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A B S T R A C T

Mercury (Hg) biotransformation and biomagnification are processes that affect Hg burdens in wildlife. To in-
terpret variation in Hg in seabird eggs, used as Hg bioindicators in the Arctic, it is important to understand how
Hg biomagnifies through the food web. We evaluated the use of δ34S, along with other commonly used stable
isotope signatures (δ15N and δ13C), for the determination of possible sources of Hg in an Arctic food web (56
individuals of 15 species of fish and invertebrates). Hg correlated with δ34S (R2= 0.72). When the combined
effects of δ34S and δ15N were considered in mixed-effects models, both δ34S and δ15N together described Hg
patterns in Arctic food webs better than either isotope alone. Our results demonstrate the usefulness of δ34S to
account for variation in Hg among marine animals and to study the possible underlying effects that MeHg
production may have on Hg pathways in Arctic ecosystems.

1. Introduction

Human activity directly and indirectly produces multiple sources of
pollutants that are affecting and modifying the environment (Persson
et al., 2013; Rockström et al., 2009). For example, mercury (Hg) de-
position has increased three-fold since preindustrial times (Driscoll
et al., 2013; Selin, 2009). Currently, 1900–4000 t are released into the
atmosphere every year from human primary sources (Driscoll et al.,
2013; Selin, 2009). Hg poses a special threat to polar regions (Fort
et al., 2014; Kirk et al., 2012). Hg speciation between its volatile and
deposited forms can lead to processes such as global distillation and
mercury depletion events during which Hg is transferred from equa-
torial or temperate regions into polar environments (Ariya et al., 2004;
Braune et al., 2015; O'Driscoll et al., 2005; Rigét et al., 2011; Skov
et al., 2004). Between 208 and 305 tons of Hg are deposited each year
in the Arctic due to these types of processes despite local emissions in
the region being low (Ariya et al., 2004; Skov et al., 2004). Mercury is
most toxic in its organic form, methylmercury (MeHg), which is also
easily assimilated and bioaccumulated by organisms (Dietz et al., 2013;
Liu et al., 2008).

Animals, particularly seabirds, can be used to monitor contaminants
in ecosystems because they can integrate signals over large foraging
areas and return to a central site (colony) where they can be sampled
relatively easily (Elliott and Elliott, 2013, 2016; Furness and

Camphuysen, 1997). Dietary analyses can be used to determine whe-
ther increasing Hg concentrations in animal tissue are due to an in-
crease of available MeHg in the ocean or due to changes in the animal's
feeding habits (Elliott and Elliott, 2016; Kidd et al., 1995; McKinney
et al., 2010, 2015). Stable isotope ratios have been widely used as in-
dicators of trophic level and feeding location when quantifying Hg in
tissues (Atwell et al., 1998; Nisbet et al., 2002; Overman and Parrish,
2001; Vo et al., 2011).

The δ15N ratio (15N to 14N, expressed in relation to an international
isotopic reference) is an index of the relative trophic position of an
organism as 15N content increases with trophic level (Carr et al., 2017;
Hobson et al., 1994). As differences in dietary trophic level can explain
significant proportions of Hg variation, especially when temporal
trends are being studied, correcting for the δ15N ratio can help to
control for this confounding effect (Fig. 1: ‘trophic position hypothesis’;
Bentzen et al., 2016; Kidd et al., 1995; McKinney et al., 2012; Vo et al.,
2011). Another commonly used isotope signature is the ratio of 13C to
14C, δ13C (as expressed relative to an international isotopic reference),
which can describe changes in food sources associated with habitat to a
greater degree than trophic level. For example, benthic feeding or-
ganisms are enriched in 13C compared to pelagic feeders (Carr et al.,
2017; Hobson et al., 1994; Nisbet et al., 2002) and terrigenous organic
carbon is associated with lower δ13C values compared to marine carbon
(Foster et al., 2012; Schell et al., 1998). Differential feeding from
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diverse habitats may cause variation in the Hg concentrations uptaken
(Fig. 1: ‘habitat variation hypothesis’). Specifically, if Hg levels are
higher in one habitat (i.e. benthos) than another habitat (i.e. pelagic
waters), due to long range transport or other mechanisms, then an as-
sociation between Hg and isotopic values might be expected. For ex-
ample, fish that were originally river residents had higher Hg than other
fish caught in the same rivers and that migrated from a lake; δ13C and
δ34S (see below) could distinguish between the river residents and the
lake migrants (Carr et al., 2017). These commonly used ratios can help
to elucidate observed differences in Hg concentrations that are the re-
sult of the animal's feeding habits but fail to account for an important
aspect of the mercury cycle that is independent of top predator's life
history, the production of MeHg.

