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Abstract: We determined whole-fish Hg concentrations of 26 female and 34 male adult lake whitefish
(Coregonus clupeaformis) from northern Lake Huron captured during November 2010. Subsampling
from these 60 fish, Hg concentration was also determined in both somatic tissue and ovaries (n = 5),
while methylmercury (MeHg) concentration was determined in whole fish (n = 18). Bioenergetics
modeling was used to assess the growth dilution effect on the difference in Hg concentrations between
the sexes. Mean whole-fish Hg concentration in females (59.9 ng/g) was not significantly different
from mean whole-fish Hg concentration in males (54.4 ng/g). MeHg accounted for 91% of the mercury
found in the lake whitefish. Bioenergetics modeling results indicated that the growth dilution effect
did not contribute to the difference in Hg concentrations between the sexes. We estimated that
females increased in Hg concentration by 17.9%, on average, immediately after spawning due to
release of eggs. Using polychlorinated biphenyl (PCB) data for the same 60 lake whitefish from a
previous study, we detected a significant interaction between sex and contaminant type (Hg or PCBs),
which was attributable to males being significantly higher in PCB concentration than females. Males
may be eliminating Hg at a faster rate than females.

Keywords: atmospheric deposition; bioenergetics modeling; consumption advisories; gross growth
efficiency; Hg-elimination rates; tracers of food consumption

1. Introduction

Lake whitefish (Coregonus clupeaformis) populations in the upper Great Lakes (i.e., Lakes Superior,
Huron, and Michigan) have supported highly valued commercial fisheries [1,2]. Lake whitefish were
prized as a food fish by both aboriginal people and early European settlers of the upper Great Lakes
region. Some of these settlers described lake whitefish as the “best fish in the world” while also
proclaiming that “one could eat if for days and never grow tired of it” [3]. The first commercial
fisheries in the upper Great Lakes were focused on lake whitefish due to its excellent quality as a food
fish and because spawning aggregations would concentrate in shallow water close to shore where
they could be harvested with gill nets and seines by early settlers [2]. Commercial fisheries for lake
whitefish in the upper Great Lakes began in the late 1700s and have continued to the present time.
Overall, lake whitefish commercial harvest has appeared to be sustainable at moderate, or perhaps
even high, levels of exploitation [2]. Lake whitefish have exhibited a remarkable ability to adapt their
diet in response to changes in the food web brought about by biological invasions [4,5].
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By way of atmospheric emissions and transport, mercury has become a globally dispersed
pollutant [6]. Because mercury can biomagnify in food webs, top predators, including humans, tend
to exhibit elevated mercury concentrations. Mercury has been ranked as one of the ten chemicals of
major public health concern in the world [7]. Mercury contamination is more damaging to the brain
of fetal humans than to the brain of adult humans [8–11]. Mercury can interfere with normal brain
development by inhibiting the division and migration of neuronal cells in the brain of a human fetus.
In addition, recent research has shown a link between mercury exposure and subclinical autoimmunity
among reproductive-age women [12]. Consumption of contaminated fish is the predominant source of
mercury exposure to humans and fish-eating wildlife, and consequently mercury contamination in
fish is of special concern [9,13]. To develop fish consumption advisories and to assess risk to humans
and wildlife consuming contaminated fish, determinations of mercury concentrations in fish are of
vital importance [9,14–18].

In Lake Huron, the biogeochemical cycling of mercury is currently dominated by air-water
exchange processes [19,20]. Water column concentrations of total mercury (Hg) are relatively low,
typically averaging less than 1 ng/L. Moreover, based on analysis of sediment core samples and
determinations of Hg concentrations in the surficial sediments, Marvin et al. [21] concluded that the
current degree of mercury contamination in Lake Huron sediments does not represent a significant
degree of anthropogenic enrichment, because present-day Hg concentrations in the surficial sediments
averaged only 0.04 µg/g. In fact, Lake Huron had the lowest sediment Hg concentrations of all
five Laurentian Great Lakes. In contrast, Hg concentrations in the water of Clear Lake, a highly
contaminated lake in California (USA), ranged from 2 to 8 ng/L, and sediment Hg concentrations in
this lake ranged from 0.50 to 83 µg/g [22].

