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HIGHLIGHTS

« Hg levels in some fish and wildlife exceed thresholds for biological effects.

« Direct evidence of potential Hg effects in Arctic wildlife is inconclusive.

« Strong Hg-Se associations have been found in tissues of Arctic mammals and birds.
» More studies are needed to clarify the effects of Hg on Arctic fish and wildlife.

« Further research is needed on the protective role of selenium against Hg toxicity.
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Article history: This review summarizes our current state of knowledge regarding the potential biological effects of mercury (Hg)
Received 28 January 2014 exposure on fish and wildlife in the Canadian Arctic. Although Hg in most freshwater fish from northern Canada
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fish of certain species (e.g. northern pike, Arctic char) whose muscle Hg concentrations exceeded an estimated

Available online 14 june 2014 threshold range (0.5-1.0 ug g~! wet weight) within which adverse biological effects begin to occur. Marine fish

Editor: J. P. Bennett species generally had substantially lower Hg concentrations than freshwater fish; but the Greenland shark, a

long-lived predatory species, had mean muscle Hg concentrations exceeding the threshold range for possible
Keywords: effects on health or reproduction. An examination of recent egg Hg concentrations for marine birds from the
Canadian Arctic Canadian Arctic indicated that mean Hg concentration in ivory gulls from Seymour Island fell within the thresh-
Mercury old range associated with adverse effects on reproduction in birds. Mercury concentrations in brain tissue of be-
B_iological effects luga whales and polar bears were generally lower than levels associated with neurotoxicity in mammals, but
Fish were sometimes high enough to cause subtle neurochemical changes that can precede overt neurotoxicity.

Marine mammals

Seabirds Harbour seals from western Hudson Bay had elevated mean liver Hg concentrations along with comparatively

high muscle Hg concentrations indicating potential health effects from methylmercury (MeHg) exposure on
this subpopulation. Because current information is generally insufficient to determine with confidence whether
Hg exposure is impacting the health of specific fish or wildlife populations in the Canadian Arctic, biological
effects studies should comprise a major focus of future Hg research in the Canadian Arctic. Additionally, studies
on cellular interactions between Hg and selenium (Se) are required to better account for potential protective
effects of Se on Hg toxicity, especially in large predatory Arctic fish, birds, and mammals.
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1. Introduction Arctic, species at greatest risk include polar bears (Ursus maritimus),

From an environmental toxicology perspective, methylmercury
(MeHg) is the most important of the different chemical forms of Hg.
Methylmercury biomagnifies through food chains, is very efficiently
absorbed from the diet, distributes into many organs of the body includ-
ing the brain, and is highly toxic. The toxic effects of MeHg in wildlife
have been reported and scientifically studied for over 50 years, during
which time much has been learned about its food chain transfer, metab-
olism, and toxicity (Wiener et al., 2003). In recent years, increasingly
subtle but important biological effects have been documented, including
behavioural, neurochemical, hormonal, and reproductive changes in
predatory fish and wildlife exposed to environmentally relevant levels
of MeHg (Scheuhammer et al., 2007, 2012). Potential population-level
impacts are now being assessed for some species, such as the common
loon (Gavia immer) (Burgess and Meyer, 2008). However, there is a
general paucity of information regarding the effects of MeHg exposure
in Arctic wildlife species.

Because MeHg biomagnifies through food webs, it is generally
agreed that top predatory animals, particularly those linked to aquatic
food chains, are at greatest risk for increased dietary MeHg exposure
and potential Hg-related health effects (Wiener et al., 2003). In the

seals, toothed whales, various predatory seabirds, and large piscivorous
fish such as lake trout (Salvelinus namaycush), northern pike (Esox
lucius), and sharks. Conversely, Hg levels are generally far below those
required to cause toxic effects in lower trophic level animals; and in
most Arctic terrestrial animals not associated with aquatic food webs.
Although there is evidence to suggest that non-aquatic birds, such as
some forest passerine species, can experience elevated dietary MeHg
exposure in sites near Hg-contaminated waterways (Brasso and
Cristol, 2008; Cristol et al., 2008), similar scenarios are less likely to
occur in the Canadian Arctic where large-scale industrial activity is
less prevalent. Data on Hg in insectivorous passerines in the Arctic are
currently lacking, but concentrations in other terrestrial avian species
are low compared to aquatic predatory species.

For the last decade, the Canadian Government’s Northern Contami-
nants Program (NCP) has funded research to investigate biological
effects of mercury in the Canadian Arctic. Using information collected
from NCP-funded research as well as other literature sources, we review
and assess recent Hg exposure in freshwater and marine species, and
summarize findings from recent studies that have begun to investigate
potential toxic effects of Hg in Arctic wildlife. An emphasis is placed
on geographically-linked information specific to Canada, which
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Fig. 1. Mean concentrations of total Hg (THg) in muscle of selected freshwater fish species from various Canadian Arctic lakes (NT = Northwest Territories; NU = Nunavut; YT = Yukon
Territory; The shaded area represents an estimated threshold range for fish toxicity based on assessments by Sandheinrich and Wiener (2011) and Dillon et al. (2010). Data plotted are

from Depew et al. (2013).
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Fig. 2. Mean concentrations (4 SE) of total Hg (THg) in muscle of selected marine fish species from various Canadian Arctic locations. (NT = Northwest Territories; NU = Nunavut; YT =
Yukon Territory. Bracketed values are sample sizes. The shaded area represents an estimated threshold range for freshwater fish toxicity based on assessments by Sandheinrich and Wiener
(2011) and Dillon et al. (2010). Data are from Loseto et al. (2008) for fourhorn sculpin (Myoxocephalus quadricornis), least cisco (Coregonus sardinella), Pacific herring (Clupea palasii), rain-
bow smelt (Osmerus mordax), saffron cod (Eliginus gracillis), and starry flounder (Platichthys stellatus); and from McMeans et al. (in this issue) for capelin (Mallotus villosus), shorthorn
sculpin (Myoxocephalus scorpius), and Greenland shark (Somniosus microcephalus). For graphical purposes, dry weight data from Loseto et al. (2008) were converted to wet weight

based on an estimate of 75% water content for fish muscle.

complements a recent more generalized review of biological effects for
the circumpolar Arctic (Dietz et al., 2013).

2. Mercury effects studies
2.1. Freshwater and marine fish

Studies published within the last decade have documented a range
of toxic effects in fish at environmentally relevant levels of MeHg expo-
sure. In a critical review of the recent literature, Sandheinrich and
Wiener (2011) concluded that changes in biochemical processes, dam-
age to cells and tissues, and reduced reproduction in fish begin to occur
at concentrations of about 0.5-1.0 ug Hg g™! wet weight (ww) in axial
muscle (>90% of Hg in muscle is MeHg). Similarly, Dillon et al. (2010)
conducted an assessment of numerous fish toxicology studies and esti-
mated with a mathematical model a lowest observable adverse effects
level (LOAEL) of about 0.3 pg Hg ¢! ww in the whole body of fish—or
about 0.5 pg Hg g™' ww in axial muscle. Using 0.5-1.0 g Hg g"! ww in
axial muscle as an estimated LOAEL range for fish, it is apparent that
lake-averaged total Hg concentrations in northern Canadian freshwater
fish species sampled since 2002 seldom enter or exceed this range
(Fig. 1). However, average Hg concentrations in landlocked char from
Amituk Lake on Cornwallis Island and lake trout from Cli Lake in the
Northwest Territories clearly exceeded the suggested threshold range.
Preliminary research has revealed increasing cell damage (necrosis)
with increasing Hg concentrations in livers of char from Amituk Lake
(Drevnick, 2013).

Concentrations were within the suggested threshold range for land-
locked char from Char Lake (Nunavut), as well as for other fish species
in several lakes in the Northwest Territories, specifically northern pike
and whitefish from Narrow Lake, and lake trout from Kelly Lake and
Lac Ste. Therese. A larger, older database of Arctic fish Hg levels from
1971 to 2001 (Lockhart et al., 2005a) showed that length-adjusted
mean Hg concentrations in highly predatory species - lake trout, wall-
eye (Sander vitreus), northern pike and burbot (Lota lota) - exceeded
0.5 pg 7! in < 25% of the survey lakes (n = 29-94 lakes per species).

Research is warranted to study possible reproductive or other toxic
effects of Hg in fish in Arctic lakes where LOAEL thresholds are exceeded.

Consistent with fish data reported in Dietz et al. (2013) for the
circumpolar Arctic, muscle Hg concentrations in many common marine
fish in Canadian waters tend to be substantially lower than in freshwater
fish. As shown in Fig. 2, mean muscle Hg levels in most marine fish spe-
cies from the Canadian Arctic were many-fold lower than the suggested
LOAEL range. The single exception was the Greenland shark (Somniosus
microcephalus), a large long-lived predatory species for which greater
bioaccumulation and thus higher Hg concentrations are expected.
Based on elevated muscle Hg concentrations, studies are warranted to
investigate possible toxic effects of Hg in sharks and other large carnivo-
rous marine fish species in the Canadian Arctic.