Sulfate-reducing bacteria (and iron-reducing or methanogenic bac-
teria, to a lesser extent) are the main drivers of the conversion of in-
organic Hg into MeHg in many environments (Driscoll et al., 2013;
Morel et al., 1998; Selin, 2009). These bacteria, which inhabit anoxic
aquatic environments, use sulfate as the final electron acceptor for re-
spiration and can methylate Hg during the process, presumably by the
involvement of the acetyl-coenzyme A pathway (Parks et al., 2013;
Pollman and Axelrad, 2014; Selin, 2009). The central role played by the
sulfate-reducing bacteria suggests that the production of MeHg is not
limited by the initial concentration of inorganic Hg but rather by sulfate
concentrations and, thus, sulfate reduction rates. The addition of an
inhibitor of sulfate reduction to anoxic sediments led to an almost
complete reduction of MeHg production (Compeau and Bartha, 1985).
Similarly, no methylation occurred in cultures of sulfate-reducing
bacteria where no sulfate was added (King et al., 2000). Increased
concentration of available sulfate in sediments and lakes led to an in-
crease in MeHg production (Gilmour et al., 1992). As these bacteria
respire, sulfur in the water column is converted from sulfate to sulfide

causing the remaining sulfate to become enriched in the heavier sulfur
isotope, 34S (Krouse and Mayer, 2000; Peterson and Fry, 1987). This
makes the 34S to 32S ratio as expressed relative to an international
isotopic reference, δ34S, useful for the detection of sulfate reduction
and, thus, mercury methylation via sulfate-reducing bacteria, so that
variation in environmental MeHg levels can be accounted for (Fig. 1:
‘sulfate availability hypothesis’; Elliott and Elliott, 2016). Conversely, if
sulfate-reducing bacteria are limited by factors other than sulfate, we
may expect a negative relationship between δ34S and Hg (Carr et al.,
2017; Fry and Chumchal, 2012). High levels of sulfide associated with
low δ34S values could be indicative of the active presence of sulfate-
reducing bacteria (which, if limited by factors other than sulfate
abundance, would convert most sulfate into sulfide) leading to higher
methylation rates and thus, higher Hg bioaccumulation potential
(Fig. 1: ‘sulfide abundance hypothesis’).

Thick-billed murres (Uria lomvia) are a key monitoring species for
mercury in the Canadian Arctic (Braune, 2007; Braune et al., 2016). A
recent study showed that variation in Hg among both thick-billed
murres and their prey was associated with variation in δ15N (Braune
et al., 2014a, 2014b). A dietary shift towards prey lower in δ15N
masked an increase in Hg across time, and accounting for variation in
δ15N improved assessment of Hg trends over time (Braune et al.,
2014b). Our study aims to compare the usefulness of δ34S, along with
δ15N and δ13C, for the determination of Hg bioaccumulation sources in
Arctic food webs. To this end, we sampled individuals from 15 species
of fish and invertebrates that are common prey of thick-billed murres
breeding at Coats Island in northern Hudson Bay. We predicted that Hg
levels would be associated with both sulfate availability (δ34S) and
trophic position (δ15N).

