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Abstract: Nitrogen and carbon stable isotopes (d15N, d13C) are commonly used to understand mercury (Hg) bioaccumulation and
biomagniﬁcation in freshwater food webs. Though sulfur isotopes (d34S) can distinguish between energy sources from the water column
(aqueous sulfate) and from sediments to freshwater organisms, little is known about whether d34S can help interpret variable Hg
concentrations in aquatic species or food webs. Seven acidic lakes in Kejimkujik National Park (Nova Scotia, Canada) were sampled for
biota, water, and sediments in 2009 and 2010. Fishes, zooplankton, and macroinvertebrates were analyzed for d34S, d15N, d13C, and Hg
(methyl Hg in invertebrates, total Hg in ﬁshes); aqueous sulfate and profundal sediments were analyzed for d34S. Within lakes, mean
d34S values in sediments and sulfate differed between 0.53‰ and 1.98‰, limiting their use as tracers of energy sources to the food webs.
However, log-Hg and d34S values were negatively related (slopes –0.14 to –0.35, R2 0.20–0.39, p < 0.001–0.01) through each food web,
and slopes were signiﬁcantly different among lakes (analysis of covariance, lake  d34S interaction term p ¼ 0.04). Despite these
relationships, multiple regression analyses within each taxon showed that biotic Hg concentrations were generally better predicted by
d15N and/or d13C. The results indicate that d34S values are predictive of Hg concentrations in these food webs, although the mechanisms
underlying these relationships warrant further study. Environ Toxicol Chem 2017;36:661–670. # 2016 SETAC
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Within aquatic ecosystems, different forms of S (e.g.,
aqueous sulfate, SO42–, sulﬁdes in sediment) tend to have
distinct stable isotope values (d34S) that have been used to
understand its cycling [12]. More speciﬁcally, the reduction of
aqueous SO42– by sulfate-reducing bacteria typically results in
deposited sulﬁde compounds that are lower in 34S; as a result,
d34S in the water column (as SO42–) is generally more positive
than that of bulk sediments [13]. Distinct d34S values of these
abiotic compartments (including oxic and anoxic layers) can be
used to estimate the relative importance of energy sources from
the open water versus sediment to freshwater food
webs [12,14,15]. Differences in the d34S values between water
and sediment indicate the extent of SO42– reduction (and
therefore sulfate-reducing bacteria activity) within a system [13]. Not surprisingly, S isotope discrimination is typically
more pronounced in anoxic areas with higher SO42– concentrations, conditions favorable to sulfate-reducing bacteria
growth and activity [13,16]. In lakes, such areas are generally
located in deep profundal waters below oxyclines or in deeper,
more oxygen-depleted sediments. There is also recent evidence
that d34S values are related to sulfate-reducing bacteria activity
in wetlands [17].
Although values of stable isotopes of carbon (d13C) and
nitrogen (d15N) are often used to assess an animal’s carbon
sources and trophic position, respectively, d34S values can
provide complementary information that may improve our
understanding of Hg fate in aquatic food webs. For instance,
because little d34S discrimination (denoted as D34S) is thought
to occur during assimilation of dietary S in animals [18],
d34S values can elucidate energy sources supporting aquatic
food webs (e.g., Croisetiere et al. [12]). Furthermore, because