An interesting pattern appears to be emerging with regard to the difference between the ratio
of whole-fish Hg concentration in males to whole-fish Hg concentration in females and the ratio of
whole-fish polychlorinated biphenyl (PCB) concentration in males to whole-fish PCB concentration
in females [23]. Specifically, the ratio of Hg concentrations has been shown to be substantially lower
than the ratio of PCB concentrations for a given population of teleost fish. This difference between the
ratios is surprising, because both Hg and PCBs are considered reliable tracers of food consumption
by fish [24,25]. Given that nearly all of the Hg and PCB body burdens accumulated by fish are from
dietary intake, we would have expected that the relative difference in Hg concentrations between the
sexes is identical to the relative difference in PCB concentrations between the sexes. In several fish
populations, including lake whitefish, PCB concentration in males has been shown to be greater than
PCB concentration in females by 15%–45% [26]. For lake whitefish from northern Lake Huron, PCB
concentration in males exceeded that in females by 34%, and this difference was statistically significant.
The higher PCB concentration in males was attributed to a higher rate of energy expenditure in males,
stemming from higher activity and a higher resting metabolic rate (or standard metabolic rate, SMR)
in males. Because males expend energy at a higher rate than females, males consume food at a higher
rate than females, which, in turn, leads to males accumulating PCBs at a higher rate than females. In
lake trout (Salvelinus namaycush) from Lake Ontario, males were 22% greater in PCB concentration
but only 8% greater in Hg concentration than females [27]. Male burbot (Lota lota) from Lake Erie
and Great Slave Lake were 29% greater in PCB concentration than female burbot, whereas female
burbot from these two lakes were 22% greater in Hg concentration than male burbot [23]. This lower
value for the ratio of Hg concentration in males to Hg concentration in females compared with the
ratio of PCB concentration in males to PCB concentration in females has been attributed to males
eliminating Hg from their bodies at a faster rate than females, whereas long-term elimination rates for
PCBs are negligible for both sexes. According to this explanation, Hg is ingested at a faster rate by
males than by females, but Hg is also eliminated at a faster rate by males than by females. In contrast,
PCBs are ingested at a faster rate by males than by females, but PCB long-term elimination rates do
not vary meaningfully between the sexes because these rates are negligible for both sexes. Faster
Hg-elimination rates in adult male northern pike (Esox lucius) compared with adult female northern
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pike have been documented using isotopically enriched Hg [28]. To the best of our knowledge, the
above-mentioned study on northern pike has been the only study, to date, directly determining the
difference in Hg-eliminations rates between the sexes of a fish species.

Total mercury (Hg) concentrations have been determined in the muscle tissue of lake
whitefish [29,30], but, to the best of our knowledge, whole-fish Hg concentrations have not been
determined for lake whitefish. Thus, differences in whole-fish Hg concentrations between the sexes of
lake whitefish have apparently not been examined. Whole-fish contaminant determinations are critical
for ensuring a complete and accurate assessment of the difference in contaminant concentrations
between the sexes [31]. The difference between the muscle tissue contaminant concentrations between
the sexes may accurately reflect the difference in whole-fish contaminant concentrations between
the sexes in some cases, but not in others [31]. Whole-fish contaminant determinations are useful in
assessing risk to wildlife because wildlife typically consume the entire fish [9,13,16].

Mercury accumulated by fish can either be methylmercury (MeHg) or inorganic mercury.
Typically, MeHg is the predominant form found in fish [32], but inorganic mercury can make a
substantial contribution to Hg in some cases [33]. When modeling Hg accumulation in fish, all of the
Hg found in the fish is often assumed to be MeHg [24].

The overall goal of our study was to characterize Hg accumulation in lake whitefish from northern
Lake Huron. We were especially interested in whether the pattern in lake whitefish results would
mimic those for lake trout and burbot, for which the ratio of PCB concentration in males to PCB
concentration in females was substantially greater than the ratio of Hg concentration in males to Hg
concentration in females. If these two ratios were found to differ, we then identified the factor or
factors most likely responsible for the difference between these two ratios. The specific objectives were
to: (1) estimate the mean whole-fish Hg concentration for Lake Huron lake whitefish; (2) estimate
the proportion of MeHg in the Hg found in Lake Huron lake whitefish; (3) quantify the difference in
Hg concentrations between the sexes of Lake Huron lake whitefish; (4) use bioenergetics modeling
to assess the effect of growth dilution on the observed difference in Hg concentrations between the
sexes; (5) compare Hg concentration in somatic tissue with Hg concentration in the ovaries of ripe
female lake whitefish; (6) using the results of Madenjian et al. [26], determine whether sex significantly
interacted with contaminant type (Hg or PCBs); and (7) discuss the implications of these results for the
continued operation of the lake whitefish fisheries in Lake Huron.

