
ORIGINAL RESEARCH
published: 06 April 2016

doi: 10.3389/fenvs.2016.00023

Frontiers in Environmental Science | www.frontiersin.org 1 April 2016 | Volume 4 | Article 23

Edited by:

Sergi Sabater,

University of Girona, Spain

Reviewed by:

Vera I. Slaveykova,

University of Geneva, Switzerland

Karen Riva Murray,

U.S. Geological Survey, USA

*Correspondence:

Karen A. Kidd

kiddk@unb.ca

Specialty section:

This article was submitted to

Freshwater Science,

a section of the journal

Frontiers in Environmental Science

Received: 02 December 2015

Accepted: 14 March 2016

Published: 06 April 2016

Citation:

Finley MLD, Kidd KA, Curry RA,

Lescord GL, Clayden MG and

O’Driscoll NJ (2016) A Comparison of

Mercury Biomagnification through

Lacustrine Food Webs Supporting

Brook Trout (Salvelinus fontinalis) and

Other Salmonid Fishes.

Front. Environ. Sci. 4:23.

doi: 10.3389/fenvs.2016.00023

A Comparison of Mercury
Biomagnification through Lacustrine
Food Webs Supporting Brook Trout
(Salvelinus fontinalis) and Other
Salmonid Fishes
Monica L. D. Finley 1, Karen A. Kidd 1*, R. Allen Curry 2, Gretchen L. Lescord 1,

Meredith G. Clayden 1 and Nelson J. O’Driscoll 3

1 Biology Department and Canadian Rivers Institute, University of New Brunswick, Saint John, NB, Canada, 2 Biology,

Forestry, and Environmental Management and Canadian Rivers Institute, University of New Brunswick, Fredericton, NB,

Canada, 3Department of Earth and Environmental Science, Acadia University, Wolfville, NS, Canada

Methylmercury (MeHg) bioaccumulation in lower-trophic-level organisms and its

subsequent biomagnification through food webs differs in magnitude among lakes and

results in intraspecific variability of MeHg in top predator fishes. Understanding these

differences is critical given the reproductive and neurotoxic effects of MeHg on fishes

and their predators, including humans. In this study we characterized the food webs of

five lakes in New Brunswick, Canada, supporting Brook Trout (Salvelinus fontinalis) using

measures of relative trophic position ( 15δ N) and carbon sources ( 13δ C), determined the

concentrations of MeHg in invertebrates and total Hg (THg) in fishes, and quantifiedMeHg

biomagnification from primary to tertiary consumers. Methyl Hg and THg concentrations

were highest in biota from lakes with lower pH. The trophic magnification slopes (TMS;

log Hg vs. 15δ N) varied significantly among lakes (0.13–0.20; ANCOVA, p= 0.031). When

combined with data from other salmonid lakes in temperate and Arctic Canada (n = 36),

among-system variability in TMS was best, but weakly, positively predicted by aqueous

total phosphorous (p= 0.028, 2R = 0.109). These results suggest that lake productivityadj

directly or indirectly influences the biomagnification of MeHg through diverse food webs

supporting salmonids.

Keywords: stable isotopes, food webs, mercury, trophic magnification slope, brook trout

INTRODUCTION

The biomagnification of methylmercury (MeHg) through aquatic food webs can result in exposures
that affect the health of top predator fishes and their consumers, including humans. For
example, fishes display reduced spawning success, altered reproductive behaviors, and suppressed
sex hormones associated with elevated MeHg exposure (Drevnick and Sandheinrich, 2003;
Sandheinrich and Miller, 2006). Similarly, productivity of fish-eating birds such as the common
loon (Gavia immer) decreases as their exposure to dietary MeHg increases (Burgess and Meyer,
2008). Recent assessments suggest that the risks from MeHg exposure to wildlife have been
underestimated and that concentrations in tissues believed to be protective against reproductive
or other effects are exceeded in piscivorous fishes across North America (Sandheinrich et al., 2011;
Depew et al., 2012).
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Concentrations of total Hg (THg) in fishes can vary
substantially among nearby lakes and streams, and factors
underlying these differences have been the subject of a number
of comprehensive reviews and/or meta-analyses to understand
factors that predict concentrations of this element in different
fishes (e.g., Kamman et al., 2005; Hanna et al., 2015). More
specifically, concentrations of THg are generally higher in larger,
older fishes and fishes higher up in the food web (Boudou and
Ribeyre, 1997;Watras et al., 1998;Mason et al., 2000). In addition,
the source of dietary carbon (measured with carbon isotopes,
δ13C) is an important determinant of fish Hg; within systems,
fishes or invertebrates relying more on autochthonous or pelagic
carbon sources in lakes tend to accumulate more Hg than more
littoral-feeding species or those relying on allochthonous carbon
(Kainz et al., 2002; Ethier et al., 2008; Chételat et al., 2011; but see
Eagles-Smith et al., 2008). Given that diet is themain source of Hg
to fishes, its concentrations are largely determined by Hg source
strength and inputs, availability, transformation, and uptake in
the base of the food web supporting the fishes. Several lake
characteristics are predictive of Hg in fishes within and among
regions; more specifically, fish higher in Hg are often found in
lakes with lower aqueous pH and higher density of wetlands
in the catchment (Kamman et al., 2005; Chasar et al., 2009).
Lakes with higher atmospheric deposition of Hg, such as those
in eastern North America, also tend to have biota with elevated
Hg concentrations (Evers et al., 2007; Scheuhammer et al., 2016).
Dissolved organic carbon (DOC) quantity and quality influence
the delivery of Hg to lakes from the catchment, the availability
of Hg(II) for methylation, and the uptake of MeHg into primary
producers and their consumers, though not always in a consistent
manner (Greenfield et al., 2001; Haitzer et al., 2003; Weech et al.,
2004; Kamman et al., 2005; Simonin et al., 2008; Gabriel et al.,
2009; Lescord et al., 2015). There have been contradictory results
with regard to DOC as a predictor of biotic Hg concentrations
(e.g., Miskimmin et al., 1992; Driscoll et al., 1995; Ravichandran,
2004) and recent evidence of a DOC threshold for bioavailability
ofMeHg to lower-trophic-levels (Deison et al., 2012; French et al.,
2014).

The biomagnification of MeHg through food webs determines
its concentrations in top predator fishes, and this process varies
among systems within a region (Lescord et al., 2015) and
globally (Lavoie et al., 2013). The average biomagnification
of MeHg through food webs is calculated from slopes of log
total Hg (THg) or MeHg vs. stable nitrogen isotope values
(δ15N; measure of relative trophic position) of biota, and these
trophic magnification slopes (TMS) are related to physical-
chemical characteristics of ecosystems (Lavoie et al., 2013).
For example, TMS within regions are positively or negatively
correlated with aqueous nutrient levels (Kidd et al., 2012; Clayden
et al., 2013, respectively), and greater TMS occur at higher
latitudes (Lavoie et al., 2013). The reasons for these relationships
remain unclear and broader comparisons are challenged by the
lack of environmental data included in published studies and
their differences in experimental design (Lavoie et al., 2013).
Nonetheless, these comparisons are critical for understanding
and predicting the fish species and lakes at greatest risk from Hg
contamination.