INTRODUCTION

Methylmercury (MeHg) is a neurotoxic metal that is known
to bioaccumulate in freshwater ﬁshes. In Canada, MeHg
concentrations (measured mainly as total Hg, [THg]) in ﬁsh
frequently exceed government consumption guidelines and
therefore pose a risk to people and wildlife that consume them.
However, THg concentrations in ﬁshes vary among ecosystems.
Of particular importance are factors that affect Hg methylation
and its uptake into the base of the food web because diet is the
main route of Hg exposure for ﬁsh. Mercury is methylated
during bacterial respiration by anaerobic microorganisms such
as sulfate-reducing and iron (Fe)–reducing bacteria in sediments [1,2] and the water column [3,4] and by methanogenic
microbes in periphyton mats [5,6]. The bioavailability of Hg(II)
for methylation and subsequent uptake of MeHg by biota
depend on redox and photochemical conditions as well as the
speciation and concentration of organic matter, essential
nutrients, and other metals (e.g., Fe [7,8]). Sulfur (S)
compounds also affect Hg fate, with higher concentrations of
sulfate associated with greater activity of sulfate-reducing
bacteria and therefore MeHg production [1]. Furthermore,
complexes of Hg with S compounds (e.g., neutral Hg-sulﬁde
complexes and complexes of Hg to low–molecular weight
thiols) are readily absorbed and methylated by sulfate-reducing
bacteria [9,10] and algal bioﬁlms [11].
This article includes online-only Supplemental Data.
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MeHg readily binds to the S atom on the amino acid cysteine and
is stored in proteins [19,20], its concentrations in aquatic biota
are related to proxies of their cysteine and protein content (%S
and %N, respectively [21–23]). Given these links between S
compounds and the speciation, bioavailability, and binding of
Hg in organismal tissues, d34S may help explain some of the
within-system and among-system variability in Hg in freshwater biota.
Although d34S has been used to understand Hg contamination in birds [24] and ﬁsh communities [25–29], little is known
about whether d34S predicts MeHg concentrations in lower
trophic levels and its biomagniﬁcation in aquatic food webs. In
the present study, we investigated whether d34S (and to a lesser
extent total S content as a percentage of dry wt) explained
patterns of MeHg bioaccumulation and biomagniﬁcation
through lake food webs in a known biological Hg “hot spot,”
Kejimkujik National Park and National Historic Site (hereafter
referred to as Kejimkujik), Nova Scotia, Canada [30,31]. The
surface waters in this area are acidic and have relatively low
SO42– concentrations [32], so sulfate-reducing bacteria activity
may be lower than in more neutral systems with higher
SO42–(e.g., Croisetiere et al. [12]). However, wetlands in the
Kejimkujik lake catchments have been shown to be important
sources of MeHg [33], and MeHg production in these areas is
related to a variety of wetland characteristics, including sulfate
reduction rates and the abundance of certain species of sulfatereducing bacteria [34]. Speciﬁcally, we measured d34S, d13C, C,
and S content in biota, water, and sediment of 7 lakes and
combined these data with previously reported d15N and %N
values and THg or MeHg concentrations in ﬁshes and
invertebrates [23]. The present objectives were to determine
whether Hg concentrations within and among freshwater taxa
were related to their d34S values and whether d34S advances our
understanding of how habitat and energy sources affect Hg
accumulation in lake biota beyond that gained from using
d15N or d13C.
METHODS

Field collections

Seven temperate lakes in Kejimkujik were sampled for
ﬁshes, invertebrates, water, and sediments in 2009 and 2010.
These lakes are in undisturbed catchments and remote from
human settlement and point sources of pollution. The lakes are
naturally acidic (pH 5.0–6.3), have low SO42–concentrations
(1.08–1.71 mg/L), and a range of total organic carbon
concentrations (TOC 3.0–12.6 mg/L), lake surface area (24–

685 ha), and maximum depth (4.2–13.0 m; Table 1 [23,35]); and
support several ﬁsh species and a large number (>100) of
macroinvertebrate taxa [36,37]. Of these, we collected primary
consumers and detrivorous taxa (mayﬂies, family Heptageniidae; caddisﬂies, family Limnephilidae; isopods, family Asellidae) as well as predatory dragonﬂies (family Aeshnidae) from 3
or more sites within the littoral zone of each lake using dip and
kick nets. Bulk zooplankton were collected by towing a 153-mm
mesh Wisconsin net behind a canoe through the pelagic zone of
each lake. When present, profundal midges (Chironomidae)
were collected with an Ekman grab from the deepest part of each
lake. All invertebrate samples were collected 3 times over the
season from each lake (and pooled within lakes, sampling dates,
and taxa) in June, July, and August of 2009 or 2010. Fish species
collected included banded killiﬁsh (Fundulus diaphanus),
golden shiner (Notemigonus crysoleucas), white sucker (Catostomus commersoni), and yellow perch (Perca ﬂavescens);
and all ﬁshing was conducted in September of 2009 or 2010.
Fish sampling was done using protocols approved by the
Animal Care Committee of the University of New Brunswick
(2009-03-01 and 2010-02-09). Additional details about the
study lakes and their characteristics as well as ﬁeld sampling
methods and chemical analyses of the biota are given in Clayden
et al. [23].
Water samples for analysis of d34S in sulfate were taken 3
times during the sampling season 2 m from the bottom in the
deepest part of each lake (n ¼ 3 replicates per lake), using a 2-L
Teﬂon-lined Niskin sampler. Samples were kept on ice, and
sulfate was extracted by ion-exchange as barium sulfate within a
few hours of collection [38]. An Ekman grab was used to collect
surface sediments (top 5 cm) from the deepest part of each lake,
3 times during the sampling season (n ¼ 3 replicates per lake).
Mercury and sulfur isotope analysis

Previous analyses of ﬁshes in Kejimkujik lakes showed that
MeHg concentrations typically accounted for >90% of THg
[23, and references therein]; therefore, THg concentrations are
reported for all ﬁsh in the present study. Total Hg in ﬁsh was
analyzed using a direct Hg analyzer at the Canadian Rivers
Institute, University of New Brunswick Saint John; and MeHg
analysis in macroinvertebrates and zooplankton was performed
at the Center for Analytical Research on the Environment at
Acadia University. Laboratory methods for Hg analyses, along
with quality assurance procedures, are described in detail in
Clayden et al. [23]. Brieﬂy, THg analyses included certiﬁed
reference materials (TORT-2 and DORM-2, National Research
Council of Canada), blanks, and duplicates with each batch of