2. Materials and Methods

2.1. Field Methods

A commercial trap net was set in waters between 5 and 15 m deep in northern Lake Huron in
the vicinity Cedarville, MI during fall 2010. This part of Lake Huron is at the center of the spawning
area used by the Detour stock of lake whitefish [34]. The trap net catch was retrieved on 6 November
2010, and 60 lake whitefish were randomly selected from the catch. Spawning by lake whitefish
in northern Lake Huron typically peaks in mid-November [34]. For each of the 60 lake whitefish,
weight was determined to the nearest 10 g, total length (TL) was measured to the nearest mm, and
sex and maturity were determined by visual inspection of the gonads. Then, each lake whitefish was
individually bagged with a cardboard tag marked with a unique identification number and then frozen
at ´20 ˝C. The frozen lake whitefish were transported to the Great Lakes Science Center (GLSC) in
Ann Arbor, MI for further processing. We used the same lake whitefish in our study as those used by
Madenjian et al. [26] in their study on PCB concentrations in lake whitefish.

2.2. Mercury Determinations

We selected 5 female lake whitefish, at random, for Hg determinations of both somatic tissue and
ovaries. For each of these 5 females, the fish was partially thawed, ovaries were removed and weighed
to the nearest 0.1 g, the remainder of the fish (i.e., the somatic tissue) was weighed to the nearest
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0.1 g, and otoliths were extracted for aging purposes. Somatic tissue and ovaries were homogenized
separately in blenders. Approximately 100 g of the homogenate was transferred to a contaminant-free
glass jar, sealed with a lid, and then stored at ´20 ˝C. For the 55 other lake whitefish, each fish was
partially thawed, otoliths were removed, and then the whole fish was homogenized in a blender.
Again, about 100 g of the homogenate was transferred to a contaminant-free glass jar, sealed with a lid,
and then stored at ´20 ˝C. We shipped all of the frozen homogenates to the U.S. Geological Survey
(USGS) Mercury Research Laboratory in Middleton, WI for mercury determinations. Otoliths were
shipped to the Chippewa Ottawa Resource Authority (CORA) fishery research facility in Sault Ste.
Marie, MI, USA, where aging was accomplished via the break-and-burn technique [35].

At the USGS Mercury Research Laboratory, USEPA Method 7473 was followed to determine the
Hg concentration in each of the homogenates [36]. After freeze-drying, each of the samples was further
homogenized using a stainless steel ball mill. We used a Nippon model MA2000 equipped with a
BC1 autosampler (Tokyo, Japan) for all Hg determinations. An aliquot of fish tissue was weighed to
the nearest 0.1 mg and then transferred to a ceramic boat along with interference-reducing reagents.
In a tube furnace with a copper catalyst at 850 ˝C, the sample was decomposed, and the resulting
gaseous Hg(0) was collected on diatomite particles, and then thermally released and quantified by
atomic absorption at 253.7 nm. Based on a 7-point calibration curve, mass of Hg per sample aliquot
was derived from sample absorbance. Quality assurance/quality control (QA/QC) protocols were
performed throughout the Hg determination process and included analysis of analytical blanks, sample
replicates, and standard reference materials (SRMs), as well as laboratory practices to prevent sample
contamination. We performed triplicate analyses at a rate of once every 5 samples, and the relative
standard deviation (RSD) for the triplicate analyses ranged from 0.8 to 9.8% (mean of 4.0%). With
regard to SRM, International Atomic Energy Agency Reference Material 407 (IAEA 407) was used as
part of the QA/QC protocols and was included in every set of samples. In total, 30 SRM determinations
were made and recovery of the SRM averaged 91.0%, which is well within the range of acceptance
(75%–125% recovery) for the USGS Mercury Research Laboratory. Using multiple analyses of a fish
homogenate (IAEA 407) and following USEPA protocol [37], a detection limit of 7 ng/g (dry weight
basis) was determined.