Brook Trout (Salvelinus fontinalis) are common across
northeastern North America and a popular sports fish, and some
populations contain THg concentrations that pose a risk to the
fish themselves and their consumers (Kamman et al., 2005).
Previous studies such as this one have focused on understanding
among-system variability in Hg concentrations in this species;
in contrast, the trophic transfer of this element through food
webs supporting Brook Trout has not been examined. Diets
for this species are highly variable and can include aquatic
insects, terrestrial insects, snails, crustaceans, and fish (Scott
and Scott, 1988; Browne and Rasmussen, 2009). In streams in
New Brunswick (NB), Canada, Brook Trout rely heavily on
allochthonous carbon sources and their THg concentrations were
poorly predicted by stream pH, unlike another species of fish
with strong reliance on authochthonous carbon (Jardine et al.,
2012). The main objectives of the current study were to: (1)
examine the biological factors that predict THg in Brook Trout
in New Brunswick lakes, (2) quantify the biomagnification of
Hg through lakes supporting Brook Trout, and (3) compare
results from these lakes to those from diverse systems in other
regions of Canada to develop a broader understanding of factors
related to both the trophic transfer of Hg and its concentrations
in salmonids. To achieve these objectives, we first investigated
biotic Hg concentrations, food web structure using δ15N and
δ13C, and Hg TMS in five lakes in New Brunswick that contain
Brook Trout as a top predator. We then combined these results
with comparable food web and environmental data from other
temperate (Kidd et al., 2012; Clayden et al., 2013) and Arctic
lakes in Canada (Lescord et al., 2015) to determine whether any
physical-chemical characteristics of the lakes could explain the
variability in fish THg concentrations or TMS among systems.

METHODS

Study Sites
Five lakes containing Brook Trout were chosen to represent
systems across the province of New Brunswick, Canada, that
had little or no development in the catchment. Moose and
Tahoe Lakes contained allopatric Brook Trout populations
while A, Bathurst, and Nictau lakes contained Brook Trout
populations living sympatrically with 8, 7, and 13 other fish
species, respectively (Finley, 2013).

Biological and Chemical Sampling
Profundal, pelagic, and littoral invertebrates were collected three
times during 2008 for A (May, July, and October) and Tahoe
(June, July, and September) Lakes, in June and August of 2005
for Bathurst and Nictau Lakes, and in June of 2008 from Moose
Lake (sampled only once due to restricted access). Profundal
chironomids were collected using an Ekman dredge in the
deepest part of each lake, and sweep nets were used to sample and
collect the more abundant macroinvertebrate taxa from shoreline
areas (three or more shoreline sites were sampled in each lake on
each date). Multiple vertical tows of a Wisconsin net (153 µm)
through the water column were used to collect zooplankton on
each date. Profundal and littoral invertebrates were kept in lake
water overnight, live-sorted to major taxa on site in lake water

Frontiers in Environmental Science | www.frontiersin.org 2 April 2016 | Volume 4 | Article 23

http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Science/archive


Finley et al. Mercury Biomagnification in Diverse Systems

and frozen along with bulk pelagic zooplankton samples until
used for analysis.

Brook Trout, Banded Killifish (Fundulus diaphanus),
Blacknose Dace (Rhinichthys atratulus), Brown Bullhead
(Ictalurus nebulosus), Common Shiner (Luxilus cornutus), Creek
Chub (Semotilus atromaculatus), Fourspine Stickleback (Apeltes
quadracus), Golden Shiner (Notemigonus crysoleucas), Lake
Chub (Couesius plumbeus), Smelt (Osmerus mordax), White
Sucker (Catostomus commersonii), and Yellow Perch (Perca
flavescens) were collected using trap nets and minnow traps in
the same years as the invertebrate collections for a given lake.
For lakes with species other than Brook Trout, sampling was
done to collect fishes that represent different habitats and a
range of available sizes, and a minimum sample size of 8 was
targeted. Target sample size for Brook Trout was 20, though this
was not achieved in all lakes, and fish representing a range of
sizes in the population were processed (Finley, 2013). Weight
(± 0.1 g) and fork length (± 1mm) were measured for all fish,
and they were kept on ice until dissected and the tissues were
frozen.

Subsurface (<1m) grab samples (1/lake/date) of water were
collected from a central location on each lake at the same time
as the biological samples, kept on ice and then analyzed at the
Analytical Services Laboratory, Fredericton, NB, for the suite of
analytes listed in Table 1.

In the laboratory, macroinvertebrates were thawed and sorted
in acid-washed glassware to the lowest possible taxonomic
resolution [family for all but Zygoptera (suborder) and
Amphipoda (order)] using Merritt and Cummins (1996) and
cases (Trichoptera) were removed when present. These taxa

represented a range of functional feeding groups including
collectors-gatherers (Leptophlebiidae), shredders-detritivores
(Limnephilidae), scrapers (Heptageniidae), and predators
(Zygoptera, Aeshnidae, Chironomidae). Invertebrates were
rinsed with deionized water, typically pooled within taxa to
obtain adequate masses (∼4–10 individuals for all taxa but
chironomids; ∼30–70 individuals for Chironomidae) and dates
for a replicate, and freeze-dried, homogenized and subsampled
for both stable isotope and MeHg analyses. Dorsal muscle from
individual fish was freeze dried, homogenized and analyzed
for stable isotopes and THg (a proxy for MeHg; Bloom, 1992).
Otoliths from the Brook Trout were removed and used for aging
as described in Finley (2013).

Stable Isotope Analysis
Individual Aeshnidae or composite (all other taxa) samples
of invertebrates and muscle of individual fish were analyzed
for δ13C and δ15N using either a Thermo-Finnigan Delta Plus
or a Delta XP isotope-ratio mass spectrometer at the Stable
Isotopes inNature Laboratory (SINLAB) at theUniversity of New
Brunswick, Fredericton, NB. Methods are described in detail in
Lescord et al. (2015). Quality assurance included three certified
reference materials (sucrose (n = 3), ammonium sulfate (n= 3),
nicotinamide (n = 14); International Atomic Energy Agency),
and two lab working standards [bovine liver (n = 14) and
smallmouth bass muscle (n = 15)], with an average deviation of
0.03‰ from the accepted values. Replicates of every 10th sample
were run and precision was within 0.49 ± 0.49h for δ13C and
0.52 ± 0.46h for δ15N (n = 31). Herein we have presented only
data for samples with corresponding Hg analyses. Isotope data

TABLE 1 | Physical and chemical (n = 3 or 4 for all lakes but Moose) characteristics of A, Bathurst, Moose, Nictau, and Tahoe lakes in New Brunswick,

Canada.