2.2. Marine birds

2.2.1. Reproduction

Tartu et al. (2013) reported that increasing blood Hg concentrations
in black-legged kittiwakes (Rissa tridactyla) from Svalbard were related
to a higher likelihood of skipped breeding, and abnormal reproductive
hormone responses; but in general, few Hg effects studies have been
undertaken on Arctic bird species. However, recent research on com-
mon loons serves to illustrate the kinds of population-level effects that
environmentally relevant exposures to MeHg can have on wild fish-
eating birds. A strong positive relationship between female blood Hg
and egg Hg concentrations was used to demonstrate a link between
blood Hg and various adverse reproductive effects in common loons
(Evers et al., 2003). By integrating this and other relationships into a
population matrix model, Evers et al. (2008) were able to effectively
predict and identify North American loon populations that are
experiencing reduced fledging success associated with elevated MeHg
exposure. In Maine and New Hampshire, MeHg toxicity was the main
factor associated with a 41% decline in average reproductive success
over an 11-year period, with a Hg LOAEL identified as 3.0 g g™! (ww)
in blood (Evers et al., 2008; Scheuhammer et al., 2012). Based on com-
parable findings from two parallel studies using similar field protocols
in New England (Evers et al., 2008), and in Wisconsin and the Canadian
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Fig. 3. Percent survival to 90% of embryo development of thick-billed murre and Arctic
tern eggs dosed with methylmercury (CH3;HgCl) at 0.05-6.4 ug ¢! ww (Braune et al,,
2012). Dose group concentrations are not corrected for maternally deposited Hg. For
each species, 12 eggs were tested per dose group. The control eggs were injected with
Hg-free safflower oil.

Maritimes (Burgess and Meyer, 2008), maximum productivity for
breeding loon pairs declined by at least 50% when whole-body concen-
trations of Hg in prey fish exceeded about 0.2 pg g' ww.

Dietary MeHg is efficiently transferred to avian eggs in a dose-
dependent manner, and reproduction is one of the most sensitive end-
points of Hg toxicity in birds (Wolfe et al., 1998). Nearly 100% of the
Hg transferred to eggs is in the form of MeHg with the majority
(about 85-95%) deposited into the albumen (Wiener et al., 2003). Mer-
cury concentrations found in the egg are a good indicator of Hg risk to
avian reproduction (Wolfe et al., 1998). Some of the documented effects
of MeHg on avian reproduction leading to substantial overall reductions
in productivity include aberrant reproductive behaviour, reduced clutch
sizes, increased rates of embryonic deformity and mortality, and
reduced hatchability (Thompson, 1996; Wolfe et al., 1998). Dietary
MeHg exposure, insufficient to cause obvious signs of Hg toxicity in
adults, can decrease reproductive success by 35-50% in birds (Wolfe
et al., 1998).

Embryotoxic thresholds for Hg have been determined for a limited
number of species—primarily from captive breeding studies — and are
often applied generically to all avian species. However, Heinz et al.
(2009) showed that there are significant interspecies differences in
sensitivity to the embryotoxic effects of MeHg injected into fertile
eggs. Using estimated median lethal concentrations (LCsg) for 26
tested species, Heinz et al. (2009) grouped the sensitivity of avian
embryos to MeHg into three categories with LCsg values ranging
from > 1 ug g”! ww in eggs of the low sensitivity group (e.g., Canada
goose, hooded merganser, laughing gull, double-crested cormorant)
to < 0.25 ug g ' ww in eggs of those species exhibiting the highest
sensitivity (e.g., American kestrel, osprey, snowy egret, tri-coloured
heron). Species, such as common, royal, and Caspian terns, as well as
herring gulls, were categorized as having medium sensitivity to MeHg
based on a calculated LCsq ranging between 0.25 and 1 pug g~ ww of Hg.

Using the egg-dosing protocol developed by Heinz et al. (2006), eggs
of thick-billed murres and Arctic terns collected from the High Arctic
were brought into the laboratory and injected with a range of environ-
mentally relevant concentrations (0-6.4 pg g~! ww) of MeHg chloride
(MeHgCl) to determine the relative sensitivity of the developing em-
bryos to MeHg (Braune et al., 2012). Roughly half of the murre eggs

2004 samples [l 2005 samples [ 2006 samples

GSH concentration (umol g

0 T T T
0.05 0.1 0.5 1 5

Log THg concentration in liver (ug g' dw)

Fig. 4. Relationship between log-transformed hepatic total Hg (THg) and reduced
glutathione (GSH) concentrations in glaucous gull chicks from two sites (Karak
Lake, Nunavut; and Devil Island) in the Canadian Arctic (* = 0.32, p < 0.001). Hepatic
GSH concentrations were adjusted to a common measurement of body size and the rela-
tionship is shown across all years (source: Wayland et al., 2010).

(48%) and tern eggs (62%) reached the chosen endpoint of at least
90% development. To compare the murre and tern data with the results
for 26 species reported by Heinz et al. (2009), the median lethal concen-
tration (LCsg) and 95% confidence intervals (CI) for each species were
determined, with the survival data corrected for control mortality
(Braune et al.,, 2012). The LCs, for the murre embryos was 0.48 pg g°!
ww (95% Cl: 0.26-0.99) based on MeHg injected into eggs uncorrected
for maternally deposited MeHg; whereas for the tern embryos, the LCsq
was 0.95 g g~ ww (95% CI: 0.59-1.58) (Fig. 3). The wide 95% confidence
intervals for the LCsq estimates suggest a lack of power in these tests.
Nonetheless, based on these LCsq estimates, both the Arctic tern and
thick-billed murre embryos would be categorized as having medium sen-
sitivity to MeHg according to the sensitivity categories suggested by Heinz
et al. (2009). This estimate places the Arctic tern in the same sensitivity
category as three other tern species—common, royal, Caspian—included
in the study by Heinz et al. (2009).

2.2.2. Neurochemical receptors

Concentrations of receptors in the brain for neurotransmitters such as
acetylcholine (muscarinic [mACh] receptor) and glutamate (N-methyl-
D-aspartic acid [NMDA] receptor), can be significantly altered by low-
level dietary exposure to MeHg in adult birds and mammals. Thus, spe-
cific neurochemical changes may potentially be used as biomarkers of
MeHg exposure and effects in wildlife (Basu et al., 2006, 2007a;
Scheuhammer et al., 2008). However, Braune et al. (2012) found no sig-
nificant correlation between Hg concentration and density of either
NMDA or mACh neuroreceptors in brain tissue from thick-billed
murre and Arctic tern embryos (Hg concentrations: 0-3.2 ug g~ ww
for the murre embryos and 0-1.6 pg g-! ww for the tern embryos).
Reasons for this apparent lack of response of embryonic neuroreceptors
to Hg exposure in ovo are currently unknown.

2.2.3. Oxidative stress

Exposure to contaminants, including MeHg, can lead to oxidative
stress in wildlife, where the presence of excessive reactive oxygen
species results in cellular damage (Hoffman et al., 2011; Kenow et al.,
2008). Glutathione (GSH) is an important low molecular weight
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Fig. 5. Mean concentrations and range bars of total Hg (THg) in marine bird eggs from the Canadian Arctic (data from Scheuhammer et al., 2013). The threshold range of THg concentra-
tions associated with adverse effects on reproduction (indicated by the grey bar) is based on an evaluation of published studies for a variety of non-marine bird species (Shore et al., 2011).
The indicative value (dark horizontal line) is defined as the egg THg concentration below which 95% of species are protected against Hg-induced reproductive toxicity (Shore et al,, 2011).

tripeptide involved in protecting cells from oxidative stress. A reduction
in levels of the reduced form (GSH) and an increase in oxidized
glutathione (GSSG) have been interpreted as indicators of greater
risk for biological damage from oxidative stress (Hoffman et al., 2002).
Wild diving ducks with higher liver Hg concentrations also had higher
GSSG:GSH ratios (Hoffman et al., 1998). Although no critical ratio of
GSSG:GSH has been proposed as an unequivocal indicator of oxidative
damage, Hoffman (2002) suggested that significant elevations of this
ratio in contaminant-exposed animals, compared with unexposed or

reference animals, are indicative of oxidative stress, including an in-
creased risk of cellular lipid peroxidation. Wayland et al. (2010) exam-
ined relationships between total Hg levels and indicators of oxidative
stress in livers of nestling glaucous gulls at Karrak Lake (Nunavut) in
the Queen Maud Gulf Bird Sanctuary, and on Devil Island. Results indi-
cated that hepatic Hg levels were relatively low (0.1-4 pg g"! dry weight
[dw]) compared with lower-latitude field studies reporting on Hg expo-
sure and oxidative stress in birds. In Arctic glaucous gull chicks, liver
concentrations of both reduced GSH and oxidized GSSG were negatively
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Fig. 6. Mean concentrations and range bars of total Hg (THg) in marine bird livers from the Canadian Arctic (data from Scheuhammer et al., 2013). The range of threshold THg concentra-
tions associated with adverse effects on reproduction (indicated by the grey bar) and range of thresholds associated with lethality (indicated by diagonal lines) are based on evaluations of
published studies for non-marine birds (Shore et al., 2011). It should be noted that implicit in the concept of a toxic threshold concentration in liver is the notion that most of the liver Hg is
present as methylmercury (MeHg). However, this assumption may be incorrect, especially for older individuals for which a larger proportion of total Hg may be present as inorganic Hg

bound to Se.
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correlated with Hg concentrations (Fig. 4). This pattern was unexpected
because decreased GSH is typically accompanied by increased GSSG,
which is diagnostic of oxidative stress. Wayland et al. (2010) suggested
that the observed decrease in both GSH and GSSG may have resulted
from a low availability of dietary precursor compounds such as cysteine
or glutamate, a situation that could potentially occur if the animals were
food-stressed. This explanation is consistent with measured levels of
thiols (protein-bound and total sulfhydryls) in the gull livers, which
were negatively correlated with Hg concentrations. In addition, as sug-
gested by a positive correlation between hepatic concentrations of Hg
and thiobarbituric acid-reactive substances, Hg-related oxidative stress
in birds from Devil Island may have been high enough to cause in-
creased lipid peroxidation. However, overall evidence for a shift in cel-
lular status to a more oxidized state — decreased GSH, increased GSSG,
or elevated GSSG:GSH ratio—was weak, leading to the conclusion that
the glaucous gull nestlings at the two colonies were exposed to lower
levels of oxidative stress than birds in more highly contaminated
environments.