To determine whether the bulk of the Hg found in the lake whitefish was MeHg, we selected a
subset of 18 lake whitefish (10 females and 8 males) whole-fish homogenates for MeHg determinations.
An adaptation of USEPA [38] method 1630 was used to determine MeHg concentrations, with the
adaptation being use of dilute nitric acid rather than a distillation procedure in the extraction step.
Approximately 25–150 mg of freeze-dried and homogenized tissue was weighed to the nearest 0.1 mg
from each sample, and then transferred to a Teflon digestion tube and extracted in 10 mL of 5 M
HNO3 at 60 ˝C for 8 h. We used a Brooks Rand model Merx-M automated system (Brooks Rand
Instruments, Seattle, WA, USA). To facilitate conversion of MeHg to methylethylmercury (MeEeHg),
approximately 150 µL of the sample extract was mixed with an equivalent volume of 4.5 M KOH
in a 42-mL glass vial filled with reagent water, and 50 µL of sodium tetraethylborate (NaTEB) was
added as a derivatization agent. Using argon gas, the MeEeHg was stripped from the liquid, then
retained on Tenex traps, desorbed back into the sample stream, and separated from the inorganic
forms of mercury in the sample with a gas chromatography column. The MeEeHg was then reduced
into elemental mercury, and then quantified using cold vapor atomic fluorescence spectrophotometry.
QA/QC protocols were followed throughout the MeHg determination process. Again, we performed
triplicate analyses at a rate of once every 5 samples, and the relative standard deviation (RSD) for
the triplicate analyses ranged from 1.8% to 14.1% (mean of 6.0%). Again, IAEA 407 was used as the
SRM. In total, 6 SRM determinations were made and recovery of the SRM averaged 106.8%, which is
well within the range of acceptance (75%–125% recovery) for the USGS Mercury Research Laboratory.
Using multiple analyses of a fish homogenate (IAEA 407) and following USEPA protocol [37], we
determined a detection limit for MeHg of 2 ng/g (dry weight basis). All mercury (both Hg and MeHg)
concentrations for the lake whitefish homogenates were expressed on a wet weight basis.
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2.3. Data Analyses for Hg and MeHg Concentrations

We estimated the whole-fish Hg concentrations of the 5 females selected for somatic tissue and
ovary Hg determinations using the procedure outlined by Niimi [39]. Accordingly, body burden in both
the somatic tissue and the ovaries was calculated by the product of Hg concentration and tissue weight.
These two body burdens were summed to yield the whole-fish body burden, which was then divided
by the weight of the entire fish to yield the whole-fish Hg concentration. In addition, expected percent
change in whole-fish Hg concentration due to release of eggs at spawning was calculated using the
algorithm by Niimi [39]. The ratio of somatic tissue Hg concentration to whole-fish Hg concentration
was subtracted from 1, and this difference was then multiplied by 100. The gonadosomatic index (GSI)
was calculated for each of the 5 females by dividing the weight of the ovaries by the total weight of the
fish and then multiplying by 100.

To test whether sex had a significant effect on Hg concentration, an analysis of covariance
(ANCOVA) model was applied to the data set. The dependent variable was Hg concentration, the
main effect was sex, and the covariate was age. We substituted the value for the grand mean of age
into the fitted ANCOVA model to estimate the ratio of mean Hg concentration of males to mean Hg
concentration of females. A key assumption of the ANCOVA was that the slope of the regression line
of Hg concentration as a function of age for females was equal to that for males. Thus, an F test for
equality of slopes was performed to determine the validity of this assumption. We set α = 0.05 for all
of our statistical testing. Even though Hg concentration was positively correlated with TL, weight, and
age, Hg concentration showed the strongest correlation with age.

The fraction of Hg as MeHg was calculated by the ratio of MeHg concentration to Hg concentration
for each of the 18 lake whitefish used in the MeHg determinations. The mean of these 18 ratios was
then calculated. In addition, we calculated mean ratios by sex. To determine whether the fraction of Hg
as MeHg varied significantly with age, we used simple linear regression analysis to determine whether
the slope of the regression line of ratio of MeHg concentration to Hg concentration as a function of age
was significantly different from zero.