Fig. 1. Hypotheses for relationship between Hg and isotopes tested within this paper: trophic position hypothesis, sulfate availability hypothesis, sulfide abundance
hypothesis, and habitat variation hypothesis.
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2. Materials and methods

2.1. Sample collection and preparation

Representative samples of small fish and invertebrates were col-
lected opportunistically from the breeding ledges of thick-billed murres
at Coats Island (62°98′N, 82°00′W) in northern Hudson Bay, Nunavut,
Canada (see Braune et al., 2014a for details). Fifty-six individuals from
15 species were collected between 2007 and 2009. The samples were a
subsample of those analyzed as part of Braune et al. (2014a), and Hg
and δ15N data used in this study were presented in that paper. Species
sampled included Arctic cod (Boreogadus saida), capelin (Mallotus vil-
losus), sand lance (Ammodytes spp.), Atlantic poacher (Leptagonus dec-
agonus), Arctic shanny (Stichaeus punctatus), daubed shanny (Leptoclinus
maculatus), banded gunnel (Pholis fasciata), fish doctor (Gymnelus vir-
idis), fourline snake blenny (Eumesogrammus praecisus), sculpin (Cot-
tidae), snailfish (Liparis sp.), sea butterfly (Clione limacina), squid (Go-
natus fabricii), gammarid (Gammaridae), euphausiids (Euphausiacea),
and jellyfish (Medusozoa). Fresh fish and invertebrates collected from
the ledges were identified and measured as described by Elliott and
Gaston (2008). Samples were washed, individually wrapped in foil,
placed in plastic bags and frozen at −20 °C in the field before being
shipped to the National Wildlife Research Centre (NWRC), Ottawa,
Ontario, where they were stored at −40 °C prior to chemical analysis.
Fish were analyzed either individually or as composite samples (pools)
comprised of 2–8 fish (see Braune et al., 2014a). Pooled samples were
created by taking equal aliquots from each fish. In some cases, only
sagittal sections were available after the other half of the fish was used
for fatty acid analyses, but it was assumed that the sagittal sections
were representative of the whole fish.

2.2. Mercury and stable isotope analysis

For Hg quantification, samples were homogenized, freeze-dried,
homogenized again, and weighed into nickel combustion boats. Total
Hg was analyzed using an Advanced Mercury Analyzer (AMA-254)
equipped with an ASS-254 autosampler for solid samples as described
elsewhere (EPA Method 7473; see Braune et al., 2014a for details).
Stable isotope analyses for δ34S, δ15N, and δ13C were performed on the
homogenate at the G. G. Hatch Stable Isotope Laboratory (Ottawa, ON;
δ15N, δ13C, and all δ34S) or University of Winnipeg Stable Isotope La-
boratory (Winnipeg, MB; only δ15N and δ13C), with no significant inter-
lab variability as reported by Braune et al. (2014b). Homogenates were
freeze-dried and powdered. Lipids were removed using a 2:1 chloro-
form: methanol soak and rinse. Stable nitrogen and carbon isotope as-
says were performed on 1mg subsamples of homogenized material
loaded into tin cups. Samples were analyzed using an isotope cube
elemental analyzer (Elementar, Germany) interfaced with a Delta Ad-
vantage continuous-flow isotope ratio mass spectrometer (Thermo,
Germany) coupled with a ConFlo III (Thermo, Germany). A glutamic
acid laboratory standard was included for every 10 unknown samples.
Quality control was maintained by running sample duplicates. All
measurements are reported in standard δ-notation in parts per thousand
(‰) relative to the AIR international standard. Replicate measurements
of internal laboratory standards [C-55 (glutamic acid)] indicated mea-
surement error of± 0.2‰, respectively. Stable sulfur isotope analyses
were performed on 10mg subsamples of the homogenized fish loaded
into tin capsules (lipids were not extracted from homogenates as lipid
extraction is known to alter δ34S and lipids should not contain sulfur;
Elliott et al., 2014). Samples were analyzed with an isotope cube ele-
mental analyzer (Elementar, Germany) interfaced with a Finnigan
DeltaPlus XP isotope ratio mass spectrometer (Thermo Germany) cou-
pled with a ConFlo IV (Thermo Germany). All measurements are re-
ported in parts per thousand (‰) relative to the VDCT international
standard. Calibrated internal standards were used to normalize the data
with a precision of± 0.4‰.