2.2.4. Comparisons with Hg toxicity thresholds

Recent egg Hg concentrations for marine birds from the Canadian
Arctic were compared with suggested avian egg toxicity values of
0.6 ug g ' ww (proposed as an indicative value that is protective for
most avian species; toxic effects for any species are improbable below
this level), and 0.8-5.1 ug g”! ww (a range within which adverse effects
on reproduction begin to occur in various studied avian species) (Shore
etal, 2011). These estimated thresholds are based on a recent evalua-
tion of published field and laboratory studies for non-marine birds
(Shore et al., 2011) and are applied here because no evaluation of Hg
threshold concentrations in eggs is available specifically for Arctic
marine birds. Only the mean egg Hg concentration for ivory gulls
from Seymour Island exceeded the proposed indicative value
(0.6 ug g ' ww), and entered the threshold range of concentrations
that are associated with adverse effects on reproduction (Fig. 5). Addi-
tional research to assess possible Hg-associated reproductive effects in
this species is thus warranted. Some individual egg Hg values reported
for black guillemots, glaucous gulls, and Arctic terns also exceeded the
proposed indicative value (Fig. 5).

Liver Hg concentrations of Arctic marine birds were also compared
to toxicity thresholds derived by Shore et al. (2011) for adverse effects
on reproduction (2-52 pg g~ ww) and lethality (18.4-127 ug g ' ww)
in non-marine birds. Levels of Hg in some of the northern fulmars
exceeded the minimum liver threshold for potential adverse effects on
reproduction. However, all measured liver levels were well below the
threshold range for lethality (Fig. 6).

It should be noted that adverse-effects thresholds based on total Hg
concentrations in liver implicitly assume that the relative concentra-
tions of different major chemical forms of Hg present in the tissue is
largely unimportant—an assumption that is probably not valid especial-
ly for long-lived species for which substantial proportions of liver Hg
may be present as a non-toxic complex of inorganic Hg associated
with Se (see section on Mercury-Selenium Interactions).

In their reviews of the published literature, Thompson (1996) and
Burger et al. (2009) suggested that seabirds may be able to tolerate
higher Hg exposure than birds that feed in other environments, and
that pelagic seabirds have yet to be exposed to sufficiently high burdens
of Hg to induce measurable effects on reproduction or survival, even
though they often exhibit much higher tissue Hg concentrations than
more terrestrial birds. However, there is little empirical evidence that
seabirds differ fundamentally from other birds with respect to the me-
tabolism of MeHg, or in their sensitivity to MeHg. If seabirds are indeed
less sensitive to MeHg exposure, this may be related to more efficient
demethylation of MeHg in these species. However, this is largely a spec-
ulative statement rather than one based on direct evidence. Although
the capacity for demethylation does appear to vary among bird species
(Eagles-Smith et al., 2009; Kim et al., 1996), there is no published

evidence that seabirds demethylate MeHg more efficiently than other
species. Indeed, common loons, which could be considered to be sea-
birds during the wintering season when they primarily occupy marine
habitats, showed less apparent demethylation of MeHg in their brains
than bald eagles (Scheuhammer et al., 2008). Further, breeding bald ea-
gles feeding in freshwater lakes and rivers experienced greater Hg expo-
sure than those feeding in marine or estuarine areas (Evers et al., 2005),
and common marine fish species often have lower Hg concentrations
than freshwater species (see Figs. 1 and 2). This indicates that marine
environments may not pose as great a risk for dietary MeHg exposure
in fish-eating birds as some freshwater environments, especially Hg
sensitive environments where hydrologic and chemical conditions fa-
vour microbial Hg methylation and biomagnification.

Numerous bird species that breed in Canada are experiencing popu-
lation declines. The ivory gull has been listed as endangered and the
Ross’s gull has been listed as threatened in Canada (COSEWIC, 2010).
Both species are associated with polar environments, and the Ross’s
gull is the rarest breeding gull in North America (Mallory et al., 2006).
There are reports that Arctic tern populations may also be experiencing
declines (Hatch, 2002). The Hg concentration recorded for a single
salvaged Ross’s gull egg was relatively low; however, egg Hg levels for
ivory gulls and Arctic terns were high relative to other species (Fig. 5).
Although there is no conclusive evidence to date that Hg exposure is
resulting in adverse biological effects in marine birds in the Canadian
Arctic, it is generally acknowledged that it is often difficult to attribute
population-level impacts to single specific factors and that a multiple-
stressor approach may be more appropriate (Burger and Gochfeld,
2002; Letcher et al.,, 2010). Additional research is needed to determine
if, and to what extent, MeHg exposure, possibly combined with other
stressors such as climate change, is affecting ivory gull populations, or
other Arctic marine bird populations.

2.3. Marine mammals

2.3.1. Neurotoxicity

The central and peripheral nervous systems are generally considered
primary targets for MeHg toxicity because MeHg is efficiently absorbed
from the diet and can readily pass the blood-brain barrier (Aschner and
Aschner, 1990). Characteristic lesions of MeHg poisoning in mammals
include structural degeneration of the occipital cortex and the cerebel-
lum, as well as degeneration of spinal cord and peripheral nerve fibers
leading to ataxia (loss of coordination and balance), weakness, tremors,
convulsions, sensory impairment, and ultimately death (Heinz, 1996;
Wiener et al., 2003).

Mercury toxicity thresholds in brain tissue have not been specifically
determined for most species of environmentally exposed wildlife and
certainly not for Arctic species. However, a review of several published
studies provides a range of total Hg and/or MeHg concentrations in
brain tissue that can be associated with various degrees of neurotoxicity
in different mammalian species exposed to controlled doses of MeHg
via their diets. Concentrations of Hg in brain tissue can be estimated
from ww to dw values by multiplying the ww concentration by a factor
of 4. Various older reports of MeHg poisoning in free-living wild mam-
mal species indicate that brain Hg concentrations > 10 pg g”! ww
(or > 40 pg g~ ! dw) are typically associated with severe poisoning and
outright mortality (Wiener et al., 2003). Suzuki (1979) considered brain
Hg concentrations less than 1.5 ug g ww (or approximately 6 ug g
dw) as generally insufficient to cause clinical Hg neurotoxicity in mam-
mals. The risk of Hg-associated neurotoxicity to polar bears, ringed seals
and beluga whales was recently assessed by comparing Hg concentrations
in two brain regions with the threshold concentrations for several toxic
endpoints (Krey et al., 2015-in this issue). Several thresholds ranging
from >0.1 pg total Hg g~ ! ww for neurobehavioral changes to >6.75 ug
total Hg g~ ww for clinical signs of Hg intoxication were identified.

As a widely distributed predatory species which feeds mainly on fish
and small mammals, mink are considered to be sensitive indicators of
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environmental Hg bioavailability (Kucera, 1983; Wren et al., 1986).
Captive mink fed diets dosed with different concentrations of MeHg
(1.1, 1.8, 4.8, 8.3, or 15.0 ug g"' Hg by analysis) for longer than three
months developed histopathological lesions in brain tissue, accompa-
nied by manifestations of clinical toxicity including anorexia and loss
of coordination (Wobeser et al,, 1976). Wobeser et al. (1976) concluded
that brain Hg concentrations > 5 ug g ! ww (or > 20 pg g"! dw) in mink
were consistent with overt MeHg neurotoxicity in this species. The
majority of Hg in brains of captive mink fed MeHg-containing diets
was assumed to be mostly MeHg, as this is the dominant chemical
form reported in brains of wild mink (Haines et al., 2010). In adult
rats chronically exposed to dietary MeHg (0.25 mg kg™! day™! dosage),
Hg concentrations in the cerebellum averaged 12 and 7.3 pg g ' ww in
males and females, respectively, and were accompanied by loss of
balance, paralysis, and peripheral nerve damage (Munro et al., 1980).
Similarly, brain Hg concentrations associated with neurotoxicity
(movement disorders including a loss of balance and lack of coordina-
tion) in cats dosed with MeHgCl or MeHg-contaminated fish were
16.3 ug g ! ww (total Hg) and 10.9 pg g™ ! ww (MeHg) in the cerebellum
and 109 pg g ww (total Hg) and 7.9 pg g~ ww (MeHg) in the posterior
cerebral cortex (Charbonneau et al., 1976). Taken together, dietary
MeHg dosing studies on a variety of mammalian species indicate that
brain Hg concentrations 5 - 10 pg ¢! ww and higher are commonly
associated with severe toxicity and lethality (Shore et al., 2011), and
that concentrations < 5 ug g”! ww, as suggested by earlier researchers
(Suzuki, 1979; Wobeser et al., 1976), are likely below thresholds for
overt MeHg intoxication in most mammals (but may nevertheless be
related to more subtle behavioural and neurochemical changes).