Table 1. Physical and chemical characteristics (mean  standard deviation) of 7 study lakes in Kejimkujik National Park, Nova Scotia, Canadaa

Lake
Big Dam East
Big Dam
West
Cobrielle
George
Hilchemakaar
Peskowesk
Upper Silver
a

Surface
area (ha)

Maximum
depth (m)

45.5
105

4.2
9.5

6.24  0.07
5.10  0.17

132
77.8
95.4
685
24.3

6.25
8.5
7.25
13
5.75

5.62  0.14
5.11  0.09
5.83  0.17
4.99  0.17
6.33  0.02

Chl-a (mg/L)
(n ¼ 3)

TN (mg/L)
(n ¼ 4)

TP (mg/L) (n
¼ 4)

Sulfate
(mg/L) (n ¼
4)

% Sulfur in
sedimentsb (n ¼ 3)

4.45  0.83
12.63  5.43

1.37  0.40
3.65  0.07

0.21  0.05
0.31  0.10

0.008  0.002
0.012  0.001

1.38  0.05
1.08  0.21

0.25  0.01
0.13  0.01

3.05  0.42
9.63  2.25
5.68  0.59
6.90  1.06
3.60  0.29

0.97  0.46
3.87  2.32
1.63  0.55
1.10  0.14
2.00  0.35

0.16  0.03
0.26  0.07
0.23  0.05
0.22  0.01
0.17  0.02

0.005  0.001
0.012  0.002
0.012  0.001
0.007  0.001
0.008  0.001

1.26  0.12
1.37  0.10
1.71  0.14
1.38  0.11
1.49  0.11

0.26  0.004
0.14  0.01
0.15  0.06
0.21  0.005
0.23  0.02

TOC (mg/L)
pH (n ¼ 4)
(n ¼ 4)

Clair [35] and Clayden et al. [23].
Percent sulfur in sediments was measured as the proportion of sulfur by dry mass.
Chl-a ¼ chlorophyll-a; TN ¼ total nitrogen; TOC ¼ total organic carbon; TP ¼ total phosphorus.
b

Sulfur isotopes and mercury

samples. Recovery for TORT-2 was 107  6% (n ¼ 113) and
that for DORM-2 was 93  4% (n ¼ 77). Mean THg in blanks
was 0.0005  0.0004 mg (n ¼ 198), and the relative difference
between duplicate samples was 5.4 % (n ¼ 78; based on results
from a larger set of samples from these lakes (n ¼ approximately
750 samples)). For MeHg mean percent recovery in DORM-2
was 103  7% (n ¼ 34) with a method detection limit of 2.1 pg.
The relative difference between duplicates was 10%. All Hg
concentrations are reported on a dry weight basis.
Sulfur isotope values of aqueous sulfate in lake water
samples (as barium sulfate) were measured at the University of
Waterloo Environmental Isotope Laboratory (Waterloo, ON,
Canada). In sediment and biota d34S and %S (whole, pooled,
and homogenized invertebrates and homogenized muscle from
individual ﬁsh) were analyzed at Iso-Analytical (Crewe, United
Kingdom) by elemental analysis–isotope ratio mass spectrometry. Certiﬁed reference materials (barium sulfate, International
Atomic Energy Agency IAEA-SO-5, d34SVCDT ¼ 0.5‰ relative to Vienna Canyon Diablo Troilite [VCDT]) and an in-house
laboratory standard (barium sulfate, IA-R061, established
d34SVCDT value of 20.33‰) were analyzed with each batch
of samples. The mean value for IA-R061 was 20.3  0.27‰
(relative difference of 0.01% from established value, n ¼ 29)
and that for IAEA-SO-5 was 0.54  0.27‰ (relative difference
of 7.7% from certiﬁed value, n ¼ 26). Approximately 10% of
samples were analyzed in duplicate, with an average difference
between duplicates of 6.9  5.0% (n ¼ 34).
Data analysis