2.3. Statistical analyses

Statistical analyses were conducted in R 3.3.2 using linear models
and linear mixed-effect models with Hg concentrations (log-trans-
formed) as the dependent variable and isotope ratio values as the in-
dependent variables. Linear and mixed-effect models with single iso-
topes (only δ15N, δ34S, and δ13C) and groupings of two and all three
isotopes (δ15N+ δ34S; δ15N+ δ13C; δ34S+ δ13C; and
δ15N+ δ34S+ δ13C) were included and ranked using Akaike's
Information Criterion, adjusted for small sample sizes (AICc; Burnham
and Anderson, 2002). With the linear models, for species which more
than one individual was collected, we used a single average data point,
which was averaged across all individuals of a given species; data for
species with a single collected individual were also included in these
models. With the mixed-effect models, data were not pooled and species
was included as a random effect. We report P-values for all top models.
The top 6 AICc of the mixed-effect models with centralized predictors
were used to develop a conditional model average (Grueber et al.,
2011). Model averaging can rank and weigh these models to obtain
quantitative measures of relative support of each of the used model to a
general, averaged model (Grueber et al., 2011).

3. Results

All three isotopes correlated weakly with each other (Fig. 2). δ13C
and δ15N were positively correlated each other (t54= 4.77,
P < 0.00002). δ34S was negatively correlated with δ13C (t54=−3.21,
P < 0.003) and with δ15N (t54=−3.46, P < 0.002). Using an
average species value of the raw δ15N data (raw data available at:
Góngora et al., 2018), we observed that banded gunnels, poachers,
fourline snake blennies, and Arctic shannies occupied the highest
trophic position in the studied food web, and sea butterflies, gam-
marids, and jellyfish occupied the lowest. δ13C and δ34S (average value
per species) imply that the species more associated with pelagic feeding
habits were sea butterflies and jellyfish, and that the species with more
benthic feeding habits included euphausiids, fourline snake blennies,
daubed shannies, and poachers. However, the habitat assignation ob-
tained from the values for those two isotopes were not always in ac-
cordance with each other; δ13C characterized sand lance as pelagic
feeders while δ34S characterized them as benthopelagic feeders, for
example. All data are archived at Góngora et al. (2018) and included in
the Supplementary material.

For the data pooled by species (linear models), Hg variation was
best explained by δ34S (t15=−6.20, P < 0.00002) in accordance with
the AICc model selection (Table 1), as Hg decreased with increasing
δ34S (Fig. 3). AICc values and weights for the non-pooled data (mixed-
effect models) did not show strong statistically significant evidence for
the selection of a model (Table 1) but models including δ13C were
discarded as this regression coefficient was not statistically significant.
The averaged mixed-effect model showed that the δ15N and δ34S ratios
were both important in explaining Hg variation. Hg concentrations
increased as δ15N values increased (averaged mixed-effect model,
z=2.96, P|z| < 0.004) and decreased with increasing δ34S (averaged
mixed-effect model, z=2.40, P|z| < 0.02).

4. Discussion

The δ34S ratio consistently explained variation in Hg levels, both
across and within species. We observed a negative relationship between
the δ34S and Hg concentrations which is consistent with the sulfide
abundance hypothesis (Fig. 1). δ15N also explained variation in Hg le-
vels when all individual samples were included (mixed-effect models),
in support of the trophic position hypothesis. Thus, across an Arctic
food web from zooplankton to predatory fish, trophic position and
sulfide abundance (an index of the abundance of sulfate-reducing
bacteria and their activity) together predicted levels of Hg. We urge the
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inclusion of δ34S, alongside the commonly used δ15N, to predict levels
of Hg in Arctic ecosystems.

