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Methylmercury (MeHg) is one of the most widespread waterborne contaminants, and through
biomagnification processes has commonly been found in prey fish at concentrations toxic to piscivorous birds
and mammals. In USEPA’s National Fish Tissue Survey, the Lowest Adverse Effect Concentration of 0.1 g/g
wet weight was exceeded in 28% of total samples and 86% of predatory fish samples (USEPA 2002).
Evidence suggests that more than a quarter of all mature fish contain methylmercury concentrations above
this level. This review focuses on the leading anthropogenic sources of mercury to aquatic systems, through
atmospheric deposition and the environmental dynamics of the mercury methylation process in aquatic
sediments. The results of extensive mercury monitoring studies are discussed, as well as the reproductive and
behavioral impacts on birds and mammals feeding on fish exhibiting realistic contaminant concentrations.
Recommendations are provided for continued research and the abatement of methylmercury concentrations

in fish through forest management practices.
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INTRODUCTION

Methylmercury (MeHg) is one of the most widespread
waterborne contaminants (USGS 2001a; UNEP 2002;
USDHHS and USEPA 2004). Unhealthful levels of MeHg
in fish have led to the issuance of fish consumption
advisories by at least 46 states (USEPA 2004). The
generation, bioaccumulation, and biomagnification of
MeHg within aquatic systems has been studied for
decades, following the identification of severe neurological
and teratogenic impacts to humans associated with the
consumption of contaminated fish in Minimata Bay, Japan
in the 1950s (Eisler 1987; Ninomiya et al. 1995). MeHg
has been linked to potential reproductive and immune
system effects in humans and wildlife (Wiener et al.
1996; USEPA 1997d; Round et al. 1998). To protect
human health, the U.S. Environmental Protection Agency
(USEPA) has set a generalized, default fish tissue mercury
residue criterion for freshwater and estuarine fish at 0.0175
mg per kg of fish per day (USEPA 2001). With regard to
management of Forest Service lands, MeHg is recognized
to be a significant risk to the viability of natural systems
associated with aquatic resources (Hammerschmidt et al.
1999, 2002; Gnamus et al. 2000). Of the over 40.4 million
ha (100 million acres) of freshwater wetlands within the
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conterminous United States, over 20.2 million ha (50
million acres) were determined to be forested wetlands,
as well as 10.0 million ha (25 million acres) of emergent
wetlands and 7.3 million ha (18 million acres) of shrub
wetlands (Dahl 2000). While National Forest lands
represent only eight percent of the contiguous United
States, they contribute 14 percent of the runoff (USDA
FS 2000). National Forests and Grasslands contain over
240,000 km (150,000 miles) of streams and 1 million
ha (2.5 million acres) of lakes (USDA FS 2004). Anglers
spent nearly 50 million days fishing on National Forests in
1996, and generated US $2.9 billion (NFF 2004). Clearly,
the Forest Service has a large stake in the study, prevention,
and possible abatement of mercury contamination within
the nation’s waters.

This review focuses on the primary anthropogenic source
of mercury ultimately affecting aquatic systems - coal
combustion. Much smaller contributions from wildland
fire, associated with Forest Service land management
activities, will share that focus. Also discussed are:
subsequent mercury deposition to aquatic systems,
dynamics of conversion to MeHg within fresh water
aquatic sediments, impacts on aquatic and terrestrial
species, proposed controls and regulatory initiatives, and
suggested mitigation measures.

SOURCES

The bulk of MeHg within natural systems originates
from methylation of atmospherically deposited mercury



species by sulfur reducing bacteria within aquatic sediments
(USEPA 1997d). Long thought to originate from
mercury-laden industrial point source effluent, mercury
contributions from geological processes, or both, MeHg
contamination has more recently been portentously linked
to long-term, long-range transport of emissions from fossil
fuel combustion sources throughout the industrialized
world (USEPA 1997b, 1997d; UNEP 2002; Bullock 2004).
Despite the uncertainties involved in determining emission
inventories, it is widely accepted that anthropogenic
emissions have increased relative to natural sources since
the beginning of the industrial period (Fitzgerald et al.
1998). This has resulted in atmospheric deposition of
elemental and oxidized mercury species, even in remote
areas (Rasmussen 1994; Sorensen et al. 1994; Morrison
and Watras 1996; Eisler 1998; Fitzgerald et al. 1998;
USGS 2000; St Louis et al. 2001; Bletc 2002; MPCA
2004). Concern exists that most National Forest lands
are characterized by relatively remote freshwater systems,
many showing signs of MeHg contamination (USDA FS
2000).

The burning of fossil fuels, primarily coal, is the
best characterized and most dominant anthropogenic
source of mercury emissions (USEPA 1997d; Seigneur et
al. 2003), representing over 30% of mercury emissions
from domestic sources and 29% of global anthropogenic
emissions (Seigneur et al. 2004). Approximately 40% of
the 68 metric tons (75 tons) of Hg from the coal burned
domestically remains in the ash and scrubber residues,
while 60% is emitted to the atmosphere (ICR 2000).
The ratio of mercury deposition from international and
domestic sources varies considerably by location within
the United States (Bullock 2004). It is estimated that
North American anthropogenic emissions account for
only 1.5-3% of global emissions (Bullock 2004; Seigneur
et al. 2004). However, modeling studies estimate that
95-96% of mercury deposition in the eastern United States
and 88-90% in the western United States comes from
anthropogenic sources (Levin et al. 2000; Bullock 2004).

Comparing estimates of long-term accumulation rates
of total mercury within soil of northwestern Ontario to
measured flux rates within litterfall and throughfall, St.
Louis et al. (2001) found they were similar, suggesting
that inputs of total mercury originated from atmospheric
deposition. Hanisch (1998) indicated that 40% of mercury
deposition could be attributed to anthropogenic sources.
Short range modeling data reported by USEPA (2001),
using the ISC-3 model, indicated that from 7-45% of
primary, inorganic mercury (HgH) emissions, originating
from eastern U.S. sources with relatively lower stacks,
are deposited within 50 km of their source. Similar
western source emissions were modeled at rates from
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2-38%. Regional differences were attributed to differing
frequencies of precipitation events. Round et al. (1998)
reported that most mercury emissions from taller stacks,
including elemental mercury (Hg’) oxidized to Hg", are
deposited within 1000 km of the source. Electric utilities
are recognized as the largest single source category of
mercury emissions in North America (Seigneur et al.
2004), but several other source categories are known to
emit large amounts of mercury (Dvonch et al. 1999).