2.4. Bioenergetics Modeling

We used bioenergetics modeling to assess the effect of growth dilution on the difference in Hg
concentrations between the sexes of lake whitefish; refer to Madenjian [31] for more details on this
approach. To briefly summarize, gross growth efficiency (GGE) is defined as the amount of growth by
a fish divided by the amount of food consumption needed to achieve that growth. Hg concentration
is inversely proportional to GGE. Therefore, if the difference in Hg concentration was entirely due
to a difference in GGEs between the sexes, then the ratio of male Hg concentration to female Hg
concentration should equal the ratio of female GGE to male GGE. Bioenergetics modeling can be used
to quantify the relative difference in GGEs between the sexes that is solely due to a difference in growth
rates between the sexes, and this quantification represents the magnitude of the growth dilution effect.
In performing this bioenergetics modeling to assess the growth dilution effect, SMR and activity are
assumed not to vary between the sexes [31].

Growth trajectories were developed for both female and male lake whitefish, based on our TL,
weight, and age data. A von Bertalanffy growth model was fitted to age and TL data for both females
and males. We also fitted length-weight regressions for both females and males. Using the fitted von
Bertalanffy growth curves, TL at age was estimated for both females and males over ages 7–17. Weight
at age for both sexes was estimated by applying the appropriate fitted length-weight regression to
length at age. By late fall, age-0 lake whitefish in northern Lake Michigan have been estimated to
attain a TL of 150 mm [40], which corresponds with a 30-g fish based on our fitted length-weight
regressions. Thus, we assumed that both female and male age-0 lake whitefish weighed 30 g in early
November. To complete development of the growth trajectories, we also assumed that lake whitefish
weight increased linearly between ages 0 and 7 for both sexes. Diet composition data were insufficient
to estimate food consumption by an age-0 lake whitefish from time of hatching in spring to early
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November via bioenergetics modeling. Thus, GGE was assumed to be equal to 0.125 during this time
period because GGE for age-0 bloater, a species closely related to lake whitefish, in Lake Michigan
was estimated to be 0.125 by Rudstam et al. [41]. The lake whitefish used in our study were caught on
6 November 2010, and therefore we designated 6 November as the starting day in our bioenergetics
model simulations.

We applied the Madenjian et al. [42] modification to the generalized coregonid model developed
by Rudstam et al. [41] to the above-mentioned lake whitefish growth trajectories to estimate food
consumption by an average female lake whitefish and an average male lake whitefish from the Detour
spawning stock in northern Lake Huron. According to the structure of this bioenergetics model, which
represents an energy budget for the lake whitefish, energy losses are calculated as functions of water
temperature, lake whitefish size, and food consumption, and then an estimate of the amount of food
consumption necessary for the lake whitefish to achieve the observed size (weight) at a given age is
generated. The lake whitefish’s energy budget can be written as:

C = G + R + Eg + Ex + S (1)

where C = consumption, G = growth, R = respiration, Eg = egestion, Ex = excretion, and S = spawning
losses. Respiration was modeled as a function of water temperature and lake whitefish weight.
Egestion of fecal matter and excretion of nitrogenous wastes were modeled as functions of food
consumption. Spawning was simulated by the lake whitefish losing the appropriate amount of weight
on the spawning day. Based on GSI measurements for male lake whitefish from Lake Michigan [43],
we assumed that mature males lost 2.1% of their body weight on the spawning day. We assumed
that the mature females’ loss of body weight on spawning day was equivalent to the mean GSI for
the 5 females from our study. Because GSI of females was not significantly correlated with age, we
used the same GSI value for all ages of adult female lake whitefish in our simulations. We designated
15 November as the spawning day in our bioenergetics model simulations [34,43], and we assumed
that lake whitefish reached maturity by age 8 [44].

Input data, including the water temperature regime experienced by the lake whitefish, diet
composition, and energy densities of both prey and the lake whitefish, for the bioenergetics model
simulations were taken from Pothoven and Madenjian [5]. These researchers documented and
summarized the changes in diet composition of lake whitefish from northern Lake Huron during
1990–2010. Mysis, Diporeia, dreissenid mussels, chironomids, snails, and Bythotrephes constituted the
major invertebrate prey groups for lake whitefish in northern Lake Huron over this time period. Round
goby (Neogobius melanostomus), an invasive fish from the Ponto-Caspian region, has represented over
20% of the diet of lake whitefish from northern Lake Huron since 2007 [5].