Significant relationships between Hg and δ34S or δ15N have also
been observed for birds, fish, and invertebrates from marine, estuarine,
and freshwater environments (Table 2). An explanation for the

consistent relationships with δ34S (8 out of 8 studies showing significant
relationships, Table 2) compared with δ15N (4 out of 8 studies showing
consistent significant relationships for all sites/samples/species in-
cluded; studies with variable results of positive and negative were ex-
cluded) is that previous studies of marine ecosystems were generally
focused on a species or multiple species that are at relatively the same
trophic level (Bentzen et al., 2016; Elliott and Elliott, 2016; Ramos
et al., 2013). Thus, differential Hg accumulation is more likely caused
by other factors (e.g. sulfate availability and sulfide abundance) when
trophic levels are similar. Elliott and Elliott (2016) present an example
of how δ34S can explain patterns in Hg accumulation when δ15N cannot;
seabirds feeding further offshore, with the highest levels of δ34S, had
the highest Hg concentrations compared to other seabirds feeding
nearshore. Thus, species such as Leach's storm-petrel (Oceanodroma
leucorhoa) had high levels of Hg despite having low trophic position
(Table 2). In that study, both Hg and δ34S declined over time in cor-
morants despite no variation in δ15N. If one only accounted for δ15N
and not δ34S, researchers would have concluded that Hg was decreasing
when, in actuality, it was only diet that had changed. Another example
of the future potential δ34S as a complement of δ15N in the study of Hg
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Fig. 2. Relationships between a) δ13C and δ15N, b) δ13C and δ34S, and c) δ15N and δ34S for Arctic fish and invertebrates from Coats Island. Data from all (N= 56)
individual samples was included and was not pooled by species. See Fig. 3 for species legend.

Table 1
Statistical output for models of Hg variation either pooled or not pooled by
species.

df ΔAICc AICc weight

Linear model (pooled by species)
Null 2 18.604 9.09× 10−05

δ13C 3 12.952 0.00153395
δ15N 3 12.304 0.00212078
δ34S 3 0 0.99625437

Mixed-effect model (not pooled by species)
Null 3 7.4295 0.01774927
δ15N 4 2.4844 0.21036928
δ34S 4 5.6455 0.04330757
δ15N+ δ34S 5 0 0.72857389
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bioaccumulation is the unexpected result observed for halibut in the
western Aleutian region in Bentzen et al. (2016); this region had the
lowest δ15N while having the highest Hg levels in the study. It is pos-
sible that a methylation hotspot could have been detected in this region
if they would have also measured δ34S for the same individuals (see
footnote 2 in Table 2). Finally, in our own study, daubed shanny had
higher Hg levels than banded gunnel (as correctly predicted by δ34S)
despite being 1.5‰ lower in δ15N.

The negative correlation between δ34S and Hg observed in our study
is consistent with the sulfide abundance hypothesis (high sulfide
abundance evidencing high methylation and high Hg accumulation).
Where bacteria are limited by sulfate availability, one might expect a
positive relationship between bacteria and sulfate as areas with high
sulfate abundance can sustain high bacteria populations (Fig. 1).
However, where bacteria are limited by other factors (such as oxygen
concentrations, competition with other biota, sulfate recycling, tem-
perature, presence of compounds complexing with Hg, or MeHg pho-
todegradation; Marschall et al., 1993, Muyzer and Stams, 2008, Point
et al., 2011, Schaefer et al., 2011, O'Driscoll et al., 2011, Graham et al.,
2012, Antler et al., 2013, St. Pierre et al., 2014, Schartup et al., 2015),

one could expect that the abundance of sulfide might be an index of
sulfate-reducing bacteria (more bacteria, more sulfate reduction, more
sulfide), so that there is a negative relationship between bacteria,
mercury, and δ34S. Both possibilities could explain the results presented
in Table 2. As future studies continue to use δ34S, along with other
commonly used stable isotope ratios, such as δ15N, recurring patterns
will permit better understanding of δ34S and its association with Hg.
Increasing sampling efforts in the Arctic will help us to explain the role
sulfur stable isotopes play in Hg accumulation in the Arctic marine
ecosystems.