There are distinct regional differences across the United
States with respect to mercury input values per 1012
Btu for various coal types (ICR 2000; USGS 2001b).
Initially, it may be assumed that the environmental impact
of mercury emissions from the burning of any given coal
type may be a factor of its mercury content relative to its
Btu value. In addition, the ratio of various mercury species
within combustion source emissions will influence the
percentage of mercury initially available for methylation
within natural systems (Seigneur et al. 2004). Within 14
regions, the USGS (2001b) lists Gulf Coast lignite as
exhibiting the highest mercury to Btu value (20 b Hg per
1012 Btu [9 kg Hg per 293 million kwh]) followed in
order of magnitude by coal from the northern Appalachian,
southern Appalachian, western interior, Fort Union, and
Pennsylvania anthracite deposits. ICR (2000) data, based
strictly on reported values from the utility sector, found
similar regional rankings, but significantly lower mercury
to Btu ratios.

While anthropogenic emissions of oxidized and elemental
mercury are widespread, they are only a fraction of total
global contributions (Grumet 2000). Seigneur et al. (2003)
and Lindberg and Stratton (1998) identified speciation
ratios of anthropogenic emissions (the relative fractions
of Hg’, Hg", and particulate mercury or Hg"), as critical
to the environmental fate of that mercury. Anthropogenic
emissions vary widely in the percentage of Hg’, Hg", and
(Hg") forms, with HgO representing the vast majority of
the worldwide atmospheric mercury load (USEPA 1997¢;
Round et al. 1998). HgO remains in the atmosphere for
up to a year (USEPA 1997¢). Conversely, Hg" species,
whether emitted as primary pollutants or transformed
within the atmosphere from Hg’, are much more water
soluble, more easily deposited during rain events (Seigneur
et al. 2003), and are principally the mercury species which
undergo methylation within natural systems (USEPA
1997a). Seigneur et al. (2003) reported that up to 50%
of Hg" species were depleted by rainfall, whereas less
than 10% of Hg’ species were depleted. An elevated
mercury deposition pattern, associated with summertime
thunderstorms, became evident at ten sites across Florida
in periods ranging from 2 to 5 years (Guentzel et al. 2001).
This was estimated to be >50% of the mercury deposition
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in southern Florida. During a single summer rain event,
a northern Wisconsin monitoring station received two
thirds of its annual mercury load (L. Bruss, Section Chief,
Wisconsin DNR—-Bureau of Air Management, Personal
communication, 2003).

2003). The propensity of atmospheric Hg" to be
depleted by rainfall, and the indication that vegetation
may act as a sink for Hg" species, suggests that elevated
ecosystem exposure to Hg'" may be possible near a major
mercury emitter (Lindberg and Stratton 1998). Table 1
lists mercury particle speciation profiles for a number of
anthropogenic source categories.

While a number of studies have markedly increased
our understanding of both total Hg and MeHg cycling
within forested watersheds (Bishop et al. 1998; St. Louis et
al. 2001; Hintelmann et al. 2002; Munthe and Hultberg
2004), few studies address the role of wildland fire in
mercury cycling. One of the more spectacular examples
of gaseous mercury transport within the plume of a large
wildfire occurred during July 2002, when researchers using
carbon monoxide (CO) as a tracer of a plume originating
from a series of boreal wildfires in northern Quebec
calculated a strong correlation between mercury levels and
CO at Harvard Forest in western Massachusetts (Singler

Table 1: Emission speciation profiles for various anthropogenic
mercury source categories. Adapted from Round et al. 1998,
with biomass fire data taken from Friedli et al. 2003.

Speciation (%) of

Mercury Emissions

Source Type Hg’ Hg" Hg"
Electric utility fossil fuel boilers 50 30 20
Non-utility fossil fuel combustion 50 30 20
Municipal waste combustion 20 60 20
Medical waste incineration 20 60 20
Chlor-alkali factory 70 30 0
Other point sources® 80 10 10
Biomass fires >95  negligible <5
Area sources? 100 0 0

* Hg’ symbolizes elemental mercury; Hg" symbolizes divalent,
oxidized mercury; Hg" symbolizes particulate mercury.

b Includes vesidential boilers, sewage sludge incinerators,
wood-fired facilities, lime manufacturing, mercury compounds
production, cement manufacturing, and secondary mercury
production. However, a number of potentially important source
categories (such as refineries) are not included because emissions
estimates for these sources are currently lacking.

“ From Friedli et al. 2003.

“ Because most area sources do not involve combustion sources,
emissions were assumed to be 100% Hg’ for this source category.
However, a small (but presently unknown) fraction of area source
emissions may be in divalent or particulate forms.

et al. 2003). Average flux rate for these boreal fires was
determined to be 1.5 pug Hg per hectare, resulting in an
annual Canadian wildfire emission rate of 3.5 metric tons
Hg, equaling 30% of average Canadian anthropogenic
emissions. Singler et al. estimated annual global boreal
wildfire emissions to be 22.5 metric tons.

Using fuels from across the United States, Friedli et
al. (2003) demonstrated in the laboratory that nearly all
mercury from biomass fires may be emitted as elemental
mercury. Friedli et al. also sampled smoke from a small
wildfire with a research aircraft, and determined that
wildfires may emit a larger percentage of Hg" than
was determined from laboratory studies. This additional
particulate mercury was likely released from fire-heated
soils. Mercury concentrations ranged from 14 - 71 ug
Hg/kg (dry mass) fuel for the laboratory burns and 112
ug Hg/kg for the wildfire. It is evident that forests act as
sinks for atmospheric mercury, and wildland fire emissions
contain mercury deposited on and incorporated in fuel,
as well as that which may be released from fire-heated soil
(Friedli et al. 2003). Forest Service researchers are currently
researching mercury mobility and accumulation in fish
responding to wildland fire in the Boundary Waters
Canoe Area of northern Minnesota’s Superior National
Forest (Kolka 2003). There is also some evidence that
mercury may be mobilized during soil disturbances from
construction of logging roads or large fire breaks (Munthe
and Hultberg 2004).