Units A Bathurst Moose Nictau Tahoe

Latitude N 45.403728 47.38044 46.85618 47.426217 46.69475

Longitude W 66.558853 66.7999 66.78366 66.896631 66.66704

Surface area ha 33.2 184.9 91.5 200.7 5.4

Max. depth m 2.7 7.3 15.2 19.8 5.1

pH 5.57 ± 0.10 7.61 ± 0.02 6.72 7.72 ± 0.01 5.45 ± 0.21

TOC mg/L 4.3 ± 3.2 3.7 ± 0.1 2.3 3.1 ± 0.1 7.8 ± 2.8

SO4 mg/L 2.13 ± 0.10 1.91 ± 0.06 1.95 2.33 ± 0.05 1.73 ± 0.16

Conductivity µS/cm 15.7 ± 1.9 37.1 ± 0.3 18.2 44.3 ± 0.3 12.8 ± 1.2

Cr mg/L < 0.0005* 0.0009 ± 0.0004 < 0.0005 0.0006 ± 0.0001 < 0.0005

Na mg/L 1.32 ± 0.06 1.37 ± 0.05 0.63 1.40 ± 0.05 0.63 ± 0.1

Mg mg/L 0.22 ± 0.04 0.76 ± 0.03 0.44 0.81 ± 0.04 0.33 ± 0.04

Al mg/L 0.155 ± 0.088 0.012 ± 0.001 0.03 0.016 ± 0.002 0.187 ± 0.032

Cl mg/L 1.197 ± 0.238 0.388 ± 0.015 0.551 0.504 ± 0.006 0.407 ± 0.085

K mg/L 0.16 ± 0.03 0.30 ± 0.01 0.31 0.30 ± 0.02 0.41 ± 0.05

Ca mg/L 0.88 ± 0.19 4.21 ± 0.13 1.79 5.06 ± 0.28 0.54 ± 0.09

Mn mg/L 0.020 ± 0.008 0.031 ± 0.001 0.007 0.006 ± 0.001 0.019 ± 0.006

Fe mg/L 0.059 ± 0.034 0.039 ± 0.002 0.021 0.014 ± 0.002 0.149 ± 0.072

Total P mg/L 0.005 ± 0.002 0.009 ± 0.001 0.007 0.006 ± 0.004 0.009 ± 0.002

Hardness mg/L 3.12 ± 0.60 13.38 ± 0.43 6.29 15.93 ± 0.78 2.72 ± 0.22

Turbidity NTU 0.41 ± 0.22 1.01 ± 0.13 0.6 0.58 ± 0.10 0.65 ± 0.02

*All samples were below the noted detection limit.
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for other littoral macroinvertebrate taxa and fishes are available
in Finley (2013).

Mercury Analysis
Dried skinless dorsal muscle tissue from individual fish was
analyzed for THg using atomic absorption spectrometry on a
Direct Mercury Analyzer at the University of New Brunswick,
Saint John, NB. Quality assurance and control for each run
included analyses of standard reference materials (DORM,
dogfish muscle certified reference material, run every 10 samples;
TORT, lobster hepatopancreas reference material, analyzed at the
beginning and the end of a run; National Research Council of
Canada), one blank after every six samples, a duplicate every 10th
sample, and a working laboratory standard. Themean% recovery
of DORM was 88.5 ± 4.8% (range 82.0–95.6%, n = 17) and of
TORT-2 was 110.0 ± 7.9% (range 98.4–129.6%, n = 24). The
precision of replicate samples was 0.2 to 7.7% (n = 21). Blanks
had a mean concentration of 0.002 µg/g. Sample results were
not corrected for blanks or the recovery of certified reference
materials. The percentage of THg as MeHg has been measured
previously for these fish species in New Brunswick lakes, and
ranges from 74 to 98% (Barry Hanson, 2004). Mean % moisture
of Brook Trout muscle ranged from 77 to 81% across lakes.

Invertebrates were analyzed for MeHg at Acadia University,
Wolfville, Nova Scotia, Canada, using basic methanol digestion,
aqueous ethylation, purge and trap, desorption, and isothermal
gas chromatography-atomic fluorescence spectrometry methods
as described in Edmonds et al. (2012). Quality assurance for
MeHg analyses included the analysis of DORM-2 (MeHg 4.47 ±
0.32 mg/kg, National Research Council of Canada), MeHg
check standards (0.10%w/v, 99.999% spectral purity), triplicates
analyzed on 13% of the samples, and method blanks at the
start of every run and after every 10th sample. The mean
recovery of DORM-2 was 93.0± 11.1% (range 71.8–116.0%, n=

34). Precision was measured by the relative standard deviation
(%RSD) of triplicate samples and averaged 11.1 ± 6.1% (range
2.4–23.0%, n= 10). Results were corrected for method blanks.

Data Analysis
When appropriate, transformations were used to generate
normally distributed data for statistical analyses and residuals
were examined to ensure that transformations were valid. All
statistical analysis was performed using SPSS v. 21 and Sigma Plot
v. 11; α = 0.05 was used for all tests.

Comparisons of Mercury Concentrations among

Brook Trout and Food Webs in New Brunswick
Condition factor of Brook Trout was calculated as follows:
K = [weight (g)/length (cm)3] × 100. Lipids (indicated by
C:N) tend to have more negative δ13C ratios and can confound
interpretation of δ13C in whole tissues (Post et al., 2007). C:N
ratios of Brook Trout muscle (3.26 to 3.44) did not warrant lipid
adjustment of the δ13C data. Dietary reliance of Brook Trout
on littoral vs. pelagic carbon was determined using unadjusted
δ13C and a 2-source mixing model (Post, 2002). Mean δ13C for
zooplankton and littoral primary consumers (pooled data for
Heptageniidae, Leptohyphidae, Leptophlebiidae, Limnephilidae,
where present) were the pelagic and benthic end members,

respectively, and we assumed a 0.7h fractionation of δ13C from
prey to predator based on Jardine et al. (2008). Trophic position
(TP) of individual Brook Trout was calculated after adjusting
their δ15N to the mean δ15N for littoral primary consumers and
zooplankton from that lake based on the proportions of littoral
vs. pelagic carbon in the trout’s diet, and assuming a 115N of
3.4h as in Post (2002).

Among-lake differences in Brook Trout THg (log10, dw),
proportion littoral carbon (calculated from δ13C), TP, condition,
log10weight, and log10length were examined using ANOVA
followed by Tukey’s post hoc tests. Within-lake regressions
were run to examine whether individual Brook Trout log
THg concentrations were related to their proportion of littoral
carbon or TP. Arcsine square root transformation of proportion
data did not improve model residuals. A general linear mixed
model was used to examine potential relationships between all
individual Brook Trout log THg (dw) and their proportion of
littoral carbon, TP, size (length or weight; fixed factors), and
lake (random factor). Pearson correlation analyses were done
to avoid including highly (>0.7) correlated variables in the
models. Residuals and variance inflation factors were examined
to determine the final model.