A number of biochemical changes in the brain are associated with
concentrations of Hg that are substantially lower than those required
to produce overt signs of neurotoxicity or death. The following receptors
and enzymes have been found to vary significantly with Hg concentra-
tions in the brains of wild bird and/or mammal species:

= NMDA (N-methyl-D-aspartic acid) receptor levels decreased with
increasing Hg levels (total Hg and MeHg) in polar bears from East
Greenland collected between 1999 to 2001 (Basu et al., 2009), wild
mink (Basu et al., 2007a), and loons and eagles (Scheuhammer
et al., 2008);

= levels of mACh (muscarinic cholinergic) receptor increased with
Hg levels in wild mink (Basu et al., 2005a), loons, and eagles
(Scheuhammer et al., 2008) but the opposite relationship was

found in river otters (Basu et al., 2005b);
= GABA (gamma-aminobutyric acid) receptor levels decreased
with increasing Hg levels (total Hg and MeHg) in river otters
(Basu et al., 2005a);
= dopamine D2-receptor levels were negatively correlated with total
Hg levels in wild river otters and wild mink (Basu et al., 2005a,
2005b); and
MAO (monoaminoxidase) and ChE (cholinesterase) activities were
negatively correlated to Hg levels in wild river otters (Basu et al.,
2005b, 2007b).

Of these neurochemical markers, changes in NMDA and mACh re-
ceptor levels have proven to be among the most sensitive and robust
correlates of brain Hg accumulation, and have thus been proposed as
potential preclinical indicators of neurotoxic changes associated with
MeHg exposure (Basu et al., 2005b; Manzo et al., 1996). Captive mink
exposed to a range of dietary MeHg (0.1-2 ug g™') experienced subtle
but significant changes in these neurochemical parameters at brain Hg
concentrations between about 1-8 pg g' dw, levels that were not asso-
ciated with overt signs of MeHg intoxication (Basu et al., 2006, 2007b,
2010). An average brain Hg concentration as low as 1.5 + 034 pg g”! dw
was associated with a significant decrease in NMDA receptor density
in the cerebellum and occipital cortex of captive mink (Basu et al.,
2007b). Although there are differences in sensitivity between rat,
mink, mouse, and human with respect to Hg-induced neurochemical
changes (Basu et al., 2005c), 1.5 pg g~! dw may be considered a
conservative mammalian LOAEL for Hg-induced neurochemical re-
sponse. The average Hg concentration reported by Gamberg et al.
(2005) for brain tissue in wild mink from the Yukon (0.96 ug g dw,
or 0.22 ug ¢! ww) is below this proposed threshold for MeHg-
induced neurochemical change. However, Basu et al. (2009) reported
a significant negative association between brain Hg and NMDA receptor
concentrations in the lower brain stem of Greenlandic polar bears at an
even lower range of Hg concentrations (approximately 0.1-1.0 ug g™ ! dw).
Given the very low Hg concentrations that were associated with
significant neurochemical effects in polar bears (Basu et al., 2009),
it is suggested that additional studies be undertaken to further
examine relationships between Hg accumulation and neurochemical
endpoints in the polar bear brain.

Concentrations of MeHg in polar bear cerebellum from the Canadian
Arctic (range: 0.13-0.45 pg g™ ' dw; n = 22) were lower than concentra-
tions observed to be toxic in animal feeding trials. However,
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concentrations of MeHg in beluga whale cerebellum were sufficiently
high to potentially cause significant neurochemical changes, but proba-
bly not high enough to cause overt MeHg neurotoxicity (Fig. 7). The for-
mation of relatively inert Hg selenide compounds in the brains of beluga
may provide a mechanism to reduce the risk of MeHg toxicity in these
animals (see section on Mercury-Selenium Interactions). It should also
be noted that different brain regions may react differently with respect
to neurochemical changes in response to MeHg exposure (Basu et al.,
2007a, 2010).

As liver is the most common tissue for monitoring environmental
contaminant exposure in wildlife, researchers have attempted to estab-
lish toxicity thresholds for contaminants based on a consideration of the
lowest liver concentrations that are associated with significant toxic
effects in individual animals. For Hg in non-marine mammals, the
most commonly cited threshold is probably that of Thompson (1996),
recently updated by Shore et al. (2011), of 25-30 ug g ' ww Hg in
liver above which animals are likely to experience MeHg intoxication
and death. Unfortunately, without additional information on the pro-
portions of MeHg and inorganic Hg in the liver, a toxicity threshold
expressed solely on a total Hg basis is insufficient for making confident
toxicological assessments. The studies reviewed by Thompson (1996)
and Shore et al. (2011) to estimate a Hg toxicity threshold based on
total Hg in liver are all studies in which animals were exposed to rela-
tively high doses of MeHg through their diets until they died or showed
clinical signs of MeHg neurointoxication. Under such conditions, it is
expected that most of the Hg in the dosed animals’ tissues was present
as MeHg. But for liver tissue from free-living mammals or birds, many
species of which demonstrate variable proportions of inorganic Hg
and MeHg, this assumption is not valid. There are many examples of
apparently healthy free-living mammals and birds with very high
(>100 pg g"! ww) hepatic total Hg concentrations (Dietz et al., 1990;
Norstrom et al., 1986; Smith and Armstrong, 1975; Thompson and
Furness, 1989). As total Hg concentrations in liver increase in long-
lived aquatic predatory wildlife, a progressively lower proportion is
typically present as MeHg (Wagemann et al., 2000). Inorganic Hg
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resulting from demethylation in liver is often found in close association
with selenium (Se), especially at higher Hg concentrations, and the
Hg-Se complex is generally considered to be relatively non-toxic
(e.g., Ikemoto et al., 2004). Without knowledge of the proportions
of Hg in the liver that are present as MeHg versus inorganic Hg, plus
an estimate of corresponding Se concentrations, confident toxicological
assessments cannot be made (see section on Mercury-Selenium
Interactions for additional discussion). Indeed, in their recent review,
O'Hara et al. (2011) refrained from suggesting Hg toxicity thresholds
for marine mammals, based largely on a recognition that much of the
Hg in livers of these species may be non-toxic inorganic Hg bound
with Se, and on a lack of clear empirical evidence of toxicity in marine
mammals with elevated liver Hg concentrations.

In the absence of information on the proportion of Hg in liver that is
present as MeHg, it is useful to have data on total Hg concentrations in
certain other tissues, such as skeletal muscle. There is little or no evi-
dence of demethylation in muscle tissue, and total Hg and MeHg con-
centrations are approximately equal in this tissue (e.g. George et al.,
2011). In some of the dosing studies examined by Thompson (1996)
and Shore et al. (2011) to estimate a Hg concentration in liver above
which MeHg poisoning occurred in mammals, total Hg in both liver
and muscle were reported. In these MeHg dosing studies, Hg in both
liver and muscle were highly elevated in animals suffering from MeHg
poisoning, with muscle Hg concentrations reaching about 1/3 to 1/2 of
liver concentrations (e.g., Aulerich et al., 1974; O’Connor and Nielsen,
1980; Wobeser et al., 1976). Thus, for a concentration of Hg in liver of
25-30 ug ¢! ww (Shore et al., 2011) to be accepted as a valid threshold
for MeHg intoxication, Hg in skeletal muscle tissue should be in the
range of about 8-15 pg g~' ww or greater. Conversely, if muscle Hg
concentrations are found to be low (<1 pg g"! ww) in animals with
elevated liver Hg, it is less likely that such individuals will be suffering
from MeHg toxicity. An examination of available data on total Hg in
both liver and muscle of Canadian Arctic beluga and seals confirmed
that, although some animals had Hg concentrations in liver exceeding
the putative 30 ug g~ ww toxicity threshold, muscle Hg concentrations
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Fig. 8. Concentrations of total Hg (THg) in liver and muscle (log mean + standard deviation) of Arctic beluga and seal compared to a toxic threshold of 30 pg g"' ww suggested for
terrestrial mammals (Thompson, 1996). Beluga data are from Gaden and Stern (2010) while seal data are from Braune et al. (in this issue) and Young et al. (2010). Comparisons between
toxicity thresholds and liver total Hg concentrations should be interpreted with caution because a large portion of elevated liver Hg in these marine mammals is likely present in a less toxic
inorganic form, as corroborated by relatively low (<1 pg g'!) total Hg concentrations in muscle for most samples.
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Fig. 9. Relationships between total Hg (THg) concentrations and metallothionein (MT1) gene expression in the skin (7 = 0.51, p = 0.017) and liver (p = not significant) of male beluga
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encoding the ribosomal protein L8 and further normalized to the individual showing average contaminant concentrations.

were generally low, indicating that these species are unlikely to be
experiencing significant MeHg neurotoxicity or reproductive impair-
ment (Fig. 8). Only harbour seals from western Hudson Bay had
highly elevated mean liver Hg along with muscle Hg substantially
higher than 1 pg g”! ww. Therefore, further study on possible health
effects from MeHg exposure on this subpopulation of seals is
warranted.

2.3.2. Methylmercury toxicity in other organs

Although it is generally accepted that the central and peripheral
nervous system is the primary target for MeHg toxicity in mammals,
other tissues can also show varying degrees of cellular effects in
response to Hg accumulation. In a review by Sonne (2010), and
further emphasized in Dietz et al. (2013), a liver Hg concentration
of 11 ug g-! ww was suggested as a threshold for hepatic effects in
polar bears based on studies relating Hg concentrations with liver lesions
in East Greenland polar bears. Sonne (2010) suggested a Hg concentration
of 14 pg g! ww as a threshold for kidney lesions in adult male East Green-
land polar bears. It is not known how debilitating the reported relatively
minor hepatic or renal lesions may be for individual bears. However, it
should be noted that much higher liver Hg concentrations were reported
about 25 years ago in apparently healthy polar bears (e.g., Norstrom et al,,
1986). Compared to liver Hg data from 2002 (Rush et al., 2008) and early
1980s (Norstrom et al., 1986), Routti et al. (2011) recently reported that
in bears sampled in 2005-2008 from Alaskan, Canadian and East Green-
land subpopulations, Hg in liver appeared to have increased only in East
Greenland bears. Nevertheless, additional research is warranted to better
characterize sublethal toxic effects of Hg accumulation in organs other
than the brain in polar bears and other Arctic marine mammals.