Environmental Dynamics

Sulfur reducing bacteria within aquatic sediments are
ubiquitous, and are recognized as the primary agent
of mercury methlyation within aquatic systems (Wetzel
1983; King et al. 2002; Bates et al. 2002). Benoit et al.
(1999) postulate that the presence of mercury complexes
such as cinnabar (HgS), the dominate neutral mercury
complex in sulfidic sediment pore waters, mediates bacterial
methylation of mercury by passively diffusing across
bacterial membranes, and being used in sulfate reduction/
mercury methylation reactions. Other researchers point
to precipitation of relatively insoluble HgS, decreasing
mercury availability, and inhibiting MeHg production
(Gilmour et al. 1998; King et al. 2002). Gilmour et al. also
determined that those areas with sediments exhibiting high
sulfur reduction rates were characterized by lower relative
sulfate levels, and thus lower levels of sulfide inhibiting
methylation. Wetzel (1983) reported the conditions within
aquatic sediments, relative to redox potential, supporting
the presence of sulfur reducing bacteria, and therefore
also mercury methylation (See Figure 1). Ultimately,
translocation of easily-soluble MeHg out of the sediments
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leads to its biomagnification within higher trophic levels
(USEPA 19974d).

Due to the relative abundance of anaerobic sulfur
reducing bacteria in associated sediments, wetlands and
those lakes characterized by large shoal areas appear
to generate methylmercury at greater rates than other
freshwater systems (Sutton 1998; King et al. 2002). In
addition, flooding appears to initially and significantly
increase the production and export of MeHg (Kelly et al.
1997; Gerrard and St. Louis 2001) and its bioaccumulation
(Paterson et al. 1998). Based on this evidence and
Wetzel’s (1983) indication of optimal redox conditions,
the avoidance of flooding and the minimization of
anthropogenic water level manipulations may offer a means
to minimize MeHg production, even within existing lakes
and wetlands.

Several factors independent of mercury depostion are
associated with MeHg concentrations in fish. Abiotic
factors include an increase in dissolved organic matter
(Sorensen et al. 1990; Babiarz et al. 2001) as associated
with increased leaf fall and subsequent algal blooms
(Balogh et al. 2002), fluctuation of lake levels (Wiener
et al. 2002), and higher sulfate-laden inflow to shallow
waters (Gilmour et al. 1992, 1998; Sutton 1998; Harmon
et al. 2003; Jeremiason et al. 2003; MPCA 2004). In
addition, proximity to geothermal vents, land disturbance
events, and major sewage treatment plants (Sutton 1998)
and some mining operations (Wiener et al. 2002) are also
associated with higher MeHg levels in fish.

It is unclear how pH within the water column affects
MeHg levels. Sorensen et al. (1990) determined pH was
negatively correlated with fish MeHg levels, contrary the

Sorensen et al. literature review and that of Sutton (1998).
This discrepancy could be related to the inclusion of deeper
lakes in the Sorensen et al. study. HgS nodule precipitation
occurs readily under reducing conditions within the deeper
areas of hypolimnetic waters, decreasing the amount of
mercury available for methylation. However, if pH is high
within these hypolimnetic waters, Hg can become soluble
and so available for methylation (Sutton 1998).

On her comprehensive website, Sutton (1998) reported
that ideal lake conditions leading to high levels of mercury
methylation include: high sulfate levels, shallow well-
mixed lake waters, deep lakes with a high pH, or lakes with
large shallow areas. Hurley et al. (1995), in their study of
39 river sites within Wisconsin, found MeHg generation
rates were positively correlated with the percentage of
wetlands within a hydrologic unit, and were highest within
watersheds containing greater percentages of wetland/
forest sites relative to agricultural/forest sites or agricultural
only sites. In their study of 80 lakes in remote northern
Minnesota, Sorensen etal. (1990) also found the significant
(It| > 0.90), water related and positively correlated predictor
variables: Al (aluminum), low sediment acid neutralizing
capacity (ANC), percent of watershed in forest, lake surface
area, and watershed area. High Al and low ANC have
also been associated with lakes sensitive to acid deposition
(Adams et al. 1991).

As part of the comprehensive METAALICUS study,
Hintelmann et al. (2002) found that in a boreal forest,
the initial mobility, and so the ultimate bio-availability
of mercury received through wet and dry deposition,
decreased markedly in a short time through methylation
relative to the larger pool of stored mercury, suggesting
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that there may be rapid decline in rates of MeHg
bioaccumulation in fish if mercury deposition is reduced.
Hintelmann et al. further suggest that this decline could
take less than 10 years, although WDNR (1999) suggests
15-20 years. Potential exists for land managers and air
quality regulators to influence the abatement of mercury
and sulfur deposition to aquatic systems, and so abate
MeHg concentrations within these systems. However, the
mercury isotope marker in the Hintelmann et al. study was
bound to vegetation to a much higher degree than native
mercury, suggesting there may be a time delay before
atmospherically derived mercury enters the mercury soil
pool, and therefore before that soil pool would respond to
changes in deposition.

General knowledge of the factors that contribute to
MeHg bioaccumulation would not be complete without
noting that abiotic and biotic MeHg degradation pathways
exist within natural systems, mitigating MeHg toxicity. In
addition to the abiotic processes of MeHg photodegradation
in lakes (Seller et al. 1996), these include production of
HgS within soil pore water (Benoit et al. 1999), and
dissolution of HgS in the presence of humic and fulvic
acids (Ravichandran et al. 1998). Various aerobic and
anaerobic microbial populations are known to possess
enzyme degradation systems that react with mercury
species. These systems impart to the host some resistance
to the toxic effects of MeHg, and result in the cleaving of
MeHg, forming CH4 and HglI. Some bacteria possessing a
more “broad spectrum” resistance have the ability to further
reduce Hgll, forming volatile, elemental mercury (Marvin-
Dipasquale et al. 2000). However, the evident widespread
bioaccumulation and biomagnification of MeHg suggests
that these degradation mechanisms do not dominate
within aquatic sediments.

Of particular concern to the Air and Watershed
Programs of the Forest Service is the correlation between
the presence of sulfates and MeHg production within
wetland systems. An example of note is the repeated and
long-term applications of sulfur-rich agricultural fertilizers
on the sugarcane fields of southern Florida, resulting in
significant MeHg loadings to fish and birds downstream,
within the Everglades wetland system (Bates et al. 2002).
Conversely, in their study of total mercury bioaccumulation
in fish, the United States Geological Survey (USGS
2001a) found a significant negative correlation of mercury
bioaccumulation with sulfate in water within 20 river
basins nationwide. However, nearly all collection sites
were within larger streams, and it is unclear how these
collection sites relate to their associated wetland systems
or sulfate inputs. Preliminary results of an ongoing
study within a two-hectare wetland by researchers on the
Marcell Experimental Forest in northeastern Minnesota

(Jeremiason et al. 2003; MPCA 2004) clearly demonstrate
an increase in peat pore water MeHg concentrations
following sulfate addition. While sulfate concentrations
decreased following its addition, MeHg concentrations rose
until pore water sulfate levels were depleted, corresponding
to the findings of the USGS (2001a) that the presence of
acid volatile sulfide within sediment pore water will signal
the reduction of available sulfate, and thus the reduction
in the production of MeHg. Most significantly for this
review, further study is needed to quantify an abatement of
mercury levels in fish which could stem from reductions in
industrial sulfur dioxide emissions, and subsequent sulfate
deposition.