Mercury biomagnification was also quantified for each Brook
Trout food web. Log10 concentrations of Hg in fish (THg -
dw) and invertebrates (MeHg - dw) were regressed against their
δ15N to calculate TMS (slope) values and the slopes were then
compared among lakes using an ANCOVA followed by a Tukey’s
type test.

Comparisons of Mercury Concentrations among

Salmonid Species
Data for the Brook Trout in New Brunswick were combined with
data for salmonids from other regions of Canada that span a
latitudinal gradient of 45 to 75◦N. The lakes included 6 highly
oligotrophic systems in the Canadian high Arctic (Nunavut) with
only Arctic Char (Salvelinus alpinus; Lescord et al., 2015) and 14
systems from Alberta, Saskatchewan, and Ontario, Canada with
Lake Trout (Salvelinus namaycush) as the top predator (Kidd
et al., 2012). All lakes were sampled using similar methods and
quality assurance described above and further details on analyses
and their physical and chemical characteristics can be found in
Kidd et al. (2012) and Lescord et al. (2015).

A principal components analysis (PCA) was run using the
nine physical-chemical variables that were common across all
salmonid lakes, after these variables were log10 transformed and
standardized to the group mean and standard deviation (SD).
Data were assessed using a varimax rotation and all components
with eigen values above 0.7 were saved as variables. A rotated
component matrix was used to assess the influence of each
variable within a component; any loading over 0.7 was considered
strong (Pallant, 2007).

Because age is a better predictor than length of Hg
concentrations in slow-growing fish (Swanson and Kidd, 2010),
THg levels in these fishes were standardized to a common age
(5 years) using the estimated marginal means (ANCOVA model:
log THg = Lake + Age + Lake∗Age) within a lake. A backwards
stepwise multiple regression was run using age-standardized
log10 THg (logTHgage) concentrations and the components
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from the above-mentioned PCA, and the final regression model
selection was determined using Aikake’s Information Criterion
(AIC). Based on Cook’s Distance test for outliers, A Lake (top
predator, Brook Trout) was removed from the analysis and age
data were not available for Grist and Namur Lake Trout, for a
total of 22 lakes within the regression.

Comparisons of Mercury Biomagnification through

Diverse Food Webs
TMS values obtained for the Brook Trout lakes inNewBrunswick
were combined with a larger data set that included the 6 Arctic
Char and 14 Lake Trout lakes above and another 11 temperate
lakes in southernNova Scotia that contain Yellow Perch (Clayden
et al., 2013). A second principal component analysis (PCA) was
run (as described above) using water chemistry and physical
features of all 36 lakes and the resulting PCs were used in
a backwards stepwise multiple regression to assess whether
a combination of these physical-chemical variables predicted
TMS values across these diverse freshwater systems. Because no
significant models were found using this approach (see SI file), a
backwards stepwise multiple regression model was run using the
individual physical-chemical variables shared across all systems
and the best model was determined using AIC.

RESULTS AND DISCUSSION

Food Web Structure of the Brook Trout
Lakes
Brook Trout from the New Brunswick lakes ranged in their
reliance on littoral carbon from 13% in Bathurst Lake to 121%
in Moose Lake (Table 2); the high value for Moose Lake is
because the fish fell outside of the isotope mixing space of the

end members. Brook Trout are known to shift food sources
in the presence of other fish species (Magnan and Fitzgerald,
1982; Magnan, 1988; Tremblay and Magnan, 1991; Browne
and Rasmussen, 2009); for example, in the presence of White
Sucker, Brook Trout consumed a lower proportion of zoobenthos
(Lacasse and Magnan, 1992). In the current study, Brook Trout
from lakes with no other fish species (Moose and Tahoe) had a
greater reliance on littoral than pelagic carbon than Bathurst and
Nictau, two of the three lakes with a diverse fish community; the
exception was A Lake with Brook Trout that relied mostly (86%)
on littoral carbon, suggesting that interspecific competition is not
the only factor responsible for between-lake differences in the
energy sources supporting this species.

Littoral primary consumers in the New Brunswick lakes had
significantly different δ15N values among lakes (ANOVA, p <

0.001), with overall within-lake means ranging from 0.82 to 3.83;
as such, Brook Trout δ15N values were adjusted to baseline values
as described in the methods. The TP of Brook Trout differed
significantly among lakes (ANOVA, p < 0.01) but was unrelated
to the composition of the fish community; mean TP for this
species was 3.76 (Moose Lake) and 3.48 (Tahoe Lake) in Brook
Trout only lakes, and 3.20, 3.50, and 3.82 in Bathurst, Nictau and
A lakes, respectively, with diverse fish communities. This is in
contrast to a study that found a relationship between the length
of the food chain supporting Lake Trout and fish species richness
(Vander Zanden et al., 1999). A study including more Brook
Trout lakes than was examined herein is warranted to better
understand how the trophic position of this species is affected by
fish community composition.

Mercury Concentrations in Invertebrates
Among littoral invertebrate taxa in the New Brunswick
lakes, predatory macroinvertebrates (Aeshnidae, Zygoptera)

TABLE 2 | Mean (±SD) THg, fork length, weight, condition, age, δ15N, trophic position (TP), δ13C, and proportion littoral C of Brook Trout collected from

lakes in New Brunswick, Canada (see Methods for calculations of TP and proportion littoral C).

A Bathurst Moose Nictau Tahoe

BROOK TROUT

n 13 22 20 15 20

THg (µg/g dw) 1.2±0.77a 0.33±0.15b 0.43± 0.24b 0.46±0.36b 0.46±0.12b

Fork Length (cm) 20.4±4.4a,b 20.3±7.1a,b 24.4± 5.9a 18.2±6.6b 18.9±5.6b

Weight (g) 108±71.9a 128±113.4a 160± 97.2a 93.7±82.6a 81.7±55.5a

Condition (g/cm3) 1.11±0.09a 1.09±0.14a 0.98± 0.10b 1.08±0.13a 1.01±0.09a,b

δ15N (h) 9.92±0.52 8.33±1.03 8.15± 0.39 8.85±1.03 7.88±0.25

TP 3.82±0.62a 3.20±0.46b 3.76± 0.11a 3.50±0.32a,b 3.48±0.17a,b

δ13C (h) −26.5±0.94 −27.6±2.41 −22.0± 0.88 −26.1±1.12 −29.1±0.53

Proportion littoral C 0.86±0.34a 0.13±0.28b 1.21± 0.10c 0.38±0.16d 0.77±0.27a

Age (yr) 3.6±0.6a 3.6±1.2a 3.8± 1.2a 3.2±1.6a 3.6±0.8a

TMS – Log Hg vs δ15N

n (r2) 89 (0.65) 74 (0.59) 29 (0.73) 81 (0.60) 37 (0.58)