All statistical analyses were conducted using SPSS Ver 21,
SigmaPlot Ver 11, or R package Ver 3.3.1; and alpha was set at
0.05 for all tests. All ﬁsh Hg concentrations are reported as THg
on a whole-body basis; when muscle samples were analyzed,
whole-body estimates were calculated as in Clayden et al. [23].
All invertebrate Hg is reported as MeHg concentrations;
samples consisted of freeze-dried, homogenized whole bodies
pooled within taxa and collection dates. Isotope values (d15N,
d13C, d34S) in invertebrates and ﬁshes within each lake were
plotted to assess food web structure. Values of d15N for all biota
were adjusted by subtracting the mean d15N value of
Limnephilidae caddisﬂies within each lake (referred to as
d15Nadj) [23], whereas d34S and d13C of the biota were not
adjusted. Linear mixed effects models were run between log-Hg
(THg in ﬁsh, whole-body estimates, and MeHg in invertebrates)
and d34S values within taxa (mayﬂies, caddisﬂies, isopods,
dragonﬂies, banded killiﬁsh, golden shiner, and yellow perch)
and across lakes. By including “lake” as a random categorical
factor, it accounted for the lack of independence of the data from
within a lake and for the effect of the system on MeHg
concentrations. Analysis of covariance (ANCOVA) models
were run with log-Hg as the dependent variable and lake, d34S,
and an interaction term as the independent variables. Further,
backward stepwise multiple regressions were run using logMeHg or THg concentrations in each benthic invertebrate taxon
or ﬁsh species, respectively, as the dependant variable and
d15Nadj, d13C, d34S, %N, %C, and %S as predictor variables.
Similar regression models were run using all THg food web data
combined across lakes. Tolerance values and variance inﬂation
factors were assessed per Tabachnick and Fidell [39] to ensure
that there were no issues with multicollinearity in these models.
For the full food web model, %N and %S were removed as
predictors because of high variance inﬂation factor values
(>10). Multiple regression models were assessed using
Akaike’s information criterion (AICc) adjusted for small sample
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sizes; the model with DAICc <2 (where DAICc is the absolute
difference between the AICc value for a given model and the
lowest overall AICc value of all candidate models) and the
fewest number of parameters was selected [40]. In these models,
all ﬁsh Hg concentrations were length-corrected using residuals
from linear regressions similar to Swanson et al. [41] and
Lescord et al. [42].
RESULTS

Stable isotope values in water, sediment, invertebrates, and fish

Mean values of d34S in bulk surface sediments and aqueous
SO42– ranged from 9.56‰ to 12.45‰ and from 10.07‰ to
10.65‰ across lakes, respectively (Figure 1; Supplemental
Data, Table S1). All but 1 lake (George) had aqueous SO42–with
lower mean d34S values than those of sediments (Figure 1). This
lake also had the highest surface chlorophyll-a concentrations,
among the highest concentrations of TOC and nutrients, but
among the lowest mean %S content in surface sediments, with
%S varying from 0.13 to 0.26 across lakes (Table 1). The
similarity of d34S values in aqueous SO42– and sediments in
each lake precluded their use in mixing models to assess sources
of S to the food webs.
Values of d34S in littoral invertebrates overlapped with those
of bulk pelagic zooplankton in 5 of the 7 lakes (Figure 1;
Supplemental Data, Table S2). In ﬁsh, d34S was generally
higher in yellow perch (9.52–10.38‰ across lakes) than golden
shiner or banded killiﬁsh (9.17–9.92‰), and most ﬁsh had
d34S values that were similar to those measured in invertebrates
(mainly profundal chironomids and zooplankton but also littoral
taxa; Figure 1; Supplemental Data, Table S2).
Littoral invertebrates, pelagic zooplankton, and ﬁshes
showed greater separation in their mean d13C values than was
observed for d34S. Speciﬁcally, mean d13C was consistently
more positive in littoral invertebrates than pelagic zooplankton,
by between 1.03‰ and 5.39‰ across lakes (Figure 2;
Supplemental Data, Table S2). Similarly, values of d13C in
ﬁsh were also relatively positive, overlapping with the range of
d13C in littoral invertebrates but not pelagic zooplankton
(Figure 2; Supplemental Data, Table S2).
Relationships between Hg concentrations and S isotopes

Linear mixed effects model results showed that relationships
between log-MeHg and d34S were not signiﬁcant across lakes in
any invertebrate (isopods, mayﬂies, dragonﬂies, caddisﬂies)
group (p ¼ 0.090, 0.608, 0.422, and 0.681, respectively).
Furthermore, in multiple regression models with all elements
and isotope values, d34S was not a signiﬁcant predictor of logMeHg within any individual invertebrate taxon across lakes, but
%S was a positive predictor of log-MeHg concentrations in
caddisﬂies (Table 2). No signiﬁcant isotopic or elemental
predictors were found for log-MeHg concentrations in isopods
or mayﬂies, whereas log-MeHg in dragonﬂies was predicted by
both d15Nadj and %C (Table 2).
In ﬁsh, linear mixed effects model results showed that the
relationship between log-Hg and d34S was signiﬁcant across
lakes only in yellow perch (p ¼ 0.033; Supplemental Data,
Figure S2) but not for any other ﬁsh species (p ¼ 0.872 for
banded killiﬁsh, p ¼ 0.980 for golden shiner). However, within
lakes, only Hilchemakaar showed a signiﬁcant positive (log
[THg] ¼ 0.05  d34S þ 0.98; p ¼ 0.006) relationship between
log [THg] and d34S in yellow perch. These relationships in
yellow perch from the other 6 lakes were not signiﬁcant
(p ¼ 0.056–0.489; data not shown). Generally, d15Nadj, d13C, %
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Figure 1. Sulfur and nitrogen stable isotope values (d34S and d15N in parts per thousand) through the food webs of 7 lakes in Kejimkujik National Park (NS,
Canada). Note the differences in scale in the sulfur isotopes in biota from George, Peskowesk, and Upper Silver lakes. Mean d34S values in aqueous sulfate and
sedimentary sulfur are represented by vertical lines.