Effects on Wildlife

MeHg concentrations generally increase with trophic
level and with increased size and age of a given organism.
Fish eventually sequestered MeHg in skeletal muscle,
reducing exposure to the central nervous system (Wiener et
al. 2002). Haines (1996) reported mercury concentrations
in wild freshwater fish populations in 125 randomly
selected lakes in Maine commonly exceeded 1 pg/g wet
weight, the United States Food and Drug Administration’s
action level, or that level deemed unfit for human
consumption (USDHHS and USEPA 2004). Half the
samples from the Haines study exceeded 0.5 pg/g. USEPA’s
two-year, National Fish Tissue Study found concentrations
exceeding 1 Ug/g in only eight of 282 composite samples
of predatory, freshwater game fish distributed across the
United States, while the highest concentration in the 237
composite samples of bottom dwelling fish was 0.531
ug/g (USEPA 2002, 2003). However, more than 28%
of the total samples exceeded 0.1 pg/g, with over 86%
of predatory fish exceeding this level. Levels exceeding
1 ug/g were also common as reported in the Northeast
States and Eastern Provinces’ comprehensive mercury
study (Tatsutani 1998), with largemouth bass (Micropterus
salmoides) reaching 8.94 ug/g. As in all studies reviewed,
predatory fish exhibited the greatest mean and maximum
mercury values. Figure 2 compares data from the USEPA
and Tatsutani studies.

Numerous laboratory studies have established a link
between the ingestion of MeHg at sublethal levels and
subtle visual, cognitive, and neurobehavioral deficits
in small mammals (Wiener et al. 2002). In addition,
controlled experiments with mink (Mustela vison) and
otter (Lutra canadensis) have established that dietary MeHg
concentrations of 1 lg/g lead to death in less than a year.
In their critical review, Wiener et al. reported numerous
reproductive and behavioral effects on wild avian and
mammal populations associated with ingestion of realistic



Figure 2: MeHg concentrations in predatory fish: A comparison
of the USEPA and NESECP studies
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concentrations MeHg. For example, neurotoxic effects
from sublethal exposure of eggs to MeHg can result in
reduced prey capture efficiency and competitive ability
of grayling (Thymallus arcticus arcticus) three years after
exposure. MeHg content of eggs is strongly related to
concentrations of the maternal fish. Tan (2003) attributes
reproductive effects, based on gender, to disruption of
endocrine systems by MeHg. Kamman and Burgess (2004)
suggest that, in the northeastern United States, the
widespread occurrence and mercury uptake characteristics
of brook trout (Salvelinus fontinalis) and particularly yellow
perch (Perca flavescens) may make them preferred subjects
for monitoring of mercury impacts on natural systems.
While the scientific community has focused on affected
salt and freshwater aquatic processes and species, wild
piscivorous birds and mammals receive a greater exposure
to mercury than any other receptor (USEPA 1997d). Few
studies have addressed impacts on these species (Haines
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1996; USEPA 1997d). Wiener et al. (2002) reported
impaired reproduction in wild merlins (Falco columbarius),
common loons (Gavia immer), wood storks (Mycteria
americana), and common terns (Sterna hirundo) associated
with ingestion of aquatic prey exhibiting elevated body
burdens of MeHg. Eisler (1987) established a Lowest
Observed Adverse Effect Concentration (LOAEC) of
0.1 pg/g wet weight for MeHg contaminated food fed
to mallards (Anas platyrhynchos). Wiener et al. (2002)
suggested that mercury in feathers is an indicator of
mercury in other avian tissues, and Evers et al. (1998)
indicated that common loons can reduce their body burden
during the winter molt. Evers et al. (2003) found that
common loon egg volume declined significantly as egg-Hg
concentrations increased, while mercury levels in common
loons were higher at eastern North American sites relative
to western. In general, common loon eggs appear to be
suitable indicators of MeHg availability on lakes with
territorial pairs. Gerrard and St. Louis (2001) also reported
adverse impacts on reproductive success of wild tree
swallows (Zachycineta bicolor) associated with elevated
aquatic MeHg levels.

Data reported for six terrestrial species rated relative
rank of exposure as: Kingfisher > otter > common loon
= osprey = mink > bald eagle, setting reference doses for
MeHg in avian and mammalian wildlife at 21 and 18
ug/ kg body weight per day, respectively (USEPA 1997d).
Table 2 lists the percent of species range overlapping with
regions of high mercury deposition and a generalized
wildlife criterion, defined as the concentration in water
that, if not exceeded, protects avian and mammalian
wildlife taken from these waters. It should be noted that
mercury in birds and mammals is considered to be almost
exclusively in the form of MeHg.

Table 2. Impacts of methylmercury Percent of ~ Wildlife Criterion in ~ Kg body wt. /
on selected bird and mammal species’  Species Range Affected water (pg MeHg/L) Kg ingested / day
ranges, wz't./J the wildlife criterim'z as Kingfisher 29% 27 0.50
measured in water and body tissue Corvle alevon
for each species. Data from USEPA .)/ v
(19974d). Mink 35% 57 0.22
Mustela vison
Loon - 40% 67 0.20
Gavia immer
Osprey
Pandion haliaetus 20% 67 0.20
River otter
Lutra canadensis 38% 42 0.16
Bald cagle
Haliaeetus leucocephalus 34% 82 0.11
Florida panther
Puma concolor coryi 100% NA NA
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Gnamus et al. (2000) linked mercury deposition on
terrestrial plants to food intake by roe deer (Capreolus
capreolus). A Florida panther (Puma concolor coryi), thought
to have died of MeHg poisoning, was found to have
a concentration of total mercury in its liver of 110
ug/g (Roelke 1990). Due to the numerous uncertainties
involved in field experiments, more studies are needed for
definitive determinations regarding effects on wild fish-
eating birds and mammals.