2.3.3. Toxicogenomics and immunotoxicity in beluga

With a minimum estimate of 40,000 individuals (COSEWIC, 2004),
the Beaufort beluga whale population is one of Canada’s largest, and
there is no indication of a population decline. Mercury monitoring
from 1981 to 2002 revealed high levels in Beaufort Sea beluga whales
relative to other Canadian populations and an increasing temporal
trend (Lockhart et al., 2005b). This finding led to several studies aimed
atidentifying the main sources of Hg to the region; and as part of the be-
luga sampling program at Hendrickson Island, a health assessment of
contaminant effects on known toxicological endpoints was conducted.

The impacts of Hg on gene expression in beluga are being investigat-
ed (Ross et al., Fisheries and Oceans Canada, University of Victoria, Un-
published data). The long-term goal of this research is to develop a
highly sensitive technique that will provide a useful early warning indi-
cator of the effects of Hg and other contaminant exposure on the health
of the western Arctic beluga population. Metallothioneins (MTs) are
low molecular weight sulfhydryl-rich proteins that are able to bind to
group Il metals, especially the essential trace metals copper and zinc,

and the toxic non-essential metals cadmium and inorganic Hg. It is gen-
erally accepted that MT synthesis and binding of toxic metals provide
protection against the cytotoxic action of these metals. In beluga liver,
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no significant correlation was found between MT1 gene expression and
total Hg levels (Fig. 9), which suggests that MTs may not be the primary
means of Hg detoxification in liver. This result is consistent with previ-
ous work showing that only 5% of Hg is bound to MTs in liver
(Wagemann and Muir, 1984). In skin, a positive relationship between
MT1 expression and total Hg levels was observed (> = 0.51; p =
0.017), which suggests that MTs might play a significant role in the bind-
ing of inorganic Hg in the skin of beluga. However, Hg in the skin of ceta-
ceans and pinnipeds is predominately in the form of MeHg (90%) rather
than inorganic Hg (Dehn et al.,, 2006; Wagemann et al., 1998).

To investigate the effects of inorganic Hg and MeHg on the immune
system of beluga whales, laboratory experiments were conducted on
peripheral blood collected from four captive beluga held at the Vancouver
Aquarium (Frouin et al., 2012). Lymphocyte suspensions were exposed
in vitro for 66 hours to 0.1-10 uM of Hg chloride (HgCl,) and
0.033-10 uM of MeHgCl. Relationships between Hg concentration and
the proliferation of concanavalin A (Con-A)-stimulated lymphocytes
were then evaluated. Cell viability was also measured. A significant
reduction in T-lymphocyte proliferation was observed at >1 uM HgCl,
and >0.33 uM MeHgCl (Fig. 10). Cell viability decreased only at the
highest concentrations of HgCl, (10 uM), and at > 1 uM of MeHgCl. Calcu-
lated doses for 50% inhibition of the proliferation response (IDs) indicate
that MeHgCl (IDsp = 0.24 uM) suppressed proliferation of beluga
lymphocytes at concentrations ten times lower than HgCl, (IDsg =
2.62 uM). These results agreed with previous observations that MeHg is
a more potent suppressor of splenocyte proliferation than inorganic Hg
(De Guise et al., 1996), and they suggest that Hg, particularly MeHg,
may be toxic to beluga whale immune cells at the range of concentrations
(1-100 pg g!) that has been observed in the liver of some free-ranging
populations of Arctic beluga whales (Lockhart et al., 2005b). However,
in vivo, most MeHg in blood is bound to proteins such as haemoglobin
within red blood cells and may not be as available to interact with lym-
phocytes compared to in vitro studies using isolated lymphocyte suspen-
sions. Additional research to investigate the possible in vivo immunotoxic
effects of MeHg exposure in Arctic marine mammals is warranted.

3. Mercury-selenium interactions

In some tissues of fish-eating and other predatory aquatic mammals
and birds, MeHg from the diet is demethylated and the resulting
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Fig. 11. Molar ratio of Hg:Se in beluga whale (n = 21) and polar bear (n = 24) cerebellum
(Krey et al., 2012; Ostertag et al,, 2013). The boxplots identify the 10th and 90th percentiles
(error bars), the 25th and 75th percentiles (box) and the median concentration (middle
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inorganic Hg combines with Se. This Hg-Se sequestration occurs espe-
cially in liver and to some extent in kidney and brain. At higher concen-
trations of liver Hg, it is common to find an increasingly large proportion
of total Hg present as inorganic Hg associated with Se, and less total Hg
present as MeHg (e.g., Henny et al., 2002; Scheuhammer et al., 1998).
A liver MeHg concentration of about 8-10 pg g”! dw has been sug-
gested as a threshold above which demethylation is activated in a
number of wildlife species (Dietz et al., 1990; Eagles-Smith et al.,
2009; Scheuhammer et al., 2008). At high total Hg concentrations
(>50 pg g'! dw), the molar ratio of Hg:Se in the liver often approaches
1:1 (Dietz et al., 2000; Koeman et al., 1975). Demethylation of MeHg and
subsequent sequestration of inorganic Hg with Se has frequently been
suggested as a probable detoxification mechanism for animals exposed
to relatively high levels of dietary MeHg (Bjorkman et al., 1995; Caurant
et al,, 1996; Palmisano et al.,, 1995). Further, Ralston et al. (2008) reported
that the molar ratio of Hg:Se was critical to the expression of MeHg
toxicity. Together, these studies indicate that sufficient molar excesses
of Se over Hg are important for protecting cells from the toxicity of Hg.

Mercury has an even greater binding affinity for Se than it does for
sulphur (Sugiura et al., 1978). Therefore, tissue accumulation of Hg
may potentially reduce the levels of bioavailable Se needed for seleno-
enzyme synthesis essential for protecting the brain and other tissues
from oxidative stress (Ralston et al., 2008). Certain seleno-enzymes
(e.g., thioredoxin reductase) are highly sensitive to inhibition by low
nanomolar concentrations of Hg and may be primary targets of MeHg
toxicity at the molecular level (Carvalho et al., 2008). From a toxicolog-
ical perspective, demethylation of MeHg in liver and the interaction be-
tween Hg and Se have important implications. Chief among these is a
realization that confident toxicological assessments cannot be made
based solely on total Hg concentrations commonly reported in tissues
such as liver or brain. Rather than estimating LOAEL or similar threshold
toxicity values based solely on total Hg concentrations in tissues that are
prone to exhibit variable proportions of MeHg and inorganic Hg, it is
preferable that concentrations of total Hg and MeHg as well as Hg:Se
molar ratios be considered together to more confidently judge whether
tissue Hg concentrations are sufficiently high to impair health or repro-
duction. It is also helpful to consider Hg concentrations in muscle tissue
where little if any demethylation takes place, in addition to Hg in liver
when making toxicological assessments.

For Arctic beluga whales, a strong association between inorganic Hg
and Se in both liver and brain has been reported (Lemes et al., 2011).
The relationship between Hg and Se co-accumulation has been investi-
gated in a specific brain area (the cerebellum) of Arctic beluga whales
and polar bears (Krey et al., 2015-in this issue): concentrations of Se
and total Hg were positively correlated for both beluga whales and
polar bears.

The molar ratio of Hg:Se was higher in beluga whale cerebellum
than in polar bear cerebellum (Fig. 11) (Krey et al., 2012; Krey et al.,
2015-in this issue; Ostertag et al., 2013). This finding may be of concern,
given that belugas have much greater brain Hg concentrations than
polar bears. As discussed by Krey et al. (2015-in this issue), a molar ex-
cess of Se over Hg was nevertheless observed in both polar bear and be-
luga brains, which indicates that beluga may, in general, be protected
from MeHg toxicity in spite of relatively high brain Hg concentrations
compared with polar bears. Because of the protective effect of Se on
Hg toxicity, a high tissue Hg concentration accompanied by a high
(>1) Hg:Se molar ratio is of greater concern than a high tissue Hg con-
centration accompanied by a low (<1) Hg:Se molar ratio. However,
more research is necessary to better understand the role of Se in
protecting the brains of Arctic predatory mammals and birds from Hg
toxicity. Further discussion of Hg-Se interactions in marine mammals
can be found in a review by O'Hara et al. (2011).