N, and %C were better predictors of Hg concentrations than
d34S or %S within ﬁsh species. More speciﬁcally, the best
models for individual ﬁsh species included some combination of
d13C and d15Nadj and elemental composition but excluded %S
and d34S (Table 2).
When data for all ﬁsh and invertebrates (except zooplankton,
which were not included because their d13C values were distinct
from those of the ﬁshes and littoral invertebrates in each lake;
Figure 2) were combined within lakes, there were consistent
negative relationships between log-THg or MeHg and
d34S through each food web, and the slopes of these relationships were signiﬁcantly different (Figure 3; ANCOVA:
lake  d34S interaction term p ¼ 0.04, F ¼ 2.26). Likewise,
when all food web data were considered simultaneously in
linear mixed effects models to account for variability among
lakes, a signiﬁcant negative relationship between log-Hg and
d34S was found (p < 0.001; Supplemental Data, Figure S1). A
multiple regression of log-Hg concentrations for all food web

organisms and lakes retained all predictors (d15Nadj, d13C, %C)
but d34S (R2adj ¼ 0.135, p < 0.001); %N and %S were not
included because of their high collinearity with other variables
(see Methods).
DISCUSSION

Sulfur isotope values in water, sediment, invertebrates, and fishes

Values of d34S in bulk sediments and aqueous SO42–from our
study lakes fell within the range typical for precipitation
SO42–[43], and these d34S data were more positive than results
from other freshwater food webs [12,14,25,27,44,45]. In the
lakes in the present study, most d34S measures of aqueous
SO42–(median 10.5‰), sediments (11.2‰), zooplankton
(10.3‰), and all littoral invertebrate taxa (from 10.8‰ in
Aeshnidae dragonﬂies to 12.0‰ in Limnephilidae caddis ﬂies)
were >10‰, a benchmark indicating dietary reliance on marine
sources of S for birds (e.g., Ofukany et al. [24] and Lavoie

Sulfur isotopes and mercury
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Figure 2. Carbon and nitrogen stable isotope values (d13C and d15N in parts per thousand) through the food webs of 7 lakes in Kejimkujik National Park (NS,
Canada).

Table 2. A summary of multiple regression analyses of total or methyl mercury concentrations in ﬁshes and invertebrates, respectively, against their stable
isotope and elemental composition across 7 lakes in Kejimkujik National Park, Nova Scotia, Canadaa
Taxonomic group

n

Variables included

Pearson correlation coefficients (r)

p

R2adj

AICc

DAICc

Invertebrates
Dragonflies (family Aeshnidae)
Isopods (Caecidotea spp.)
Mayflies (family Heptageniidae)
Caddis flies (family Limnephilidae)
Bulk zooplankton

20
20
16
19
20

d15Nadj, %C
—
—
%S
d13C, %C, d15Nadj

0.406, –0.259
0.640
0.545, 0.597, –0.066

0.012
—
—
0.003
<0.001

0.325
—
—
0.374
0.701

–78.78
–83.61
–61.69
–74.29
–85.58

0.00
0.49
0.00
0.00
0.00

29
30
15
71

d15Nadj, %N
%N, %C
d15Nadj
15
d Nadj, %N, d13C, %C

0.158, –0.472
0.236, –0.097
0.592
0.504, 0.230, 0.400, 0.048

0.009
0.066
0.020
<0.001

0.252
0.122
0.301
0.453

–87.95
–98.27
–39.45
–234.17

0.00
0.00
0.00
0.00

Fishes
Banded killifish
Golden shiner
White sucker
Yellow perch

Dependent variables were log methyl mercury concentrations and length-corrected log total mercury concentrations in invertebrates and ﬁshes, respectively.
Independent variables included carbon, nitrogen, and sulfur isotope and elemental measures (d34S, d15Nadj, d13C, %S, %N, %C). Note that correlation
coefﬁcients are listed respective to the ﬁnal predictors. The best model for each taxonomic group is shown and was identiﬁed as that with the lowest Akaike
information criterion value. Detailed model results for each taxon are given in the Supplemental Data.
AICc ¼ Akaike information criterion adjusted for small sample size.