Hopefully, the decrease in overall body burdens of
mercury in Wisconsin’s adult common loons from
1992-2000 (Fevold et al. 2003) represents the effectiveness
of recent emission reductions associated with more
stringent SO, /acid rain regulations for coal-fired utilities.

Emission Controls

Mercury control strategies acceptable to the regulated
community have been difficult to establish because of
both the political issues involved and the uncertainties in
the emission inventories of mercury species (Bruss 2003).
However, as a result of more recent understanding of
the sources and impacts of mercury deposition, USEPA,
Canada, and several states have sought tighter controls on
emission sources (WDNR 1999; EIA 2001). After a long
and contentious review process, USEPA released its final
Clean Air Mercury Rule on 15 March 2006, instituting a
cap and trade program for coal and oil based power plants,
over the protests of critics who sought the more stringent
Maximum Achievable Control Technology standard for
those sources.

As previously stated, mercury plume speciation varies
greatly relative to source category (Round et al. 1998), and
is an important factor in the control of mercury emissions
(Laudal 2001). Coal plume mercury speciation at the inlet
of particulate control devices was found to depend on the
inlet temperature and the chlorine and calcium content
of the coal burned (Senior 2001). For example, emissions
of chlorinated Hgll compounds (e.g., mercuric chloride)
can be captured with particulate control devices at high
efficiencies (Laudal 2001; Senior 2001), while calcium
within coals can reduce the beneficial oxidizing effect of
chlorine (Benson 2003). This is evident in tests performed
on western coals that are low in both chlorine and calcium.
However, Hg’, representing the dominant species emitted,
is not well controlled by scrubbers or other particulate
control devices (UNEP 2002). Finally, Hg" species are
obviously well controlled by particulate controls.

A reading of EPRI (2004) and USEPA (1997¢) suggests
mercury control strategies for coal-fired sources can be
divided into two general categories: (1) Fuel controls,

including the burning of high ranking (high Btu) coal,

burning low mercury coal, coal washing (which may reduce
mercury levels by 50%), and use of alternative fuels such
as natural gas; and (2) Flue gas controls, of which there
are currently two leading contenders. Flue gas controls
include activated carbon injection (ACI), followed by a
particulate collection device, or a compact baghouse (fabric
filters) added after use of an electrostatic precipitator (ESP)
(EPRI 2004). A combination of these flue gas control
technologies, employing ACI between the baghouse and
the ESP, has been shown to be most effective under some
circumstances. However, mercury removal efficiencies from
the burning of lignite coal were shown to be poor (0-9%)
for both ESPs and fabric filters (Sjostrom et al. 2004).
As a general rule, traditional SO, controls also remove
some Hg'". The nature of mercury control strategies is too
complex to be comprehensively reviewed here. For a more
thorough review, inclusive of multiple source categories

and technologies, see USEPA (1997e).
CoNcLUSION AND FUTURE RESEARCH NEEDS

The impacts and dynamics of mercury within natural
systems are still not fully understood. Recommended areas
for future research that could productively contribute to
this understanding include:

* Effects of soil disturbance and wildland fire on
translocation of mercury relative to watershed
conditions.

* Physiological and behavior effects of realistic levels of
MeHg on wild populations of birds and mammals.

 Effects of sulfate deposition on in-situ mercury
methylation  rates under various  watershed
conditions.

* Relationship between acid deposition and mercury
methylation rates.

For many years, comprehensive program integration
has been a Forest Service goal, whether in the collection
and management of data, as with recent developments
within and linkages between multiple databases (e.g., the
Natural Resource Information System, NRIS, and the
Forest Service infrastructure inventory database, INFRA),
or in the implementation of project-level management
decisions. The avoidance or abatement of mercury
levels in wildlife species offers an opportunity to more
completely reach that goal. The following recommend
actions, if implemented, could provide forest managers
involved in the fields of air resources management,
wildlife management, recreation, timber management,
and watershed improvement, opportunities to better
understand the impacts and dynamics of mercury within

the natural systems they manage:



1. Monitor mercury levels in water and wildlife, as
linked to implementation, effectiveness, and validation
monitoring associated with various forest land management
activities (e.g., management of sedimentation associated
with timber harvest).

2. Rank wetlands and lakes as to their potential for
elevated MeHg production rates.

3. Minimize water level manipulations of lakes and
wetlands to minimize mercury methylation rates within
aquatic sediments.

4. Minimize sedimentation associated with land
disturbance activities.

5. Manage fish species relative to risk factors associated
with proximity of mining operations, lake morphology,
and landscape ecology (e.g., avoid managing for top
predators in areas of high risk).

6. Comment to state and federal air regulatory officials
to maximize controls on industrial mercury and sulfate
emission rates near forest boundaries.

REFERENCES

Adams, MB, DS Nichols, CA Federer, KF Jensen, H Parrot.
1991. Screening procedure to evaluate effects of air pollution
on Eastern Region wildernesses cited as Class I air quality
areas. Gen. Tech. Rep. NE-151. Radnor, PA: U.S. Department
of Agriculture, Forest Service, Northeastern Forest Experiment

Station. 33 p.

Babiarz, CL, JP Hurley, SR Hoffmann, et al. 2001. Partitioning
of total mercury and methylmercury to the colloidal phase
in freshwaters. Environmental Science and Technology. 35:

4773-4782.

Balogh, SJ, DR Engstrom, JE Almendinger, ML Meyer, DK
Johnson. 1999. History of mercury loading in the upper
Mississippi River reconstructed from the sediments of Lake
Pepin. Environmental Science and Technology. 33: 3297-3302.

Balogh, SJ, Y Huang, HJ Offerman, ML Meyer, DK Johnson.
2002. Episodes of elevated methylmercury concentrations in
prairie streams. Environmental Science and Technology. 36:

1665-1670.

Bates, JK, SM Harmon, TT Fu, JB Gladden. 2002. Tracing
sources of sulfur in the Florida Everglades. journal of
Enviromental Quality. 31: 287-299.

Benoit, JM, CC Gilmour, RP Mason, A Heyes. 1999.
Sulfide controls on mercury speciation and bioavailability to
methylating bacteria in sediment pore waters. Environmental
Science and Technology. 33: 951-957.

Benson, SA. 2003. Testimony to: U.S. Senate Subcommittee
on Clean Air, Climate Change, and Nuclear Safety. June
5, 2003. http:/lepw.senate.gov/108th/Benson_060503. htm. (10
June 2004).