Data from the 1980s indicated that Hg concentrations in livers of
Canadian polar bears were highest in western Arctic areas bordering
the Beaufort Sea (mean approximately 100-200 pg g! dw). However,
the Hg:Se molar ratio for these animals was approximately 1:1
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Fig. 12. Molar ratio of Hg:Se concentrations (4 95% confidence intervals) in polar bear livers collected from Alaska, Canada, and Greenland in 2005 to 2008. Reprinted with permission from

Routti et al. (2011). © The Royal Society of Chemistry.

indicating sufficient Se to sequester all Hg (Braune et al., 1991). More re-
cently, Routti et al. (2011) reported that Hg concentrations were higher
in the livers of polar bears sampled from 2006-2008 from the Beaufort
Sea compared to animals sampled in the 1980s. However, Se concentra-
tions increased concurrently with Hg resulting in stable Hg:Se molar ra-
tios over time for this population. Geographic, and perhaps temporal,
differences in Hg concentrations in polar bears are largely explained
by differences in trophic position. There was a negative relationship
between total Hg and 6'3C values, which suggested that polar bears
feeding in areas with higher riverine inputs of terrestrial carbon
(e.g. Beaufort Sea) accumulate more Hg than bears feeding in areas
with lower freshwater input (Routti et al., 2012); 6'>C -unadjusted Hg
and Se concentrations showed greater geographical variation among
polar bear subpopulations compared with concentrations adjusted for
carbon and lipid sources. The Hg concentrations adjusted for carbon
and lipid sources in Bering—Chukchi Sea polar bear liver tissue remained
the lowest among subpopulations. Routti et al. (2011) reported that the
highest mean molar ratio of Hg:Se (1.6) in polar bear liver—indicating a
molar excess of Hg over Se—was observed in bears from the Gulf of
Boothia compared with several other northern Canadian locations
sampled from 2006 to 2008 (Fig. 12). Total Hg concentrations in Gulf
of Boothia bears, although lower than in Beaufort Sea bears, were not
trivial (>20 pg g™1), thus, there is currently a basis for concern that
some bears from Gulf of Boothia may be at risk for Hg-mediated toxicity.
In addition, polar bears from other locations where the Hg:Se molar ratio
exceeds unity, especially where concentrations of Hg in liver are high
(>80 ug g”! dw), should be further assessed for possible Hg toxicity.

4. Summary

Although recent advances have been made, current information is
insufficient to judge with confidence whether Hg exposure is having
significant impacts on the health of any fish or wildlife species in the
Canadian Arctic. Studies on MeHg accumulation and toxicity in temper-
ate species, including information gleaned from controlled feeding
studies, offer useful information that can be applied, with caution, to
an assessment of Hg concentrations in tissues of Arctic species. Never-
theless, there is an explicit need for Hg effects information for Arctic
species themselves. Therefore, bioeffects studies should comprise a
major focus of future Hg research in the Canadian Arctic. These studies
should include a variety of approaches (laboratory and field) to investi-
gate potential toxicological effects (e.g., neurotoxicity, immunotoxicity)
on individuals and link this information to potential consequences at

the population level. Current Hg concentrations examined in this review
for biota from the Canadian Arctic suggest that further toxicological in-
vestigations are warranted for some species of predatory freshwater
fish, Greenland shark, several species of seabirds, harbour seal, beluga
and polar bear. More research is also needed to better understand the
role of Se in protecting Arctic predatory mammals and birds against
the toxicological effects of Hg.

Acknowledgements

The authors wish to thank the Northern Contaminants Program
(NCP) of Aboriginal Affairs and Northern Development Canada, in par-
ticular Russel Shearer, Scott Tomlinson and Jason Stow, for their funding
support and assistance in the preparation of the assessment report from
which this review is drawn, and Rami Yassine for helping with the
graphics. The authors also gratefully acknowledge the Aboriginal organi-
zations in the Yukon, Northwest Territories, Nunavut, Nunavik, and
Nunatsiavut for their support of the NCP and their active participation
in many of the studies.

References

Aschner M, Aschner JL. Mercury neurotoxicity: Mechanisms of blood-brain barrier
transport. Neurosci Biobehav Rev 1990;14:169-76.

Aulerich R], Ringer RK, Iwamoto S. Effects of dietary mercury on mink. Arch Environ
Contam Toxicol 1974;2:43-51.

Basu N, Klenavic K, Gamberg M, O'Brien M, Evans D, Scheuhammer AM, et al. Effects of
mercury on neurochemical receptor-binding characteristics in wild mink. Environ
Toxicol Chem 2005a;24:1444-50.

Basu N, Scheuhammer A, Grochowina N, Klenavic K, Evans D, O'Brien M, et al. Effects of
mercury on neurochemical receptors in wild river otters (Lontra canadensis). Environ
Sci Technol 2005b;39:3585-91.

Basu N, Stamler C, Loua K, Chan H. An interspecies comparison of mercury inhibition on
muscarinic acetylcholine receptor binding in the cerebral cortex and cerebellum.
Toxicol Appl Pharmacol 2005c;205:71-6.

Basu N, Scheuhammer A, Rouvinen-Watt K, Grochowina N, Klenavic K, Evans R, et al.
Methylmercury impairs components of the cholinergic system in captive mink
(Mustela vison). Toxicol Sci 2006;91:202-9.

Basu N, Scheuhammer A, Rouvinen-Watt K, Grochowina N, Evans R, O'Brien M, et al.
Decreased N-methyl-D-aspartic acid (NMDA) receptor levels are associated with
mercury exposure in wild and captive mink. Neurotoxicology 2007a;28:587-93.

Basu N, Scheuhammer AM, Evans RD, O'Brien M, Chan LHM. Cholinesterase and mono-
amine oxidase activity in relation to mercury levels in the cerebral cortex of wild
river otters. Hum Exp Toxicol 2007b;26:213-20.

Basu N, Scheuhammer AM, Sonne C, Letcher R], Born EW, Dietz R. Is dietary mercury of
neurotoxicological concern to wild polar bears (Ursus maritimus)? Environ Toxicol
Chem 2009;28:133-40.

Basu N, Scheuhammer A, Rouvinen-Watt K, Evans R, Trudeau V, Chan L. In vitro and whole
animal evidence that methylmercury disrupts GABAergic systems in discrete brain
regions in captive mink. Comp Biochem Physiol C 2010;151:379-85.


http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0005
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0005
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0010
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0010
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0015
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0015
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0015
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0020
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0020
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0020
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0025
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0025
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0025
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0030
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0030
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0035
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0035
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0040
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0040
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0040
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0045
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0045
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0045
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0050
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0050
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0050

102 A. Scheuhammer et al. / Science of the Total Environment 509-510 (2015) 91-103

Bjorkman L, Mottet K, Nylander M, Vahter M, Lind B, Friberg L. Selenium concentrations in
brain after exposure to methylmercury: Relations between the inorganic mercury
fraction and selenium. Arch Toxicol 1995;69:228-34.

Brasso RL, Cristol DA. Effects of mercury exposure on the reproductive success of tree
swallows (Tachycineta bicolor). Ecotoxicology 2008;17:133-41.

Braune BM, Norstrom R], Wong MP, Collins BT, Lee J. Geographical distribution of metals
in livers of polar bears from the Northwest Territories, Canada. Sci Total Environ
1991;100:283-99.

Braune BM, Scheuhammer AM, Crump D, Jones S, Porter E, Bond D. Toxicity of methyl-
mercury injected into eggs of thick billed murres and arctic terns. Ecotoxicology
2012;21:2143-52.

Braune BM, Chetelat ], Amyot M, Brown T, Claydon M, Evans M, et al. Mercury in the
marine environment of the Canadian Arctic: Review of recent findings. Sci Total
Environ 2015;509-510:67-90. [in this issue].

Burger ], Gochfeld M. Effects of chemicals and pollution on seabirds. In: Schreiber EA,
Burger ], editors. Biology of Marine Birds. CRC Press; 2002. p. 485-525.

Burger J, Gochfeld M, Jeitner C, Burke S, Volz CD, Snigaroff R, et al. Mercury and other
metals in eggs and feathers of glaucous-winged gulls (Larus glaucescens) in the
Aleutians. Environ Monit Assess 2009;152:179-94.

Burgess NM, Meyer MW. Methylmercury exposure associated with reduced productivity
in common loons. Ecotoxicology 2008;17:83-91.

Carvalho CML, Chew EH, Hashemy SI, Lu ], Holmgren A. Inhibition of the human
thioredoxin system: A molecular mechanism of mercury toxicity. ] Biol Chem 2008;
283:11913-23.

Caurant F, Navarro M, Amiard JC. Mercury in pilot whales: Possible limits to the detoxifi-
cation process. Sci Total Environ 1996;186:95-104.

Charbonneau S, Munro I, Nera E, Armstrong F, Willes R, Bryce F, et al. Chronic toxicity of
methylmercury in the adult cat interim report. Toxicology 1976;5:337-49.

COSEWIC. COSEWIC assessment and update status report on the beluga whale
Delphinapterus leucas in Canada; 2004 [Ottawa, pp. ix + 70].

COSEWIC. Canadian Wildlife Species at Risk; 2010.

Cristol DA, Brasso RL, Condon AM, Fovargue RE, Friedman SL, Hallinger KK, et al. The
movement of aquatic mercury through terrestrial food webs. Science 2008;
320:335.

De Guise S, Bernier ], Martineau D, Béland P, Fournier M. Effects of in vitro exposure of
beluga whale splenocytes and thymocytes to heavy metals. Environ Toxicol Chem
1996;15:1357-64.

Dehn L-A, Follmann EH, Thomas DL, Sheffield GG, Rosa C, Duffy LK, et al. Trophic relation-
ships in an Arctic food web and implications for trace metal transfer. Sci Total Environ
2006;362:103-23.

Depew DC, Burgess NM, Anderson MR, Bhavsar SP, Baker R, Bodaly RA, et al. An overview
of mercury concentrations in freshwater fish species: a national fish mercury dataset
for Canada. Can ] Fish Aquat Sci 2013;70:436-51.

Dietz R, Nielsen CO, Hansen MM, Hansen CT. Organic mercury in Greenland birds and
mammals. Sci Total Environ 1990;95:41-51.

Dietz R, Riget F, Born EW. An assessment of selenium to mercury in Greenland marine
animals. Sci Total Environ 2000;245:15-24.

Dietz R, Sonne C, Basu N, Braune B, O'Hara T, Letcher R], et al. What are the toxicological
effects of mercury in Arctic biota? Sci Total Environ 2013;443:775-90.

Dillon T, Beckvar N, Kern J. Residue-based mercury dose-response in fish: An analysis
using lethality-equivalent test endpoints. Environ Toxicol Chem 2010;29:2559-65.