Slope 0.20±0.02 0.19±0.02 0.21± 0.02 0.18±0.02 0.13±0.02

Intercept −1.53±0.11 −2.11±0.14 −2.13± 0.17 −2.03±0.13 −1.34±0.12

Superscripts show significant differences among lakes for each variable (transformed as described in text). Regression equations for log Hg (THg for fish, MeHg for invertebrates) vs.

unadjusted δ15N through the five food webs are also shown.
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typically had the highest MeHg concentrations whereas primary
consumers (Ephemeroptera, Limnephilidae) had the lowest
MeHg concentrations (Table 3). In general, MeHg in these
invertebrates tended to be highest in low pH and high DOC
systems, as has been observed in other studies (Rennie et al.,
2005; Chételat et al., 2011; Riva-Murray et al., 2011; Tsui and
Finlay, 2011; Clayden et al., 2014) likely reflecting the role of these
variables in promoting Hg methylation and/or bioavailability to
the base of food webs. Aqueous TOC for the New Brunswick
lakes were all below a DOC threshold of 8.5 mg/L observed by
French et al. (2014) above which there appears to be reduced
bioavailability of Hg to amphipods from Arctic lakes. In four
of the lakes (A, Bathurst, Nictau, and Tahoe) from the present
study, MeHg concentrations in zooplankton were higher than
those of most littoral primary consumers, although sample sizes
were limited. This finding supports data from mid-latitude lake
of eastern North America (Chételat et al., 2011), and suggests
a greater risk of MeHg accumulation for fish relying on pelagic
than benthic carbon sources.

Mercury Concentrations in Brook Trout
and Other Fishes
In the current study, THg concentrations in Brook Trout varied
by a factor of 3–4 across lakes, despite the fish being of a similar
age (Table 2). Brook Trout from A Lake had significantly higher
log THg concentrations than those from other lakes (ANOVA,
p = 0.001), and this trend was not explained by among-lake
differences in fish size. Total Hg concentrations in Brook Trout
vary across systems in northeastern North America, and tend to
be higher in reservoirs than those of lakes and rivers (Kamman
et al., 2005). The THg in Brook Trout filets from this large (>1100
fish) dataset averaged 0.21 µg/g ww and ranged from < 0.05 to
1.3 µg/g ww (standardized to 27.2 cm length), and their whole
body concentrations of THg exceed levels of concern for fish-
eating wildlife (0.16 µg/g ww) in the majority of fish collected
across northeastern North America (Evers et al., 2007).

In the New Brunswick lakes, log THg of Brook Trout was
positively predicted by their TP within Nictau, A and Bathurst
lakes (Figure 1). Similarly, the best predictors of log THg in
Brook Trout muscle across all of the New Brunswick lakes were
TP and weight (general linear mixed model, log THg = –1.11
± 0.19 + 0.26 ± 0.05 log weight + 0.16 ± 0.05 TP, r2

adj
=

0.65; Pearson correlation of log weight vs. TP = 0.48). Many
studies, including those on other trout species, report strong
associations between THg concentrations and various measures
of fish size (length, weight) or age, due to this element’s ability to
bioaccumulate (e.g., Kamman et al., 2005). Similarly, TP has long
been shown to be a significant predictor of Hg in top predator
fishes (e.g., Kidd et al., 1995; Vander Zanden and Rasmussen,
1996).

Log THg of Brook Trout was predicted by their source of
energy (as determined using δ13C) within two of the five lakes (A
andMoose) in New Brunswick, with higher Hg concentrations in
fish feeding more on littoral carbon (Figure 1). In contrast to size
and trophic position effects, fewer studies have examined howHg
in fish is affected by their carbon source and results have been

FIGURE 1 | Total Hg (µg/g ww) vs. (A) proportion littoral carbon and (B)

trophic position (see Methods for calculations) in Brook Trout from five

lakes in New Brunswick, Canada. Regression lines are shown where

relationships were significant. A Lake (solid line log Hg = −0.368 ± 0.147 +

0.467 ± 0.159 C, p = 0.014, r2adj = 0.38; log Hg = −1.058 ± 0.315 + 0.285

± 0.0814 TP, p = 0.005, r2adj = 0.48), Moose Lake (dash-dot line, log Hg =

−1.721 ± 0.522 + 1.082 ± 0.431 C, p = 0.04, r2adj = 0.22), Nictau Lake

(dotted line, log Hg = −2.931 ± 0.604 + 0.711 ± 0.172 TP, p = 0.001, r2adj =

0.53), Bathurst Lake (dashed line, log Hg = −1.393 ± 0.319 + 0.2701 ±

0.0986 TP, p = 0.013, r2adj = 0.24).

equivocal. For example, within a lake Eagles-Smith et al. (2008)
found higher Hg in fish that relied more on benthic (littoral and
profundal) than pelagic carbon, an opposite trend to that found
by Chételat et al. (2013). The importance of pelagic vs. littoral
carbon on Hg concentrations in fishes is likely dependent, in
part, on whether these habitats support different production and
uptake ofMeHg to the base of the food web (as in Lindholm et al.,
2014).

Among-lake differences in THg of other fish species from
the New Brunswick lakes reflected the spatial patterns found
for Brook Trout and the macroinvertebrates. The mean THg
for other fishes ranged from a high of 2.07± 0.10 µg/g dw for
Brown Bullhead from A Lake to a low of 0.23 ± 0.15 µg/g
dw for White Sucker from Bathurst Lake (Table 4). Within the
same species, individuals from A Lake had consistently higher
THg concentrations than those from other lakes and this is
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TABLE 3 | MeHg (µg/g dw), δ13C (h), and δ15N (h) of invertebrates collected in A, Bathurst, Moose, Nictau, and Tahoe lakes, New Brunswick, Canada.