Bishop KH, Y Lee, ] Munthe, E Dambrine. 1998. Xylem sap
as a pathway for total mercury and methylmercury transport

Sams 445

from soils to tree canopy in the boreal forest. Biogeochemistry
40: 101-113.

Blett, T. 2002. Overview of meeting of researchers from
the Voyaguer National Park mercury meeting. Personal
communication. (11 February 2002).

Bullock, OR 2004. Global emissions and transport: What
is known of unknown. Presentation to USEPA Mercury
Roundtable conference call. (15 September 2004).

Dahl, TE. 2000. Status and trends of wetlands in the
conterminous United States 1986 to 1987. Washington, DC:
U.S. Department of the Interior. Fish and Wildlife Service.
82 p.

Dvonch, JT, JR Graney, GJ Keeler, RK Stevens. 1999. Use
of elemental tracers to source apportion mercury in South
Florida precipitation. Environmental Science and Technology.

33: 4522-4527.

Eisler, R. 1987. Mercury hazards to fish, wildlife, and
invertebrates: a synoptic review. U.S. Fish and Wildlife Service
Biological Report 85.

Electric Power Research Institute [EPRI]. 2004. Development
and demonstration of mercury control by dry technologies
[Abstract].  Report  #1004262.  http:/fwww.epri.com
/OrderableitemDesc.aspiproduct_id =000000000001004262
Stargetnid=267817value=04T075.0¢ marketnid=267714
Soitype=1searchdate=3/22/2004. (26 August 2004)

Energy Information Administration [EIA]. 2001. Analysis of
strategies for reducing multiple emissions from electric
power plants: sulfur dioxide, nitrogen oxides, carbon
dioxide, and mercury and a renewable portfolio standard
[Executive Summaryl. http://www.eia.doe.govloiaflservicerpt/
epplexecsum.html (25 July 2002).

Evers, DC, JD Kaplan, MW Meyer, et al. 1998. Geographic
trend in mercury in common loon feathers and blood.

[Abstract]. Ecological Toxicology and Chemistry. 17: 173-183.

Evers, DC, KM Taylor, A Major, et al. 2003. Common loon eggs
as indicators of methylmercury availability in North America
[Abstract]. Ecotoxicology. 12: 69-81.

Fevold, BM, M Meyer, PW Rasmussen, SA Temple. 2003.
Bioaccumulation patterns and temporal trends of mercury
exposure in Wisconsin common loons [Abstract]. Ecotoxicology.

12: 83-93.
Fitzgerald, WE DR Engstrom, RP Mason, EA Nater. 1998. The

case for atmospheric mercury contamination in remote areas.
Environmental Science and Technology. 32: 1-7. URL through
USDA.

Friedli, HR, LF Radke, JY Lu, et al. 2003. Mercury emissions
from burning of biomass from temperate North American
forests: laboratory and airborne measurements. Atmospheric
Environment. 37: 253-267.

Gerrard, PM, VL St. Louis. 2001. The effects of experimental
reservoir creation on the bioaccumulation of methylmercury

and reproductive success of tree swallows (Zachycineta bicolor).
Environmental Science and Technology. 35: 1329-1338.



446 METHYLMERCURY CONTAMINATION

Gilmour, CG, EA Henry, R. Mitchell. 1992. Sulfate stimulation
of mercury methylation in freshwater sediments.
Environmental Science and Technology. 26: 2281-2287.

Gilmour, CC, GS Riedel, MC Ederington, et al. 1998.
Methylmercury concentrations and production rates across a
trophic gradient in the northern Everglades. Biochemistry 40:
327-345.

Gnamus, A, AR Bryne, M. Horvat. 2000. Mercury in the
soil-plant-deer-predator food chain of a temperate forest
in Slovenia. Environmental Science and Technology. 34:

3337-3345.

Grumet, J. 2000. Mercury emissions and control technologies:
A Northeast perspective. In: ] Grumet (ed.) Proceedings of
the Conference on Air Quality II: Mercury trace elements,
and particulate matter. [Location of publisher unknown]:
McLean, VA, September 19, 2000; Paper A2-2. http://
www.eerc.und.nodak.edu/carm/graphics/v7ilpart2.pdf. (28 April
2004).

Guentzel, JL, WM Landing, GA Gill, CD Pollman. 2001.
Processes influencing rainfall deposition of mercury in Florida.
Environmental Science and Technology. 35: 863-873.

Haines, TA. 1996. Mercury in fish and fish-eating birds in
Maine [Abstract]. In: Abstracts for presentations given at the
USGS workshop on mercury cycling in the environment.
http://toxics.usgs.gov/pubs/hglabstracts. html (2 June 2004).

Hammerschmidt, CR, BE Frazier, RG Rada, JG Wiener. 1999.
Methylmercury content of eggs in yellow perch related
to maternal exposure in four Wisconsin lakes [Abstract].
Environmental Science and Technology. 33. http:/fwww.osti.gov/
energycitations/product/biblio.jsp?osti_od=345127. (27 April
2004).

Hammerschmidt, CR, MB Sandheinrich, JG Weiner, RG Rada.
2002. Effects of dietary methylmercury on reproduction of
flathead minnows. Environmental Science and Technology. 36:

877-883.

Hanisch, C. 1998. Where is mercury deposition coming from.
Environmental Science and Technology 32: 176A-179A.

Harmon, SM, JK King, GT Chandler, LA Newman, JB Gladden.
2003. Mercury body burdens in Gambusia holbrooki and
Erimyzon sucetta in a wetland mesocosm amended with

sulfate. United States Department of Energy, Contract No.
DE-AC09-96SR18500. 26 p.

Hintelman, H, R Harris, A Heyes et al. 2002. Reactivity and
mobility of new and old mercury deposition in a boreal forest
ecosystem during the first year of the METAALICUS study.
Environmental Science and Technology. 36: 5034-5040.

Hurley, JB JM Benoit, CL Babiarz, et al. 1995. Influences
of watershed characteristics on mercury levels in Wisconsin
rivers. Environmental Science and Technology. 29: 1867-1875.

Information Collection Request [ICR]. 2000. Appendix A -
Summary of Part IT EPA ICA Data. Mercury content and
selected fuel properties of as-fired coals and supplemental
fuels burned in coal-fired electric utility boilers nationwide

in 1999. http:/fwww.epa.goviappcdwwwlaptb/ EPA-600-R-01-

109A.pdf (3 June 2004).