a
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Figure 3. Relationships between log mercury (methylmercury in invertebrates and total mercury in ﬁsh) and sulfur stable isotope values (d34S in parts per
thousand) through aquatic food webs from 7 lakes in Kejimkujik National Park (NS, Canada). Hg ¼ mercury.

et al. [46]). In fact, ﬁsh d34S values from our temperate systems
were higher and more consistent with values from estuarine and
marine ﬁshes [26,28] than values in freshwater ecosystems in
other parts of North America [12,14,25,27,44,45,47]. In the
present study, the similarity of d34S composition in aquatic
ecosystems in this region to estimates from marine systems may
be related to their proximity to the coast. Although the lakes are
considered to be in the “interior” of southwestern Nova Scotia,
Kejimkujik receives relatively high mean annual precipitation
(1330 mm [48]), no point of mainland Nova Scotia is farther
than 55 km from a coastline, and marine aerosols inﬂuence the
chemistry of all surface waters [49]. The present results also
suggest that there is not always a clear threshold d34S value that
can distinguish between marine and freshwater S sources.
Contrary to expectations, all but 1 lake (George) had aqueous
SO42–with lower mean d34S values than those of sediments
(Figure 1; Supplemental Data, Table S1). George Lake is among
the deepest and most productive of our study systems (e.g.,
highest chlorophyll-a; Table 1) and therefore may undergo
greater stratiﬁcation than the other shallower and more
oligotrophic lakes (temperature proﬁles were not available).
These conditions in George Lake could potentially support

greater sulfate-reducing bacterial activity and therefore might
help to explain the distinct d34S values between water and
sediments. Sulfate-reducing bacterial activity, and hence the
discrimination of d34S, tends to be lower in more oxygenated
conditions and when SO42– concentrations are relatively
low [50]; and d34S discrimination has also been shown to be
lower at intermediate temperatures compared with both lower
and higher temperatures [51]. In these systems, the activity of
Fe-reducing bacteria (or other microbes with non–sulfatereducing metabolism) may dominate over sulfate-reducing
bacteria given the acidic and Fe-rich conditions of these
lakes [52,53].
Another consideration for the Kejimkujik lakes is that
wetlands in the catchments have been shown to be important
sources of Hg to downstream lake water and perhaps more
important sources of MeHg than in situ Hg methylation in
profundal lake sediments or anoxic bottom waters [54]. The
d34S values of aqueous sulfate have been correlated with MeHg
concentrations in other wetland waters, possibly reﬂecting
sulfate-reducing bacteria activity; but other geochemical factors
including Fe and manganese concentrations were also related to
MeHg in wetland water [17]. The underlying geology and S

Sulfur isotopes and mercury

content of the bedrock also varies across the study lakes [54] but
did not appear to inﬂuence the present results given the low
variability in d34S values or total S content measured in
sediments of the study lakes (Table 1; Supplemental Data,
Table S1). Despite this, MeHg concentrations in wetland soils in
Kejimkujik are related to bedrock lithology and to markers of
sulfate-reducing bacteria activity [55]. It is not clear how
baseline d34S values may vary in wetlands versus open lakes or
whether d34S values might be more distinct between water and
sediments in the former habitat. However, it is possible that
MeHg concentrations in the biota from the study lakes may be
more closely related to d34S in wetland samples than those in
profundal lake sediments or the lake water column, given the
importance of wetlands as sources of MeHg and possibly as sites
of greater sulfate-reducing bacteria activity than the lakes in this
region.
There was little separation in d34S between littoral and
pelagic invertebrates in the present study (Figure 1; Supplemental Data, Table S2), and the overlap of d34S in sediment and
water column SO42– meant that they could not be used to infer
the relative importance of either S source in the diets of food
web organisms. Our ﬁndings contrast with those of Croisetiere
et al. [12] for boreal lakes, where d34S values of sediment and
SO42–, as well as benthic and pelagic invertebrates, differed by
approximately 4‰ to 9‰ within lakes. These lakes also had
higher concentrations of SO42–(6–24 mg/L across lakes at the
sediment–water interface; estimated from ﬁgure 1 in Croisetiere
et al. [12]) than the lakes in Kejimkujik (means of 1.08–1.71 mg/
L; Table 1), which may have promoted greater activity of
sulfate-reducing bacteria and differences in d34S between
sediment and water. In Lake Biwa, Japan, there was a greater
distinction between d34S of biota that relied on water versus
sediment S sources at sites that had anoxic conditions [14], and
this is consistent with the ﬁnding that discrimination of S
isotopes is inversely related to dissolved oxygen concentrations [41]. In addition, Karube et al. [14] inferred that the similar
d34S values among invertebrate taxa that are known to feed on
different S sources are indicative of oxic conditions. Similarly,
relatively high oxygen concentrations in our study lakes (based
on their relatively shallow depths) could also have limited the
activity of sulfate-reducing bacteria and discrimination of
d34S between SO42–, sediments, and biota. However, data on
dissolved oxygen concentrations in the water column of
Kejimkujik lakes are needed to better assess this. Collectively,
these results indicate that although d34S can be useful within
some systems for differentiating between sources of S to food
webs, it is important to keep in mind that differences in
d34S values in food webs are not necessarily indicative of
pelagic versus benthic sources of energy in systems with little
sulfate-reducing bacterial activity.
The diversity of microorganisms known to methylate Hg is
increasing [2,5,56], but further study is needed to understand
the relative importance of groups with different metabolic
habits (e.g., methanogens, sulfate-reducing bacteria, Fereducing bacteria) as net producers of MeHg. Kejimkujik is
a well-known hot spot of biological Hg contamination [57–59], and our results hint at the possibility that other
organisms and/or biogeochemical processes produce the high
biological Hg concentrations in the apparent absence of
signiﬁcant in-lake sulfate-reducing bacteria activity. Additional research on the microbial ecology and biogeochemistry
of these lakes and their surrounding wetlands could help us to
better understand the processes that lead to the production of
MeHg.
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Relationships between Hg concentrations and C, N, and S isotopes
in invertebrates