Previous studies used δ34S primarily as a spatial indicator of the
origin of food sources in parallel to how δ13C is used and, thus, those
studies used δ34S to demonstrate differential Hg levels for samples
originating from different habitats (i.e. lake vs. river or marine vs.
freshwater vs. estuarine; Hobson, 1999, Fry and Chumchal, 2012,
Lavoie et al., 2015, Carr et al., 2017). Indeed, the negative correlation
could also be caused by spatial differences in the animals' feeding
strategies (Fig. 1: ‘habitat variation hypothesis'). Fry and Chumchal
(2012) suggest the presence of Hg hotspots that may arise due to the
interaction of sulfate-reducing bacteria with aquatic macrophytes and
epiphytes. As most of the fish and invertebrates in our study are car-
nivorous, such an interaction was not considered. However, zoo-
plankton feeding on particulate organic material and algae can play a
central role in the introduction of MeHg into the food web (Chételat
et al., 2014; Pućko et al., 2014), and similar processes may be involved
at our study site. Interactions at different levels of the ecosystem could
cause the observed trends in our study. Foster et al. (2012) suggest that
studying animals in low trophic position could provide information on
what is occurring at higher trophic positions in terms of Hg trends.
Foster et al. (2012) also emphasized that using δ15N as a predictor of
trophic level and trophic magnification factors is only meaningful if the
specific interactions within a given food web can be identified. This
proposal comes in opposition to using an entire data set without clearly
identifying the species included and whether they co-occurred across
food webs. Given that our sampling strategy depended on what the
thick-billed murres brought back to their nests, it was not possible to
characterize the entire food web in such detail but future studies should
consider having greater sampling efforts that would allow for better
descriptions of entire Arctic food webs. Some of the trends reported by
Foster et al. (2012) might be clarified if δ34S were also measured and,
indeed, the lack of a correlation with δ15N may be due to variation in
sulfate-reducing bacteria at the base of their food web rather than
variation in food web interactions.

Other possible causes for the inverse correlation between Hg and
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Fig. 3. Log Hg decreased with δ34S for samples averaged by species. Error bars
represent SE for a given species; for species with no error bars, only one in-
dividual was collected for that species.

Table 2
Summary of published studies that use sulfur and nitrogen isotopes as explanatory variables for Hg concentrations.

Studied organisms Location Marine/Freshwater Hg - δ15N correlation Hg - δ34S correlation Reference

Fish and invertebrates Nunavut, Canada Marine Positive Negative This study
Seabirds British Columbia, Canada Marine N/S Positive Elliott and Elliott (2016)
Fish Northwest Territories, Canada Freshwater Positive Negative Carr et al. (2017)
Halibut Alaska, USA Marine Negative1 Not studied2 Bentzen et al. (2016)
Cormorants and terns Ontario, Canada Both Negative to N/S3 Negative3 Lavoie et al. (2015)
Yellow-legged gull Eastern Iberian coast, Spain Marine N/S Positive Ramos et al. (2013)
Fish Ontario, Canada Freshwater N/S Positive Ethier et al. (2008)
Fish and invertebrates Louisiana, USA Estuary Positive Negative Fry and Chumchal (2012)
Fish and invertebrates Missouri, USA Freshwater Negative to Positive Negative to Positive Schmitt et al. (2011)
Fish and invertebrates Nova Scotia, Canada Freshwater Positive Negative to Positive4 Clayden et al. (2013, 2017)

1 δ15N for the western Aleutian region was the lowest from the study while having the highest total Hg concentrations; for the rest of the sites the correlation was
positive.

2 Although this study doesn't analyze the δ34S ratio, it does consider that a possible source of high Hg levels is marine Hg methylation, which could be evidenced if
the δ34S signature for the studied sites was measured.

3 At the 13C-rich site, low δ15N was associated with high total Hg values for cormorants while low δ34S was associated with high total Hg for both cormorants and
terns.