Jeremiason, J, R Kolka, E Nater, et al. 2003. Enhanced rates
of mercury methylation from sulfate deposition: A whole
wetland experiment. Research proposal to: Great Lakes
Commission’s 2004 Great Lake Acid Deposition Program.

Kamman, NC, NM Burgess. 2004. Mercury in freshwater fish
tissues of northeast North America: A geographic perspective
based on fish tissue monitoring databases. Presentation to
USEPA Mercury Roundtable conference call. (15 September
2004).

Kelly, CA, JWM Rudd, RA Bodaly, et al. 1997. Increases in
fluxes of greenhouse gases and methyl mercury following
flooding of an experimental reservoir. Environmental Science

and Technology. 31: 1334-1344.

King, JK, SM Harmon, TT Fu, JB Gladden. 2002. Mercury
removal, methylmercury formation, and sulfate-reducing
bacteria profiles in wetland mesocosms. Chemosphere 46 (6):

859-870.

Kolka, R. 2003. Measurement of mercury mobilization and
accumulation in fish in response to prescribed fire in a boreal
forest ecosystem. Research proposal to: Joint Fire Sciences
Forum. Accepted.

Kolka, RK, DF Grigal, EA Nater, A Heyes. 2001. Hydrologic
cycling of mercury and organic carbon in a forested upland-
bog watershed. Soil Science Society of America Journal 65:
897-905.

Laudal, DL. 2001. Characterization and modeling of the forms
of mercury from coal-fired power plants. Pitesburgh, PA:
U.S. Department of Energy, National Energy Technology
Laboratory. 33 p.

Levin, L, MA Allan, J Yager. 2000. Assessment of Source-Receptor
Relationships for Utility Mercury Emissions. Levin, L.; Allan,
M.A.; Yager, J. In: Proceedings of the Conference on Air
Quality II: Mercury, Trace Elements, and Particulate Matter.
[Location of publisher unknown]: McLean, VA, September
19, 2000; Paper A5-3. hettp:/fwww.eerc.und.nodak.edu/catm/
graphics/v7ilpart2.pdf- (April 28, 2004).

Lindberg, SE, and WJ Stratton. 1998. Atmospheric mercury
speciation: Concentrations and behavior of reactive gaseous
mercury in ambient air. Environmental Science and Technology

32:49-57.

Marvin-Dipasquale, M, ] Agee, C McGowan et al. 2000.
Methyl-mercury degradation pathways: a comparison among
three mercury-impacted Ecosystems. Environmental Science

and Technology 34: 4908-4916.

Minnesota Pollution Control Agency [MPCA]. 2004. Final
Report: Methylmercury sources to lakes in forested watersheds:
Has enhanced methylation increased mercury in fish relative
to atmospheric deposition? [Place of publication unknown].
Swain, EB, E Nater, ] Cotner, et al. 18p.

Morrison, KA, and CJ Watras. 1996. Mercury in the Rainbow
Lake Wilderness Area: A preliminary study. Park Falls, WI:

Wisconsin Department of Natural Resources, Bureau of
Research. 22 p.



Munthe, J, H Hultberg. 2004. Mercury and methylmercury in
runoff from a forested catchment - concentrations, fluxes, and
their response to manipulations. Water, Air, and Soil Pollution

4: 607-618.

National Forest Foundation [NFF]. 2004. Watershed Restoration
Statistics and  Links.  htp://natlforests.partnershipresource
center.orglrestore_stats.html. (20 May 2004).

Ninomiya, T, H Ohmori, K Hashimoto, K Tsuruta, S
Ekino. 1995. Expansion of methylmercury poisoning outside
of Minamata: An epidemiological study on chronic
methylmercury poisoning outside Minamata. Environmental

Research 70: 47-50.

Paterson, MJ, JWM Rudd, V St. Louis. 1998. Increases in
total and methylmercury in zooplankton following flooding
of a peatland reservoir [Abstract]. Environmental Science and

Technology 32: 3868-3874.

PE. 1994. Current methods of estimating
atmospheric mercury fluxes in remote areas. Environmental
Science and Technology 28: 2233. http://pubs.acs.org/cgi-bin/
archive.cgilesthag/1994/28/i13/pdfles00062a006.pdf (30 April
2004).

Ravichandran, M, GR Aiken, MM Reddy, JN Ryan. 1998.
Enhanced dissolution of cinnabar (mercuric sulfide) by
dissolved organic matter isolated from the Florida Everglades.
Environmental Science and Technology 32: 3305-3311.

Roelke, ME. 1990. Florida panther biomedical investigation
(1 July 1986-30 June 1990). Final perf. rep., study no.
7506, Fed. No. E-1 II-E-6. Florida Game and Fresh
Water Fish Commission. 175 p. {http://lwww.wildflorida.org/
critters/panther/Final%20Report%205S7506%20-
%20FL%20Panther%20Biomedical%20Investigation
%201986.pdf} (7 December 2004)

Round, M, A Marin, L Alter, M Tatsutani. 1998. Mercury
deposition in the Northeast. In: M Tatsutani (ed.) Proceedings,
Northeast states and eastern Canadian provinces mercury

study. NESCAUM et al.: VI1 - VI42.

Seigneur, CK, P Karamchandani, K Vijayaraghavan, K Lohman,
G Yelluru. 2003. Scoping study for mercury deposition
in the upper Midwest. San Ramon, CA: Atmospheric and
Environmental Research, Inc. [Irregular pagination].

Rasmussen,

Seigneur, CK, K Vijayaraghavan, K Lohman, P Karamchandani,
C Scott. 2004. Global source attribution for mercury
deposition in the United States. Environmental Science and

Technology 38: 555-569.

Seller, B, CA Kelly, JWM Rudd, and AR MacHutchon. 1996.
Photodegradation of methylmercury in lakes. [Abstract]
Nature 380: 694-697.

Senior, CL. 2001. Behavior of mercury in air pollution control
devices on coal-fired utility boilers. In: Proceedings, power
production in the 21st century. Snowbird, UT: Engineering
Foundation: 1-17.

Sams 447

Singler, JM, X Lee, W Munger. 2003. Emission and long-range
transport of gaseous mercury from a large-scale Canadian

boreal forest fire. Environmental Science and Technology 37:
4343-4347.

Sorensen, JA, GE Glass, KW Schmidt. 1994. Regional Patterns of
wet mercury deposition. Environmental Science and Technology
28:2025-2032.