Only a few studies have examined relationships between Hg
concentrations and d34S values in freshwater invertebrates.
Whereas there were no relationships within invertebrate taxa
between log-MeHg concentrations and d34S in the present study
(see section, Relationships between Hg concentrations and S
isotopes), results from Ozark mountain streams (AR, USA)
were mixed, with a positive relationship between THg and
d34S values in crayﬁsh (Orconectes spp.) across sites but no
relationship for Asian clams (Corbicula ﬂuminea [44]) despite
signiﬁcant differences in d34S within both of these invertebrate
groups across sites. It is possible that different microhabitat use
by these invertebrates affected their d34S but not Hg. For
example, in Lake Biwa, Japan, d34S values of water, sediments,
and invertebrates varied within and outside of macrophyte beds
in the littoral zone [14].
The importance of C, N, and S isotopes and elemental
measures as predictors of log-MeHg concentrations varied
among invertebrate taxa, and log-MeHg in isopods and mayﬂies
was poorly described by all combinations of these variables
(Table 2). We examined whether the variables that were
signiﬁcant predictors of MeHg concentrations in different taxa
might have larger ranges and therefore potentially more
inﬂuence on the total variability explained by each model,
but this was not the case. For example, the ranges of each
variable for isopods and mayﬂies were not smaller than those of
other taxa, and the signiﬁcant predictors of Hg in other taxa did
not necessarily have the greatest range of values (Supplemental
Data, Table S3). In dragonﬂies, d15Nadj was a signiﬁcant
positive predictor of their log-MeHg concentrations (Table 2),
which may reﬂect the tendency of higher–trophic level
organisms to accumulate more MeHg through biomagniﬁcation.
In addition to d15Nadj, log-MeHg in dragonﬂies was related
(negatively) to %C, possibly indicating that their MeHg
concentrations may be inﬂuenced by their relative body content
of lipids and proteins, with higher protein content (and relatively
lower C content) potentially leading to more accumulated
MeHg [23]. In contrast, %C positively predicted log-MeHg in
zooplankton (Table 2). Although it is difﬁcult to account for the
opposite direction of these relationships between dragonﬂies
and zooplankton, %C and lipid content have been found to
increase with the proportion of adult zooplankton biomass in
Arctic lakes [60].
Whereas there were no individual taxa in the present study
for which d34S was a signiﬁcant predictor of MeHg, this metal
was positively related to %S in caddisﬂies (Table 2). Previous
analyses in these lakes also found signiﬁcant positive relationships between log-Hg concentrations and %S content through
each food web, but these relationships were not as strong as
those with %N or d15Nadj [23]. The limited usefulness of d34S to
predict MeHg within and among invertebrate taxa in the lakes of
Kejimkujik may be related to its inability to distinguish S from
open water versus sediment sources.
Relationships between Hg concentrations and C, N, and S isotopes
in fishes