To calculate cumulative GGE for each sex of lake whitefish, we divided the increase in lake
whitefish weight by the cumulative amount of food consumption, as estimated by the bioenergetics
modeling, required to attain the observed growth. The ratio of cumulative GGE for females to
cumulative GGE for males for each of the lake whitefish ages 0–17 was then calculated. If the difference
in Hg concentrations between the sexes were to be fully explained by the growth dilution effect, then
the ratio of GGE for females to GGE for males would equal the ratio of Hg concentration in males to
Hg concentration in females.

2.5. Comparison of PCBs with Hg

To determine whether contaminant type (Hg or PCBs) significantly interacted with sex, we
determined whether the regression line of PCB concentration as a linear function of Hg concentration
for females was significantly different from the regression line of PCB concentration as a linear
function of Hg concentration for males. To perform this analysis, Hg concentration was paired with
PCB concentration for each of the 60 lake whitefish. Data for PCB concentrations were taken from
Madenjian et al. [26]. For both females and males, a simple linear regression analysis of PCB
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concentration as a function of Hg concentration was performed. An F test for equality of regression lines
was used to determine whether the two regression lines were significantly different from one another.

3. Results

3.1. Hg Concentrations

Despite the sexes being similarly aged, female lake whitefish were larger than male lake whitefish
(Table 1). Both sexes ranged in age between 7 and 17 years. Females grew faster than males, based on
results from fitting the von Bertalanffy growth model to total length and age data (Table 1). Gonads of
all of the lake whitefish were in ripe or nearly ripe condition.

Table 1. Mean (standard error of the mean enclosed within parentheses) {range enclosed within
brackets} for total length, weight, and age of adult lake whitefish caught near Cedarville, MI (USA) in
northern Lake Huron during November 2010; also included are the mean asymptotic length and the
Brody growth coefficient, as estimated by fitting the von Bertalanffy growth model to total length and
age data, by sex.

Attribute Females (n = 26) Males (n = 34)

Total length (mm) 515 (5) {468–548} 501 (4) {451–549}
Weight (g) 1192 (40) {825–1670} 1012 (27) {740–1360}
Age (years) 10.4 (0.4) {7–17} 10.9 (0.4) {7–17}

Mean asymptotic length (mm) 556 542
Brody growth coefficient (year´1) 0.165 0.138

Note: n = number of observations.

Based on our statistical analyses, whole-fish Hg concentration did not significantly vary between
the sexes (ANCOVA: F = 1.31; degrees of freedom (df) = 1.57; p = 0.2580) (Figure 1). Whole-fish Hg
concentration significantly increased with increasing lake whitefish age (ANCOVA: F = 2.76; df = 1.57;
p = 0.0069). Because slopes of the regression lines did not vary between the sexes (F = 0.01; df = 1.56;
p = 0.9260), our use of ANCOVA was appropriate.
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Figure 1. Whole-fish Hg concentration as a function of age for adult lake whitefish caught near
Cedarville, MI (USA) in northern Lake Huron during November 2010. Fitted regression lines from an
ANCOVA application to the Hg concentrations are also displayed. R2 value and attained significance
level for the fitted ANCOVA model are also reported.
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Substitution of the value for grand mean of age (10.7 years) into our fitted ANCOVA model
yielded estimates of mean whole-fish Hg concentrations of 59.9 ng/g for females and 54.4 ng/g
for males. Thus, the ratio of mean whole-fish Hg concentration in males to mean whole-fish Hg
concentration in females was equal to 0.91.

Mean Hg concentration in the somatic tissue was greater than mean Hg concentration in the
ovaries (Table 2). On average, whole-fish Hg concentration of the females was expected to increase by
17.9% immediately after spawning due to release of eggs. Mean GSI for the females was 16.1% (Table 2).

Table 2. Mean (standard error of the mean enclosed within parentheses) {range enclosed within
brackets} for Hg concentration in ovaries, Hg concentration in somatic tissue, expected percent change
in whole-fish Hg concentration immediately after spawning due to release of eggs, and gonadosomatic
index (GSI) of five adult female lake whitefish caught near Cedarville, MI (USA) in northern Lake
Huron during November 2010.