Sorensen, JA, GE Glass, KW Schmidt, JK Huber, GR
Rapp. 1990. Airbourne mercury deposition and watershed
characteristics in relation to mercury concentrations in water,
sediments, plankton, and fish of eighty northern Minnesota
lakes. Environmental Science and Technology. 24: 1716-1727.

Sjostrom, S, ] Bustard, M Durham, R Chang. 2004. Mercury
removal trends in full-scale ESPs and fabric filters. ADA-ES
Consulting ~ Abstract.  http:/fwww.adaes.com/publications/
AWMA%20ICR%20Paper.pdf (30 July 2004)

St. Louis, VL, JWM Rudd, CA Kelly, et. al. 2001. Importance
of the forest canopy to fluxes of methyl mercury and total
mercury to boreal ecosystems. Environmental Science and

Technology. 35: 3089-3098.

Sutton, NL, curator. 1998. Methymercury database investigation
system [Database]. Version 1b. http:/fwww.environment

pdx.edu/mids/ . (20 July 2004).

Tan, S. 2003. Overview of human studies: evidence of mercury
as an endocrine disruptor. Presentation to USEPA Mercury
Roundtable conference call. (22 April 2003).

Tatsutani, M. 1998. Mercury in northeastern freshwater fish:
Current levels and ecological impacts. In: M Tatsutani, ed.,
Proceedings, Northeast states and eastern Canadian provinces
mercury study. NESCAUM etal.: [V1 - IV27.

United National Environmental Programme [UNEP]. 2002.
Global Mercury Assessment. Excerpts of full report. htzp://
www.chem.unep.chlmercury/Report/Final%20report/assessment-
report-summary-english-final.doc (19 May 2004)

United States Department of Agriculture - Forest Service
[USDA-FS]. 2000. Water and the Forest Service. Washington,
DC: USDA Forest Service. 26 p.

United States Department of Agriculture - Forest Service
[USDA-FS]. 2004. Fish your National Forests. http://
www.fs.fed. us/fishing/ (21 May 2004).

United States Department of Health and Human Services and
United States Environmental Protection Agency [USDHHS].
2004. Mercury Levels is Commercial Fish and Shellfish. Azp./
lwww.cfsan.fda.gov/ - frflsea-mehg. html (26 April 2004).

United States Environmental Protection Agency [USEPA].
1997a. Mercury study report to Congress. Volume I:
Executive summary. EPA-452/R-97-008. 1997. (19 May
2004). http:/fwww.epa.gov/ttnloarpglt3/reports/volume . pdf

United States Environmental Protection Agency [USEPA].
1997b. Mercury sudy report to Congress. Volume II: An
inventory of anthropogenic mercury emissions in the United
States. 452/R-97-008.1997. htip:/www.epa.gov/tinfoarpg/t3/
reportslvolume2.pdf (19 May 2004).



448 METHYLMERCURY CONTAMINATION

United States Environmental Protection Agency [USEPA].
1997¢. Mercury study report to Congress. Volume III: Fate and
transport of mercury in the environment. 452/R-97-005.1997.
http:/fwww.epa.govltinfoarpg/t3/reportsivolume3.pdf (25 August
2004).

United States Environmental Protection Agency [USEPA].
1997d. Mercury study report to Congress. Volume VI: An
ecological assessment for anthropogenic mercury emissions
in the United States. EPA-452/R-97-008.1997. hup://
www.epa.gov/tnloarpg/t3/reportsivolume.pdf (19 May 2004).

United States Environmental Protection Agency [USEPA].
1997e. Mercury study report to Congress. Volume VIII: An
evaluation of mercury control technologies and costs. EPA-
452/R-97-010. 1997. hetp:/fwww.epa.gov/ttnatw01/112nmerc/
volume8.pdf (30 July 2004).

United States Environmental Protection Agency [USEPA]. 2001.
Water quality criterion for the protection of human health:
methylmercury (Executive summary). EPA-832-R-01-001.
2001. hup:/fwww.epa.goviwatersciencelcriterialmethylmercury/
merctitl.pdf (25 August 2004).

United States Environmental Protection Agency [USEPA]. 2002.
National study of chemical residues in lake fish tissues, year 1
data [CD-ROM]. EPA-823-C-02-010. Location of publisher
unknown. Office of Water. (alternatively --http://cta. policy. net/
reports/reel_danger/reel_danger_report.pdf)

United States Environmental Protection Agency [USEPA]. 2003.
National study of chemical residues in lake fish tissues, year 2
data [CD-ROM]. EPA-823-C-04-002. Location of publisher
unknown. Office of Water.

United States Environmental Protection Agency [USEPA]. 2004.
Fish Advisories. hitp:/fwww.epa.govlost/fish/states.htm (21 May
2004)

United States Geological Survey [USGS]. 2001a. A national
pilot study of mercury contamination of aquatic ecosystems
along multiple gradients: Bioaccumulation in Fish. Biological
Science Report, USGS/BRD/BSR-2001-009. 25 p.

United States Geological Survey [USGS]. 2001b. Mercury in
U.S. coal - abundance, distribution, and modes of occurrence.

USGS Fact Sheet FS-095-01. September 2001. 4 p.

United States Geological Survey [USGS]. 2000. Assessing
mercury levels in small lakes in Voyageurs National Park,
northern Minnesota Reconnaissance data collection.
http:/fwwwmn.cr.usgs.gov/active_projects/00330¢.html. (2 June
2004).

Wetzel, R. 1983. Iron, sulfur, and silica cycles. In: 2nd ed.
Limnology, New York, NY: Saunders College Publishing:
326-327.

Wiener, JG. 1996. Mercury in fish and aquatic food webs
[Abstract]. In: Abstracts for presentations given at the USGS
workshop on mercury cycling in the environment. hrp://
toxics.usgs. gov/pubs/hglabstracts.html (9 June 2004).

Wiener, ]G, KP Drabbenhoft, GH Heinz, AM Scheuhammer.
2002. Ecotoxicology of mercury. In: DJ Hoffmann, BA
Rattner, GA Burnton Jr., and J Cairns Jr., eds., Handbook of
ecotoxicology. Boca Raton, FL: CRC Press: 61 p. Chapter 16:
409-464.

Wisconsin Department of Natural Resources [WDNR]. 1999.
Recommended strategy for mercury reductions to the
atmosphere in  Wisconsin. Madison, WI: Wisconsin
Department of Natural Resources. 13 p.