Invertebrates n MeHg (µg/g dw) δ13C (h) δ15N (h)

A LAKE

Aeshnidae 3 0.16, 0.25, 0.66 −27.45, −27.16, −28.24 4.58, 4.56, 4.07

Heptageniidae 3 0.10, 0.25, 0.32 −26.50, −28.07, −26.60 1.41, 2.61, 3.11

Leptophlebiidae 2 0.05, 0.09 −32.40, −31.32 1.40, 2.42

Limnephilidae 3 0.08, 0.08, 0.19 −27.13, −32.99, −27.90 0.64, 2.65, 2.32

Littoral, non-predaceous Chironomidae 3 0.01, 0.06, 0.08 −29.62, −27.90, −28.34 3.10, 3.21, 2.99

Littoral, predaceous Chironomidae 3 0.05, 0.09, 0.12 −28.05, −28.31, −31.08 2.58, 3.67, 3.22

Profundal, non-predaceous Chironomidae 2 0.06, 0.01 −32.05, −28.58 0.66, 3.16

Profundal, predaceous Chironomidae 3 0.02, 0.03, 0.15 −27.47, −29.37, −27.48 3.22, 5.04, 4.39

Zooplankton 2 0.12, 0.36 −32.34, −30.03 4.48, 5.02

Zygoptera 3 0.12, 0.23, 0.25 −28.80, −26.31, −26.87 4.86, 6.00, 5.42

BATHURST LAKE

Aeshnidae 2 0.09, 0.10 −27.37, −25.69 5.10, 5.71

Leptophlebiidae 2 0.03, 0.07 −29.23, −26.16 3.77, 3.97

Limnephilidae 2 0.02, 0.04 −27.27, −25.22 1.99, 2.85

Littoral, non-predaceous Chironomidae 2 0.04, 0.06 −29.15, −23.38 3.36, 3.54

Profundal, non-predaceous Chironomidae 2 0.01, 0.01 −37.54, −36.86 3.97, 4.24

Zooplankton 2 0.11, 0.13 −33.51, −31.50 4.11, 5.80

Zygoptera 2 0.06, 0.11 −26.43, −22.62 5.03, 5.34

MOOSE LAKE

Aeshnidae 1 0.15 −26.45 4.78

Amphipoda 1 0.04 −26.01 2.96

Leptophlebiidae 1 0.04 −26.04 3.55

Limnephilidae 1 0.02 −28.78 1.32

Littoral, non-predaceous Chironomidae 1 0.18 −28.08 2.63

Littoral, predaceous Chironomidae 1 0.06 −27.66 2.53

Profundal, non-predaceous Chironomidae 1 0.03 −32.64 1.54

Profundal, predaceous Chironomidae 1 0.03 −29.51 5.27

Zooplankton 1 0.02 −34.81 5.38

NICTAU LAKE

Aeshnidae 2 0.08, 0.13 −27.37, −25.67 5.40, 5.40

Leptophlebiidae 2 0.03, 0.05 −29.47, −26.04 3.59, 4.10

Limnephilidae 2 0.04, 0.04 −25.38, −23.56 4.21, 4.36

Littoral, non-predaceous Chironomidae 2 0.03, 0.05 −25.96, −25.56 4.46, 4.62

Profundal, non-predaceous Chironomidae 2 0.02, 0.02 −39.46, −38.70 4.01, 4.46

Zooplankton 2 0.12, 0.13 −31.64, −30.29 4.53, 5.84

Zygoptera 2 0.07, 0.07 −28.19, −26.36 6.02, 6.14

TAHOE LAKE

Aeshnidae 3 0.17, 0.24, 0.53 −30.58, −29.99, −29.66 3.94, 4.34, 4.38

Leptohyphidae 1 0.09 −31.39 1.35

Leptophlebiidae 1 0.09 −32.33 0.56

Limnephilidae 1 0.26 −32.18 0.81

Littoral, non-predaceous Chironomidae 2 0.03, 0.12 −30.11, −31.75 3.34, 3.75

Littoral, predaceous Chironomidae 2 0.07, 0.45 −30.98, −28.91 3.13, 3.55

Profundal, non-predaceous Chironomidae 3 0.06, 0.02, 0.01 −38.62, −38.14, −39.14 1.32, −0.06, 0.64

Zooplankton 3 0.43, 0.15, 0.33 −33.23, −33.70, −33.55 3.62, 4.20, 3.55

Zygoptera 3 0.44, 0.13, 0.61 −29.26, −31.26, −31.13 4.21, 5.08, 4.54
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TABLE 4 | Mean (± SD) length (cm), weight (g), δ13C (h), δ15N (h), and THg (µg/g dw) of other fishes collected from A, Bathurst, and Nictau lakes in New

Brunswick, Canada.

n Fork Length (cm) Weight (g) δ13C (h) δ15N (h) THg (µg/g dw)

A LAKE

Banded Killifish 4 8.1 ± 0.7 3.5 ± 1.1 −26.09 ± 0.01 7.81 ± 0.23 1.64 ± 0.65

Brown Bullhead 13 17.5 ± 6.4 84.6 ± 73.1 −26.47 ± 1.17 8.23 ± 0.33 2.39 ± 0.10

Creek Chub 6 14.4 ± 1.9 34.3 ± 14.1 −26.22 ± 0.42 8.82 ± 0.13 1.70 ± 0.25

Golden Shiner 9 8.2 ± 0.9 5.5 ± 2.0 −26.01 ±0.73 8.2 ± 0.44 2.07 ± 0.56

White Sucker 16 26.1 ± 7.0 240.7 ± 163.8 −26.78 ± 0.64 7.08 ± 0.35 1.33 ± 0.66

BATHURST LAKE

Banded Killifish 10 7.9 ± 2.3 5.9 ± 4.6 −24.27 ± 0.55 8.76 ± 0.51 0.31 ± 0.14

Lake Chub 10 9.6 ± 2.29 10.1 ± 6.4 −25.90 ± 0.80 7.72 ± 0.21 0.90 ± 0.27

White Sucker 17 20.3 ± 12.9 223.1 ± 305.8 −24.21 ±3.33 7.21 ± 0.55 0.23 ± 0.15

NICTAU LAKE

Blacknose Dace 8 6.3 ± 0.7 3.0 ± 1.2 −23.39 ± 0.75 8.71 ± 0.43 0.33 ± 0.10

Common Shiner 8 10.3 ± 2.2 16.7 ± 11.5 −25.79 ± 0.91 8.21 ± 0.21 0.43 ± 0.19

Lake Chub 8 8.2 ± 1.3 5.9 ± 3.0 −26.73 ± 1.2 8.97 ± 0.48 0.83 ± 0.39

Smelt 1 15.7 25.2 −31.07 9.58 1.08

Fourspine Stickleback 8 5.0 ± 1.1 1.3 ± 0.9 −26.72 ±1.59 10.03 ± 0.49 0.34 ± 0.16

White Sucker 8 15.0 ± 10.0 87.1 ± 99.2 −25.13 ± 2.46 8.25 ± 0.74 0.31 ± 0.17

Yellow Perch 8 18.7 ± 3.0 71.1 ± 35.5 −25.92 ± 3.53 8.53 ± 2.25 0.61 ± 0.24

likely related to the elevated MeHg concentrations in the system’s
invertebrates. The physical-chemical characteristics of A Lake
were different from the other four lakes (Table 1), and are similar
to those known to have fish with elevated Hg concentrations.
More specifically, A Lake was shallower, more acidic, and smaller
in surface area than the other Brook Trout lakes. Higher Hg
concentrations in fishes have been found in smaller than larger
lakes (Bodaly et al., 1993), and in systems with lower pH (Wiener
et al., 2003).

