals. Thig/rakso
be true for some gional or localpopulations of widepread pecies; the locgbopulation ma be
"endamgered" and, thus, gendent on the survival of individuals.

Multiple stressor interactions involgrchemical effects are igeneralpoorly known. Even less well

known are th@ossible effects of land and water ysactices as theimpact watemuality and lage-
scale ecogstem attributes (g., communiy structure and biodiversit.
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7. RESEARCH NEEDS

Mercury is unusual amanenvironmental contaminants in that levels that arelik@kcause ghnificant
environmental dange exceed those thght to bepresent "naturayl’ by less than two (anperhas closer to
one) order(s) of ngnitude. Conservative use of uncertgifectors can, therefore, lead to calculation of WC or
other similar criterion values that are lower than megrecesiduegpresent in even the mogtistine ystems.
With this in mind, there are twgeneral areas within which reseaprbgress must be made if environmental
assessments are to bepioved. The first arepertains to basic information on the fate and effects of mgiour
the environment, which would result in reduced use of unceytiators and ensure that WC, BAFs, and other
estimates are based on a mechanistic understpatithe relevanprocesses. The second area is an
improvement in the abiltto detect ecolgical damae when it is in fact occurrin Thepresent assessment of
the "ecolamical impacts" of anthrpogenic mercuy emissions is laely limited to consideration of toxic effects
on individuals. Models that woulzbrmit extrgolation of these results mmpulations (the simplest extraolation
of individual-based information) do not exist for mgmaes. Further extpalation to communities and
ecoystems igresenty out of thequestion.

Throuwghout this assessment, uncertainties, discussed above and elsewhere in the text, have limited the
sce of possible conclusions. Althgh lack of sufficient data is a limitipfactor in allphases of this
assessment, a number of research needs havgeehaer beig egpecially important. These needs gmesented
below in noparticular order.

7.1 Process-based Research

Mechanistic information is needed to understand the variathibitpresenty typifies the mercuy
literature. Laboratgrand field studies must be conducted to idgritie determinants of merguaccumulation
in aquatic food chains and to collect kinetic information that would allow researchers to descripeatimicd of
these gstems. Areas of uncertajrinclude: (1) translocation of merguirom watersheds to waterbodies; (2)
factors that determine net rates of nyddtion and demethation; (3) dietay absoption efficiengy from natural
food sources; (4) effect of dieyachoice; and (5) bioavailabyitof mettylmercury in thepresence of dissolved
organic material and othguotential ligands.

In time, it is antigbated that this information can be used to dgvptocess-based models for mencur
bioaccumulation in fish and otheguatic biota. Sinificantprogress in this direction is peesented Y the
Mercury Cycling Model (MCM) (Hudson et al., 1994) ang the GAS-ISC3 model described in Volume Il of
this Regoort and emloyed in the wildlife eposure characterization.

7.2 Wildlife Toxicity Data

There is a need to reduce tiresent reliance on a relatiydlew toxicity studies for WC devefmnent.
Additional data are needed for wildlife that constitute the mqxis®d oganisms in variouparts of the couny,
and inparticular there is need to evaluate whether dietalenium and endenous demethating pathways
conferprotection topiscivorous birds and mammals. Toxjcgtudies should examine gquuints relevant to the
mode of action of mettimercury, including assessments of bothpreductive and behavioral effects. There is
also a critical rquirement for toxiciy data (&g., growth and fecundy) that can be related to effects on
populations, includig effects on agganisms that coprise the lower trphic levels.
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7.3 Improved Analytical Methods

Efforts to develp and standardize methods for aséd of total mercyr and metlimercuy in
environmental sapies should be continued. Such methods musgréze the inportance of contamination,
both durirg the collection of such saies and durig their anaysis. It isparticularly important that mercyr
measurements, which present tend to beperationalyy defined (eg., "soluble™ or "adsorbed to ganic
material"), be made in such ayhat mercuy residues in fish can be correlated with the bioavailable mercur
pool. Whenevepossible, water sapfes should be filtered to obtain a measure of dissolved nyegigecies. As
validated methods become available, it ipdmant to analze for both total and methmercury so that
differences betweergaatic ystems can be definitivelinked to differences in meglmercuy levels. Anajzing
the two mercuyr species tgether will contribute to an understangiof existirg data, much of which is perted
as total mercuyr.

7.4 Complexity of Aquatic Food Webs

Present efforts to devgddVC values for mercyrare based on linear, four-tiered food chain models.
Research is needed to determine whether thiglsiparadgm is gpropriate and to devefoalternatives if field
data sggest otherwise. Qfarticular interest is whether zaankton andphytoplankton should be modeled as
two different trghic levels. Current information for detritivores and benthic invertebrates is extrimied,
even thogh their inportance in mobilizig hydrophobic oganic contaminants has been demonstrated.

7.5 Accumulation in Trophic Levels 1 and 2

Ongoing efforts to understand mergubioaccumulation inguatic ystems continue to be focused on
trophic levels 3 and 4, dpse the fact that uncertainties in PPFs are relatiselall. Additional erphasis should
beplaced on research at the lowerpti@ levels. Inparticular, there is a need to understand the determinants of
mercul accumulation irphytoplankton and zoglankton and how @d charges inplankton biomass ipact
these values.

7.6 Field Residue Data

High-quality field data are needed topgort process-based research efforts and to determine residue
concentrations in the fish and othguatic biota that wildlife eat. Whenewvgossible, it is desirable to collect
residue data at all tphic levels and to angte mercuy levels in the abiotic copartments of aystem (eg.,
water and sediments). Itgarticularly important that such measurements be made in a broadgoaguatic
ecoystem ypes (includig both lakes and rivers) so that a better understgradimercuy cycling and
accumulation can be obtained.

Residue data from wildlife are needed to idgmidpulations that argotentially at risk. Feathers and
fur hold considerablpromise in this rgard due to th@otential for "non-invasive" determination of merngur
residues. Laboratgiresearch is mpired, however, to allow intpretation of these data. Factors suchges a
sex, and time to last molt are likeb result in variabilif amorg individuals of a sigle population and need to
be understood. Whenevaussible, tissue saptes should be angted for both total and metimercury, as well
as selenium. This is pscially true of the liver. More attention should ¢igeen to anajsis of mercuy levels in
brain tissue, since this is tpamary site of toxic action. Sapfing efforts with wildlife should be accqmanied
by anayses of likey food items.
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7.7 Natural History Data

The develpment of WC values rpiires knowlede of what wildlife eat. Fish sating efforts are
frequently focused ongecies that are relevant to human consumers but thabenef little sgnificance to
wildlife. There is an additional need to collect information for macroinvertebrates qhibéans. Seasonal and
gpatial effects orpredation should be plored and methods deveked to describe this information apetel.
Additional life histoy data is needed to characterizeyfule nature and extent offsure to mercyr
Conmplicating factors must be considered, incluglimigratory behaviors and sexpscific differences in
distribution and resource allocation. Ip&rticularly important that information be collected tqogort the
develpment ofpredictivepopulation models for sensitivgpscies. Such models must account for ignation
and emgration, densit dependent factors, and the observation that mgrotien bioaccumulates as animadg a
resulting in variable residues in breedianimals from a sigle population.
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