Although THg concentrations in the different ﬁsh species in
the present study were best described by different combinations
of elements and stable isotopes, neither d34S nor %S was a clear
predictor of THg in any species. Linear mixed effects models
examining the relationship between log-THg and d34S in yellow
perch, although signiﬁcant across lakes, had variable relationships between lakes (i.e., positive in Hilchemakaar and
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nonsigniﬁcant in the other 6 lakes; Supplemental Data,
Figure S2). Previous studies have also found mixed relationships between these measures in ﬁsh. For instance, Schmitt
et al. [44] showed that d34S was a positive predictor of THg in
smallmouth bass (Micropterus dolomieu) but a negative
predictor in hog sucker (Hypentelium nigricans). Also,
d34S was not a signiﬁcant predictor of THg in either yellow
perch or pumpkinseed sunﬁsh (Lepomis gibbosus) in southeastern Ontario lakes, despite relatively strong positive correlations
between d34S and d15N in these ﬁsh [27]. More studies have
examined ﬁsh Hg in relation to d34S as a tracer of marinederived sources of S in estuarine or coastal systems, but results
from these studies are similarly ambiguous in terms of the
strength of d34S as a predictor of ﬁsh Hg concentrations (e.g.,
Evans and Crumley [26] and Sluis et al. [29]). However, along a
clear salinity gradient in coastal ponds and wetlands (San
Francisco Bay delta, CA, USA) d34S was the strongest
(positive) predictor of ﬁsh THg when compared to d15N and
d13C [61]. These ﬁndings were attributed to favorable
conditions for sulfate-reducing bacteria (standing water, high
SO42–, organic matter) and high levels of Hg methylation in the
most landlocked systems, leading to clear discrimination of
d34S between SO42 and sedimentary sulﬁdes and to distinct
d34S values in the biota.
Comparing d34S and d15Nadj as predictors of Hg concentrations
through lake food webs

Studies relating Hg concentrations to d34S values in
freshwater biota representing a range of trophic levels are
lacking, so it is not possible to compare the present ﬁndings to
those from other food webs. However, selenium (Se) concentrations in yellow perch and their invertebrate prey were
negatively related to d34S in lakes of northeastern Ontario and
northwestern Quebec [62]. Although the negative Se versus
d34S relationships were similar to the present results for Hg
versus d34S through food webs, the Quebec results were partly
attributed to the higher d34S and lower Se concentrations in
zooplankton compared with sediment-feeding invertebrates.
However, in our study lakes the majority of pelagic zooplankton
and littoral invertebrates had overlapping d34S, so this is
unlikely to have been a driver of the negative log-Hg versus
d34S relationships.
Despite the signiﬁcant negative relationships between logHg and d34S through each food web in Kejimkujik, d15Nadj was
a much stronger predictor of Hg concentrations (R2 ¼ 0.79–
0.92 [22]) than those using d34S (R2 ¼ 0.20–0.39; Figure 3).
Although other studies for whole food webs are lacking, the
mixed results among various ﬁsh and invertebrate taxa suggest
that the relationship between Hg concentrations and
d34S through aquatic food webs may be less consistent in
strength and direction than the strong positive relationships
between Hg concentrations and d15N through diverse systems
worldwide [63].
In addition, d13C was more effective at distinguishing
between pelagic and littoral taxa in the Kejimkujik lakes
(Figure 2), whereas the overlap in d34S values among all
invertebrate taxa, water, and sediments made it a relatively poor
complement to the more commonly used d15N and d13C for
understanding Hg trophic transfer and food web structure in
these systems. Multiple regression models also showed d13C to
be a signiﬁcant predictor of log-Hg in zooplankton and yellow
perch, whereas d34S was not signiﬁcant in models of log-Hg
concentrations in any taxa. These ﬁndings contrast with those of
other studies [12,14] showing that d34S composition of biota,
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water, and sediments helped to identify sources of S to lake
biota.
CONCLUSIONS

Despite the strong links between Hg and S cycling in aquatic
systems, the present results were mixed with respect to the
strength of d34S as a predictor of Hg concentrations in aquatic
food webs. Within ﬁsh or invertebrate taxa, a combination of
d15Nadj, d13C, %C, and/or %N generally better described
variability in Hg concentrations than either d34S or %S. Similarly,
d34S was a signiﬁcant predictor of Hg through each food web but
explained less of the variability than relationships with d15Nadj.
The overlapping ranges of values of d34S in the water column and
sediments suggest that S stable isotopes cannot distinguish
between different energy sources in these food webs. Rather, the
lack of distinction between d34S in water and sediments also
supports the idea that biogeochemical sources of MeHg and/or
processes other than sulfate-reducing bacteria activity may
be more important determinants of d34S values and MeHg
concentrations in these Kejimkujik food webs.
Although a number of studies have examined relationships
between C, N, and S isotopes among different freshwater and
estuarine ﬁshes, fewer studies have related Hg concentrations
and d34S across a range of lower to higher trophic levels in
freshwater food webs. A better understanding is needed of
whether d34S might be more closely linked to Hg bioaccumulation and biomagniﬁcation in ecosystems where sulfatereducing bacteria play a more important role in Hg biogeochemical cycling.
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