It is interesting to note that although Tahoe Lake also had
chemical characteristics that promote Hg bioavailability (e.g.,
lower pH) and invertebrate taxa (Aeshnidae and Zygoptera) with
high MeHg concentrations, the THg of Brook Trout were similar
(mean of 0.46 µg/g dw) to those for the less acidic systems
(means of 0.33 to 0.46 µg/g dw) (Tables 1, 2), and the TMS was
lower (see below). The reasons for this are unknown but may be
related to some liming of the lake in 1998 and 2000 to increase
pH (Finley, 2013). Lake liming has been suggested as a possible
method to control lake pH with an overall goal of mitigating
mercury bioaccumulation (Shastria and Diwekar, 2008). In other
studies Hg concentrations in fish and MeHg in the water column
were lower after liming, and remained lower for many years
(Andersson et al., 1995; Rask and Verta, 1995; Rask et al., 2007).

THg in Salmonids across Diverse Lakes
The PCA using data for Arctic Char, Lake Trout, and Brook
Trout lakes (n = 23) had components that were dominated
by TP, DOC, maximum depth, and surface area (PC1), Cl−,
Ca2+, and SO2−

4 (PC2), and latitude and longitude (PC3). Mean
THgage concentrations in the salmonid species (Table 5) were
correlated with DOC (r = 0.596), latitude (r = −0.585), Cl−

(r =−0.665), and Ca2+ (r=−0.543; Table S1). However, THgage
in these lakes was best predicted by a combination of PC1and

PC2 (multiple regression r2
adj

= 0.45, p < 0.001; Table 6 and

Table S2). PC2, dominated by ions (Ca2+, Cl−, and SO−

4 ), was the
strongest (r =−0.539) predictor of mean THgage concentrations
across salmonid lakes (Table S3). Various ions have complex
relationships with Hg bioavailability, some of which negatively
impact Hg uptake by sulfate reducing bacteria and therefore
methylation (Kelly et al., 2003; Daguené et al., 2012). Fish also
tend to have lower Hg concentrations in lakes with high Ca2+

concentrations and pH (Lange et al., 1993). Although diet is their
main pathway of MeHg exposure (Hall et al., 1997), aqueous
uptake occurs (Wang et al., 2010) but can be limited by cations
due to their competitive binding with Hg in gill tissues (Laporte
et al., 2002; Wang and Wang, 2010).

Mean THgage concentrations in salmonids were also positively
predicted by PC1 (r = 0.478; Figure 2), which was dominated
by nutrients (TP, DOC) and lake area and depth (Table 6; Table
S3). Lakes with smaller surface areas tend to have warmer
epilimnia and higher methylation of Hg, resulting in higher Hg
concentrations in all fishes but benthivorous species (Bodaly
et al., 1993). Lake depth is a determinant of thermoclines and
DOC concentrations can influence oxyclines, both potentially
affecting levels of anoxia and the activity of sulfate reducing
bacteria that methylate Hg (Verta et al., 2010; Perron et al.,
2014). Finally, more productive systems (higher TP, etc.) tend
to have lower biotic Hg concentrations (Chen et al., 2005).
Overall, results from the current study support earlier research
demonstrating that several physical and chemical characteristics
of lakes predict THg in fishes.

Mercury Biomagnification in Food Webs
As observed elsewhere, δ15N was a significant predictor of Hg
concentrations in each of the food webs supporting Brook
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FIGURE 2 | Relationships between age-adjusted THg concentrations (5 years) in salmonids and principal components as shown in Table 6. Brook Trout

data are from the current study whereas Arctic Char and Lake Trout data are from Lescord et al. (2015) and Kidd et al. (2012), respectively.

Trout in New Brunswick and the TMS values ranged from
0.13 to 0.21 (Table 2). Significant differences in the slopes were
found (ANCOVA, interaction term δ15N∗lake p = 0.031), with
Tahoe Lake having a lower slope (0.13) than the four other
lakes (0.18–0.21; Figure 3).While Tahoe was one of the smallest
lakes in this study, its lower slope is contrary to the results
of Kidd et al. (2012) who found that smaller lakes had higher
TMS. Tahoe Lake also had among the highest concentrations of
MeHg in invertebrates, second only to A Lake, and was more
acidic, had higher TOC, and had lower Ca2+ concentrations
than all systems but A Lake. While less is known about how
these factors affect TMS, they are conducive to increased MeHg
production and input to the base of food webs, as discussed
above and in French et al. (2014) and Rolfhus et al. (2011),
and lower Hg biomagnification in fish has been observed
when their prey Hg concentrations are higher (Jardine et al.,
2013).

When we combined our findings from the New Brunswick
lakes supporting Brook Trout with existing data on food
webs supporting Arctic Char (Lescord et al., 2015), Lake
Trout (Kidd et al., 2012), and Yellow Perch (Clayden
et al., 2013), there was considerable overlap in TMS
values across these diverse systems (Table 5; Figure 3).
Moreover, TMS values from the current study fell within
the range of estimates from other freshwater, estuarine
and marine food webs around the globe, with an average
TMS of 0.23 across all freshwater systems (Lavoie et al.,
2013).

The TMS across these Canadian food webs were not predicted

by individual PCs or any combination thereof (Figures S1–S3;
Tables S3, S4, S6), as was found in Lescord et al. (2015).

These results are in contrast to findings of Clayden et al.
(2013); TMS values across 11 Yellow Perch lakes were negatively
correlated with a PC dominated by aqueous nutrients (Ca,
DOC, TN, TP), MeHg and chloride, suggesting that water

quality influences the food web biomagnification of Hg, albeit
through yet unknown mechanisms. These Yellow Perch lakes

FIGURE 3 | Regressions of log Hg (THg in fish, MeHg in invertebrates;

µg/g dw) vs. unadjusted δ15N (h) for fish and invertebrates collected

from A, Bathurst, Moose, Tahoe and Nictau lakes, New Brunswick. See

Table 2 for regression equations.

are acidic and relatively low in nutrients (aqueous TP of 6
to 12 µg/L), representing a more limited range of systems
than those presented in the current study (e.g., aqueous TP
of 2.6 to 44 µg/L). It is possible that the lack of some water
chemistry data (i.e., water pH, MeHg) for all of the lakes in
the current study limited the ability to use PCs to predict TMS
values.

When individual physical-chemical variables (TP, DOC
(or TOC), SO2−

4 , surface area, and Cl−; latitude, longitude,
depth, and Ca2+ were excluded due to tolerance values <0.2;
Tabachnick and Fidell, 2007) were entered into a backward
stepwise multiple regression, the best model for TMS across all
lakes included only TP (p = 0.028, R2

adj
= 0.109; Figure 4; Table

S5) a positive but weak relationship was observed. In a broader
synthesis, aqueous pH, TP and DOC explained about 25% of the
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TABLE 5 | Trophic magnification slope (TMS) and select physical and chemical characteristics of Brook Trout (BT; this study; see Table 1 for water

chemistry etc. data), Arctic Char (CH), Lake Trout (LT) and Yellow Perch (YP) lakes from New Brunswick (NB), Nunavut (NU), Ontario (ON), Alberta (AB),

Saskatchewan (SK), and Nova Scotia (NS) Canada (data from Kidd et al., 2012; Clayden et al., 2013; Lescord et al., 2015).