Drevnick P. Investigation of mercury toxicity in landlocked char in High Arctic lakes.
Synopsis of Research Conducted under the 2012-2013 Northern Contaminants Pro-
gram. Ottawa: Aboriginal Affairs and Northern Development Canada; 2013. p. 305-15.

Eagles-Smith CA, Ackerman JT, Julie YEE, Adelsbach TL. Mercury demethylation in water-
bird livers: Dose-response thresholds and differences among species. Environ Toxicol
Chem 2009;28:568-77.

Evers DC, Taylor KM, Major A, Taylor RJ, Poppenga RH, Scheuhammer AM. Common loon
eggs as indicators of methylmercury availability in North America. Ecotoxicology
2003;12:69-81.

Evers DC, Burgess NM, Champoux L, Hoskins B, Major A, Goodale WM, et al. Patterns and
interpretation of mercury exposure in freshwater avian communities in northeastern
North America. Ecotoxicology 2005;14:193-221.

Evers DC, Savoy LJ, Desorbo CR, Yates DE, Hanson W, Taylor KM, et al. Adverse effects
from environmental mercury loads on breeding common loons. Ecotoxicology
2008;17:69-81.

Frouin H, Loseto LL, Stern GA, Haulena M, Ross PS. Mercury toxicity in beluga whale
lymphocytes: Limited effects of selenium protection. Aquat Toxicol 2012;109:
185-93.

Gaden A, Stern GA. Temporal trends in beluga, narwhal and walrus mercury levels: links
to climate change. In: Ferguson SH, Loseto LL, Mallory ML, editors. A Little Less Arctic:
Top Predators in the World’s Largest Northern Inland Sea. Hudson Bay: Springer;
2010. p. 197-216.

Gamberg M, Boila G, Stern G, Roach P. Cadmium, mercury and selenium concentrations in
mink (Mustela vison) from Yukon, Canada. Sci Total Environ 2005;351-352:523-9.

George GN, MacDonald TC, Korbas M, Singh SP, Myers GJ, Watson GE, et al. The chemical
forms of mercury and selenium in whale skeletal muscle. Metallomics 2011;3:
1232-7.

Haines K, Evans R, O'Brien M, Evans H. Accumulation of mercury and selenium in the
brain of river otters (Lontra canadensis) and wild mink (Mustela vison) from Nova
Scotia, Canada. Sci Total Environ 2010;408:537-42.

Hatch JJ. Arctic Tern (Sterna paradisaea). In: Poole A, editor. Birds of North America Online.
Ithaca: Cornell Lab of Ornithology; 2002.

Heinz GH. Mercury poisoning in wildlife. In: Fairbrother A, Locke LN, Hoff GL, editors.
Noninfectious Diseases of Wildlife. 2nd ed. Ames, IA: lowa State University Press;
1996. p. 118-27.

Heinz GH, Hoffman DJ, Kondrad SL, Erwin CA. Factors affecting the toxicity of methylmercury
injected into eggs. Arch Environ Contam Toxicol 2006;50:264-79.

Heinz GH, Hoffman DJ, Klimstra JD, Stebbins KR, Kondrad SL, Erwin CA. Species differ-
ences in the sensitivity of avian embryos to methylmercury. Arch Environ Contam
Toxicol 2009;56:129-38.

Henny (], Hill EF, Hoffman DJ, Spalding MG, Grove RA. Nineteenth century mercury: Haz-
ard to wading birds and cormorants of the Carson River, Nevada. Ecotoxicology 2002;
11:213-31.

Hoffman DJ. Role of selenium toxicity and oxidative stress in aquatic birds. Aquat Toxicol
2002;57:11-26.

Hoffman DJ, Ohlendorf HM, Marn CM, Pendleton GW. Association of mercury and seleni-
um with altered glutathione metabolism and oxidative stress in diving ducks from
the San Francisco Bay Region, USA. Environ Toxicol Chem 1998;17:167-72.

Hoffman DJ, Marn CM, Marois KC, Sproul E, Dunne M, Skorupa JP. Sublethal effects in
avocet and stilt hatchlings from selenium-contaminated sites. Environ Toxicol
Chem 2002;21:561-6.

Hoffman D], Eagles-Smith CA, Ackerman JT, Adelsbach TL, Stebbins KR. Oxidative stress
response of Forster’s terns (Sterna forsteri) and Caspian terns (Hydroprogne caspia)
to mercury and selenium bioaccumulation in liver, kidney, and brain. Environ Toxicol
Chem 2011;30:920-9.

Ikemoto T, Kunito T, Tanaka H, Baba N, Miyazaki N, Tanabe S. Detoxification mechanism
of heavy metals in marine mammals and seabirds: Interaction of selenium with
mercury, silver, copper, zinc, and cadmium in liver. Arch Environ Contam Toxicol
2004;47:402-13.

Kenow KP, Hoffman DJ, Hines RK, Meyer MW, Bickham JW, Matson CW, et al. Effects of
methylmercury exposure on glutathione metabolism, oxidative stress, and chromo-
somal damage in captive-reared common loon (Gavia immer) chicks. Environ Pollut
2008;156:732-8.

Kim EY, Murakami T, Saeki K, Tatsukawa R. Mercury levels and its chemical form in
tissues and organs of seabirds. Arch Environ Contam Toxicol 1996;30:259-66.

Koeman JH, Van De Ven WSM, De Goeij JJ]M. Mercury and selenium in marine mammals
and birds. Sci Total Environ 1975;3:279-87.

Krey A, Kwan M, Chan HM. Mercury speciation in brain tissue of polar bears (Ursus
maritimus) from the Canadian Arctic. Environ Res 2012;114:24-30.

Krey A, Ostertag SK, Chan HM. Assessment of neurotoxic effects of mercury in beluga
whales (Delphinapterus leucas), ringed seals (Phoca hispida) and polar bears
(Ursus maritimus) from the Canadian Arctic. Sci Total Environ 2015;509-510:
237-47. [in this issue].

Kucera E. Mink and otter as indicators of mercury in Manitoba waters. Can J Zool 1983;61:
2250-6.

Lemes M, Wang F, Stern GA, Ostertag SK, Chan HM. Methylmercury and selenium speci-
ation in different tissues of beluga whales (Delphinapterus leucas) from the western
Canadian Arctic. Environ Toxicol Chem 2011;30:2732-8.

Letcher RK, Bustnes JO, Dietz R, Jenssen BM, Jorgensen EH, Sonne C, et al. Exposure and
effects assessment of persistent organohalogen contaminants in arctic wildlife and
fish. Sci Total Environ 2010;408:2995-3043.

Lockhart WL, Stern GA, Low G, Hendzel M, Boila G, Roach P, et al. A history of total
mercury in edible muscle of fish from lakes in northern Canada. Sci Total Environ
2005a;351:427-63.

Lockhart WL, Stern GA, Wagemann R, Hunt RV, Metner DA, DeLaronde ], et al. Concentra-
tions of mercury in tissues of beluga whales (Delphinapterus leucas) from several
communities in the Canadian Arctic from 1981 to 2002. Sci Total Environ 2005b;
351-352:391-412.

Loseto LL, Stern GA, Deibel D, Connelly TL, Prokopowicz A, Lean DRS, et al. Linking mercury
exposure to habitat and feeding behaviour in Beaufort Sea beluga whales. ] Mar Syst
2008;74:1012-24.

Mallory ML, Gilchrist HG, Mallory CL. Ross’s gull (Rhodostethia rosea) breeding in Penny
strait, Nunavut, Canada. Arctic 2006;59:319-21.

Manzo L, Artigas F, Matinez E, Mutti A, Bergamaschi E, Nicotera P, et al. Biochemical
markers of neurotoxicity. A review of mechanistic studies and applications. Hum
Exp Toxicol 1996;15:520-35.

McMeans BC, Arts MT, Fisk AT. Impacts of food web structure and feeding behavior on
mercury exposure in Greenland Sharks (Somniosus microcephalus). Sci Total Environ
2015;509-510:216-25. [in this issue].

Munro [, Nera E, Charbonneau S, Junkins B, Zawidzka Z. Chronic toxicity of methylmercury
in the rat. ] Environ Pathol Toxicol 1980;3:437-47.

Norstrom RJ, Schweinsberg RE, Collins BT. Heavy metals and essential elements in livers
of the polar bear (Ursus maritimus) in the Canadian Arctic. Sci Total Environ 1986;
48:195-212.

O’Connor DJ, Nielsen SW. Environmental survey of methylmercury levels in wild
mink (Mustela vison) and otter (Lutra canadensis) from the northeastern
United States and experimental pathology of methylmercurialism in the otter.
In: Chapman JA, Pursley D, editors. Worldwide Furbearers Conference Proceed-
ings; 1980. p. 1728-45.

O'Hara R, Kunito T, Woshner V, Tanabe S. Select elements and potential adverse effects
in cetaceans and pinnipeds. In: Beyer WN, Meador JP, editors. Environmental Con-
taminants in Biota: Interpreting Tissue Concentrations. Boca Raton: CRC Press;
2011. p. 377-406.

Ostertag SK, Stern GA, Wang F, Lemes M, Chan HM. Mercury distribution and speciation
in different brain regions of beluga whales (Delphinapterus leucas). Sci Total Environ
2013;456/457:278-86.

Palmisano F, Cardellicchio N, Zambonin PG. Speciation of mercury in dolphin liver: A two-
stage mechanism for the demethylation accumulation process and role of selenium.
Mar Environ Res 1995;40:109-21.