4 The relationship between δ34S and Hg (total Hg and MeHg) was negative when data for all fish and invertebrates within a given lake were combined.
Relationships for species considered individually were not significant, except for yellow perch, which was negative among all but one of the studied lakes.
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δ34S are high inputs of terrestrial carbon and organic matter originating
from rivers and thaw ponds flowing into the Canadian Arctic Ocean,
especially Hudson Bay, and the consequent external sources of Hg en-
tering the food web (Braune et al., 2005, 2015; Foster et al., 2012;
MacMillan et al., 2015). Dissolved organic matter (DOM) can increase
Hg bioavailability by forming Hg nanoparticles that are taken up more
easily by sulfate-reducing bacteria (Graham et al., 2012). Additionally,
Hg methylation has been detected in methanogenic archaea that were
isolated from northern peat lands, which suggests that MeHg could be
imported from terrestrial environments through runoffs during thawing
events in the summer months (Gilmour et al., 2013). Although δ13C,
widely-used to distinguish between terrestrial and marine carbon
sources, was not a significant predictor of Hg concentration patterns in
our dataset, sulfur isotopes may be used to distinguish Hg sources
(Fig. 1: ‘habitat variation hypothesis’). The negative association be-
tween δ34S and Hg could have been caused by species with low δ34S
(more terrestrial input; Lott et al., 2003) feeding on prey more closely
associated with high-Hg terrestrial runoffs. A marine-terrestrial cut-off,
initially used to distinguish between high δ34S marine raptors from
other coastal birds with lower δ34S, was established at a value of 10‰
(Lott et al., 2003). Despite the large extent of the Hudson Bay wa-
tershed, we argue that terrestrial input was likely low in our system,
given that our lowest δ34S value was 13.7‰. Regardless, Hg bioaccu-
mulation in freshwater and saltwater Arctic ecosystems, and the in-
teraction between the two, is complex and warrants further study
(Chételat et al., 2015; Chételat et al., 2008).

Even though thick-billed murres are a highly-studied species in the
Arctic, not much is known about the ecology of the prey they consume.
Our stable isotope data can help elucidate some of the characteristics of
these animals. As expected, zooplankton species such as gammarids and
sea butterflies occupy a low trophic position. However, euphausiids
(though we only studied one species) had a higher δ15N than the rest of
the studied zooplankton, even though euphausiids mostly feed on
phytoplankton. Unlike fish, euphausiids have a relatively low MeHg:Hg
ratio, and it is possible that the high level of Hg in euphausiids is not
indicative of a high level of methylmercury. Fish occupied higher
trophic positions, suggesting they feed on invertebrates (intermediate
δ15N values; i.e. capelin) or on other fish (high δ15N values; i.e.
sculpin). Nonetheless, if species foraged in different food webs, with
different baselines or discrimination factors, then δ15N may be an im-
perfect measure of trophic position (Foster et al., 2012). In general,
δ13C and δ34S allowed us to describe the feeding habits of various fish
and invertebrates. Capelin, sea butterflies, and jellyfish are associated
with pelagic feeding, while daubed shannies and fourline snake blen-
nies are benthic feeders. However, for some other species, the resolu-
tion of the isotope ratios included in our study was not sufficient to
clearly determine a feeding habit (i.e. sculpin, a benthic species, has
intermediate values suggesting it is a benthopelagic feeder) or the
isotopes evidenced different results, as occurred for sand lance.
Whereas the δ13C signal implied that sand lance fed primarily in pelagic
waters, as they come to the surface at night to feed; δ34S, in contrast,
implied that sand lance were benthic feeders.

5. Conclusions

Stable isotopes are a valuable tool for understanding multiple as-
pects of the ecology and toxicology of marine fauna which, otherwise,
could not be studied. Using isotope ratios other than the more tradi-
tional δ15N and δ13C can expand our knowledge of multiple biological
systems that cannot be completely explained. Given the ubiquity of Hg
in polar ecosystems, we encourage the incorporation of δ34S into Hg
monitoring plans in the Arctic, along with more detailed studies of the
links between δ34S, Hg, MeHg, sulfate, and sulfate-reducing bacteria.
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