Region Fish

species

Lake THgage TMS TP

(µg/L)

DOC

(mg/L)

Max

Depth (m)

SO2−
4

(mg/L) Lat (N) Long (W) Surface

Area (ha)

Cl− (mg/L) Ca2+ (mg/L)

NB BT A 3.03 0.20

Bathurst 0.50 0.19

Moose 0.51 0.21

Nictau 0.89 0.18

Tahoe 0.60 0.13

NU CH Meretta 0.40 0.12 7 1.7 9.2 9.65 74.7 94.9 39 22.79 22.96

North 0.86 0.13 4.5 0.95 20 22.2 74.8 90.1 59 8.11 21.54

Char 0.15 0.14 2.6 0.55 27 22.9 74.6 94.8 53 15.41 33.54

Small 0.23 0.16 7.5 1.87 13 5.31 74.8 95.1 16 30.23 23.73

Resolute 0.14 0.17 6.4 1.03 22 30.7 74.7 94.9 130 33.09 37.74

9 Mile 0.34 0.22 3.7 1.2 18 1.1 74.8 95.2 70 10.63 24.01

ON LT Opeongo 0.86 0.12 6 6.1 52 6.6 45.6 78.3 5860 1.46 3.10

Sandybeach 0.72 0.14 12.7 8.1 41 3.0 49.8 92.3 3820 1.92 22.55

Eva 0.89 0.15 7 5.8 54 2.6 48.6 91.2 1700 1.60 6.00

Thunder 1.11 0.16 11 7.8 21 3.7 49.8 92.6 1120 3.28 15.70

Paguchi 1.07 0.19 16 6.3 30 2.3 49.5 91.5 2450 1.06 8.37

Simcoe 0.34 0.23 12.6 5 41 19.1 44.5 79.5 72500 27.30 44.07

AB LT Grist NA 0.18 16 7.5 43 15.3 55.3 110.0 2500 0.28 6.80

Namur NA 0.18 14 8.6 27 2.5 57.5 111.5 4200 0.44 32.70

Cold 0.49 0.20 33 6.6 99 3.5 54.5 110.0 37300 0.83 34.40

SK LT Wollaston 0.48 0.18 12 3 97 3.8 58.0 103.0 206200 0.52 3.50

Kingsmere 0.77 0.20 21 6.6 47 5.9 54.0 106.0 4700 1.30 32.70

La Ronge 0.65 0.20 8 7.1 38 2.9 55.3 105.0 117800 1.04 24.70

Athabasca 0.74 0.23 44 7.4 120 15.3 58.5 111.0 790000 5.41 23.60

Reindeer 1.52 0.23 13 5.7 215 2.4 57.0 102.0 556900 0.52 3.20

NS YP Big Dam West − 0.12 12 12.6 9.5 1.08 44.27 65.17 105 5.09 0.73

George − 0.14 12 9.6 8.5 1.37 44.27 65.13 77.8 4.47 0.58

Peskowesk – 0.14 7 6.9 13 1.38 44.19 65.17 685 3.88 0.30

Hilchemakaar − 0.15 12 5.7 7.3 1.71 44.17 65.14 95.4 4.01 0.68

Upper Silver − 0.15 8 3.6 5.8 1.49 44.17 65.15 24.3 3.86 0.64

Big Dam East − 0.15 8 4.5 4.2 1.38 44.27 65.16 45.5 4.25 0.61

Cobrielle − 0.16 5 3.1 6.3 1.26 44.19 65.14 132 3.87 0.30

North Cranberry − 0.18 8 4.3 5.0 1.29 44.2 65.14 34.3 3.68 0.38

Puzzle − 0.21 8 3.9 6.1 0.96 44.19 65.14 33.7 3.46 0.38

Pebbleloggitch − 0.21 14 13.7 2.5 1.04 44.18 65.21 33.4 3.38 0.28

Beaverskin − 0.23 6 2.8 6.3 1.41 44.18 65.2 39.5 3.86 0.29

Mean age-adjusted total Hg (THgage; 5 yr) concentrations in top predators are also shown. NA, not available.

variability of TMS values across diverse freshwater systems (n
= 44; Lavoie et al., 2013). Interestingly, TMS values are either
higher (this study, Kidd et al., 2012; Verburg et al., 2014) or
lower (Clayden et al., 2013; Lavoie et al., 2013) in lakes with
greater TP for reasons that are unknown and warrant further
investigation. While there are numerous studies in the literature
that have quantified the trophic transfer of Hg using δ15N (e.g.,

Rolfhus et al., 2011), most have not examined whether the TMS
values are related to system characteristics.

In summary, results from this study on Brook Trout in New
Brunswick lakes support the paradigms that trophic position,
source of dietary carbon, and size affect concentrations of
this toxic element in fish and that higher Hg is found in
biota from acidic systems, and provide new knowledge on the
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TABLE 6 | Rotated component matrix* showing the loading strength of the

physical and chemical variables common across all salmonid lakes in

each Principal Component (PC) resulting from the PCA.

Parameter Loadings

PC1 PC2 PC3

TP 0.836 −0.049 −0.086

DOC 0.707 −0.384 −0.407

Max. depth 0.820 0.077 0.299

SO4 0.068 0.915 0.108

Latitude −0.287 0.374 0.859

Longitude 0.611 0.161 0.733

Surface area 0.856 0.000 0.007

Cl −0.344 0.801 0.330

Ca 0.290 0.617 0.537

Eigenvalue 3.5 3.2 0.71

% variance explained: 38.5 35.8 7.8

Cumulative % variance explained: 38.5 74.3 82.1

PC, Principal component using lake with salmonid top predators (n = 27). TP, total

phosphorus, DOC, dissolved organic carbon, SO4, sulfate, Cl, Chloride, Ca, Calcium.

*5 iterations and Varimax rotation. Kaiser-Meyer-Olkin (KMO) = 0.633; Bartlett’s test of

sphericity p < 0.001.

magnitude of Hg biomagnification through lacustrine food webs
supporting Brook Trout. In addition, there was some—albeit
weak—evidence in a broader dataset that the trophic transfer
(TMS) of Hg is higher in lakes with greater nutrients (i.e., TP), as
has been seen previously. The mechanisms behind the influence
of water chemistry variables on TMS values, however, remain
speculative and may be direct or indirect. Further comparisons
are warranted because of the known effects of MeHg on top
predator fishes and their consumers and the lack of studies
with consistent experimental designs and/or the supporting
information needed to assess broader trends and to improve our
understanding of systems at greatest risk (Lavoie et al., 2013).
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