Ralston NVC, Ralston CR, Blackwell III JL, Raymond LJ. Dietary and tissue selenium in
relation to methylmercury toxicity. Neurotoxicology 2008;29:802-11.


http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0055
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0055
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0055
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0060
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0060
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0065
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0065
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0065
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0070
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0070
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0070
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0445
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0445
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0445
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0450
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0450
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0075
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0075
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0075
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0080
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0080
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0085
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0085
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0085
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0090
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0090
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0095
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0095
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0455
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0455
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0460
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0100
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0100
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0100
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0105
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0105
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0105
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0110
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0110
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0110
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0115
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0115
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0115
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0120
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0120
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0125
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0125
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0130
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0130
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0135
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0135
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0465
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0465
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0465
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0145
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0145
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0145
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0150
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0150
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0150
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0155
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0155
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0155
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0160
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0160
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0160
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0165
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0165
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0165
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0170
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0170
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0170
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0170
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0175
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0175
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0180
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0180
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0180
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0185
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0185
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0185
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0190
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0190
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0195
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0195
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0195
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0200
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0200
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0205
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0205
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0205
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0210
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0210
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0210
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0220
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0220
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0215
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0215
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0215
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0225
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0225
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0225
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0230
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0230
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0230
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0230
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0235
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0235
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0235
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0235
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0240
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0240
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0240
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0240
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0245
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0245
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0250
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0250
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0255
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0255
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0470
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0470
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0470
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0470
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0260
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0260
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0265
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0265
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0265
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0270
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0270
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0270
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0275
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0275
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0275
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0280
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0280
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0280
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0280
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0285
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0285
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0285
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0290
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0290
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0295
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0295
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0295
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0475
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0475
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0475
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0300
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0300
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0305
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0305
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0305
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0480
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0480
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0480
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0480
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0480
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0310
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0310
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0310
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0310
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0485
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0485
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0485
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0315
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0315
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0315
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0320
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0320

A. Scheuhammer et al. / Science of the Total Environment 509-510 (2015) 91-103 103

Routti H, Letcher R], Born EW, Branigan M, Dietz R, Evans TJ, et al. Spatial and temporal
trends of selected trace elements in liver tissue from polar bears (Ursus maritimus)
from Alaska, Canada and Greenland. ] Environ Monit 2011;13:2260-7.

Routti H, Letcher R], Born EW, Branigan M, Dietz R, Evans TJ, et al. Influence of carbon and
lipid sources on variation of mercury and other trace elements in polar bears (Ursus
maritimus). Environ Toxicol Chem 2012;31:2739-47.

Rush SA, Borga K, Dietz R, Born EW, Sonne C, Evans T, et al. Geographic distribution of
selected elements in the livers of polar bears from Greenland, Canada and the
United States. Environ Pollut 2008;153:618-26.

Sandheinrich MB, Wiener JG. Methylmercury in fish: Recent advances in assessing toxicity
of environmentally relevant exposures. In: Beyer WN, Meador JP, editors. Environ-
mental Contaminants in Biota: Interpreting Tissue Concentrations. Boca Raton: CRC
Press; 2011. p. 169-90.

Scheuhammer AM, Wong AHK, Bond D. Mercury and selenium accumulation in common
loons (Gavia immer) and common mergansers (Mergus merganser) from eastern
Canada. Environ Toxicol Chem 1998;17:197-201.

Scheuhammer AM, Meyer MW, Sandheinrich MB, Murray MW. Effects of environ-
mental methylmercury on the health of wild birds, mammals, and fish. Ambio
2007;36:12-8.

Scheuhammer AM, Basu N, Burgess NM, Elliott JE, Campbell GD, Wayland M, et al.
Relationships among mercury, selenium, and neurochemical parameters in common
loons (Gavia immer) and bald eagles (Haliaeetus leucocephalus). Ecotoxicology 2008;
17:93-101.

Scheuhammer AM, Basu N, Evers DC, Heinz GH, Sandheinrich M, Bank MS. Toxicology of
mercury in fish and wildlife: recent advances. In: Bank MS, editor. Mercury in the
Environment: Pattern and Process. Berkley: University of California Press; 2012.

Scheuhammer A, Braune B, Chan HM, Frouin H, Krey A, Letcher R, et al. Biologicial effects in
fish and wildlife. Canadian Arctic Contaminants Assessment Report IIl: Mercury in
Canada's North. Northern Contaminants Program (NCP), Aboriginal Affairs and
Northern Development Canada; 2013. p. 213-35.

Shore RF, Pereira G, Walker LA, Thompson DR. Mercury in nonmarine birds and mam-
mals. In: Beyer WN, Meador J, editors. Environmental Contaminants in Biota:
Interpreting Tissue Concentrations. Second ed. Boca Raton, FL: CRC Press; 2011.
p. 603-18.

Smith TG, Armstrong FAJ. Mercury in seals, terrestrial carnivores, and principal food items
of the Inuit from Holman, N.W.T. ] Fish Res Board Can 1975;32:795-801.

Sonne C. Health effects from long-range transported contaminants in Arctic top preda-
tors: An integrated review based on studies of polar bears and relevant model
species. Environ Int 2010;36:461-91.

Sugiura Y, Tamai Y, Tanaka H. Selenium protection against mercury toxicity: high binding
affinity of methylmercury by selenium-containing ligands in comparison with
sulphur-containing ligands. Bioinorg Chem 1978;9:167-80.

Suzuki T. Dose-effect and dose-response relationships of mercury and its derivatives. In:
Nriagu JO, editor. The Biogeochemistry of Mercury in the Environment. New York:
Elsevier/North-Holland Press; 1979. p. 399-431.

Tartu S, Goutte A, Bustamante P, Angelier F, Moe B, Clement-Chastel C, et al. To breed or
not to breed: endocrine response to mercury contamination by an Arctic seabird. Biol
Lett 2013;9:2pp.

Thompson DR. Mercury in birds and terrestrial mammals. In: Beyer WN, Heinz GH,
Redmon-Norwood AW, editors. Environmental Contaminants in Wildlife:
Interpreting Tissue Concentrations. Boca Raton, FL: Lewis Publishers; 1996. p.
341-56.

Thompson DR, Furness RW. The chemical form of mercury stored in South Atlantic
seabirds. Environ Pollut 1989;60:305-17.

Wagemann R, Muir DCG. Concentrations of heavy metals and organochlorines in marine
mammals of northern waters: Overview and evaluation. Canadian Technical Report
of Fisheries and Aquatic Sciences 1279. Winnipeg: Department of Fisheries and
Oceans; 1984. p. 97.

Wagemann R, Trebacz E, Boila G, Lockhart WL. Methylmercury and total mercury in
tissues of arctic marine mammals. Sci Total Environ 1998;218:19-31.

Wagemann R, Trebacz E, Boila G, Lockhart WL. Mercury species in the liver of ringed seals.
Sci Total Environ 2000;261:21-32.

Wayland M, Hoffman D], Mallory ML, Alisauskas RT, Stebbins KR. Evidence of weak
contaminant-related oxidative stress in glaucous gulls (Larus hyperboreus) from the
Canadian Arctic. ] Toxicol Environ Health A 2010;73:1058-73.

Wiener ]G, Krabbenhoft DP, Heinz GH, Scheuhammer AM. Ecotoxicology of mercury. In:
Hoffman DJ, Rattner BA, Burton GA, Cairns ], editors. Handbook of Ecotoxicology.
Boca Raton: Lewis Publishers; 2003. p. 409-63.

Wobeser G, Nielsen N, Schiefer B. Mercury and mink II: experimental methylmercury
intoxication. Can ] Comp Med 1976;40:34-45.

Wolfe M, Schwarzbach S, Sulaiman R. Effects of mercury on wildlife: a comprehensive
review. Environ Toxicol Chem 1998;17:146-60.

Wren CD, Stokes PM, Fischer KL. Mercury levels in Ontario mink and otter relative to food
levels and environmental acidification. Can J Zool 1986;64:2854-9.

Young BG, Loseto LL, Ferguson SH. Diet differences among age classes of Arctic seals:
evidence from stable isotope and mercury biomarkers. Polar Biol 2010;33:153-62.


http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0325
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0325
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0325
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0330
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0330
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0330
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0335
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0335
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0335
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0340
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0340
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0340
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0340
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0345
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0345
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0345
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0350
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0350
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0350
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0355
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0355
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0355
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0360
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0360
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0360
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0490
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0490
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0490
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0490
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0365
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0365
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0365
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0365
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0370
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0370
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0375
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0375
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0375
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0380
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0380
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0380
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0385
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0385
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0385
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0390
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0390
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0390
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0400
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0400
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0400
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0400
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0395
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0395
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0495
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0495
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0495
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0495
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0405
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0405
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0410
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0410
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0415
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0415
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0415
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0420
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0420
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0420
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0425
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0425
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0430
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0430
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0435
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0435
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0440
http://refhub.elsevier.com/S0048-9697(14)00834-1/rf0440

	Recent progress on our understanding of the biological effects of mercury in fish and wildlife in the Canadian Arctic
	1. Introduction
	2. Mercury effects studies
	2.1. Freshwater and marine fish
	2.2. Marine birds
	2.2.1. Reproduction
	2.2.2. Neurochemical receptors
	2.2.3. Oxidative stress
	2.2.4. Comparisons with Hg toxicity thresholds

	2.3. Marine mammals
	2.3.1. Neurotoxicity
	2.3.2. Methylmercury toxicity in other organs
	2.3.3. Toxicogenomics and immunotoxicity in beluga


	3. Mercury–selenium interactions
	4. Summary
	Acknowledgements
	References