Characteristic Mean

Hg concentration in somatic tissue (ng/g) 68.3 (6.5) {44.9–84.7}
Hg concentration in ovaries (ng/g) 4.9 (0.6) {3.3–6.9}

Expected percent change in whole-fish Hg concentration
immediately after spawning due to release of eggs (%) +17.9 (2.8) {+11.2–+25.4}

GSI (%) 16.1 (2.0) {11.1–21.3}

3.2. MeHg Concentrations

Overall, 91% of the Hg found in the lake whitefish from northern Lake Huron was MeHg, as
the mean (standard error of the mean) ratio of whole-fish MeHg concentration to whole-fish Hg
concentration was equal to 0.91 (0.01). Mean ratio of whole-fish MeHg concentration to whole-fish
Hg concentration varied little between the sexes, as these ratios averaged 0.90 (0.02) and 0.92 (0.02)
for females and males, respectively. The ratio of whole-fish MeHg concentration to whole-fish Hg
concentration did not significantly vary with lake whitefish age (t = ´0.06; df = 16; p = 0.9502).

3.3. Bioenergetics Modeling

For both sexes, GGE showed an overall decreasing trend over ages 0–17 (Table 3). Even though
females grew substantially faster than males, the ratio of GGE for females to GGE for males did not
exceed 1.04 over ages 0–17 (Figure 2). The ratio of GGE for females to GGE for males averaged only
1.007 across ages 7–17. Thus, the growth dilution effect could account for males being only 0.7% greater
in whole-fish Hg concentration compared with females.
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Figure 2. Ratio of GGE for females to GGE for males as a function of lake whitefish age. Gross growth
efficiency (GGE) was estimated by applying the lake whitefish bioenergetics model [41,42] to growth
data for male and female lake whitefish caught near Cedarville, MI (USA) in northern Lake Huron
during November 2010. Refer to the text for more details on the bioenergetics model applications.
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Table 3. Cumulative consumption and cumulative gross growth efficiency (GGE), by age and sex, for
lake whitefish from northern Lake Huron.

Age (years)

Females Males

Weight at
Age (g)

Cumulative
Consumption (g)

Cumulative
GGE

Weight at
Age (g)

Cumulative
Consumption (g)

Cumulative
GGE

0 30 240 0.125 30 240 0.125
1 168 900 0.187 149 825 0.181
2 305 2188 0.139 268 1944 0.138
3 443 4124 0.107 387 3610 0.107
4 580 6733 0.086 505 5842 0.086
5 718 12,277 0.058 624 10,563 0.059
6 855 19,023 0.045 743 16,311 0.046
7 993 26,770 0.037 862 23,080 0.037
8 1060 34,979 0.030 908 30,092 0.030
9 1119 43,827 0.026 948 37,422 0.025

10 1171 48,963 0.024 985 41,649 0.024
11 1217 54,311 0.022 1018 46,018 0.022
12 1256 59,841 0.021 1046 50,503 0.021
13 1290 65,531 0.020 1072 55,105 0.019
14 1320 71,366 0.018 1095 59,807 0.018
15 1345 77,323 0.017 1114 64,594 0.017
16 1366 83,381 0.016 1132 69,464 0.016
17 1385 89,533 0.015 1147 74,406 0.015

Estimates of consumption based on application of the Wisconsin bioenergetics model.

3.4. Comparison of PCBs with Hg

The effect of sex on Hg concentration was significantly different from the effect of sex on PCB
concentration (F = 7.67; df = 2.56; p = 0.0011). Thus, the regression line of PCB concentration as a
function of Hg concentration for females was significantly different from the regression line of PCB
concentration as a function of Hg concentration for males (Figure 3). In other words, sex significantly
interacted with contaminant type.

Environments 2016, 3, 7 9 of 15 

 

Table 3. Cumulative consumption and cumulative gross growth efficiency (GGE), by age and sex, for 
lake whitefish from northern Lake Huron. 

Age  
(years) 

Females Males 
Weight at 

Age (g) 
Cumulative  

Consumption (g) 
Cumulative 

GGE 
Weight at 

Age (g) 
Cumulative  

Consumption (g) 
Cumulative 

GGE 
0 30 240 0.125 30 240 0.125 
1 168 900 0.187 149 825 0.181 
2 305 2188 0.139 268 1944 0.138 
3 443 4124 0.107 387 3610 0.107 
4 580 6733 0.086 505 5842 0.086 
5 718 12,277 0.058 624 10,563 0.059 
6 855 19,023 0.045 743 16,311 0.046 
7 993 26,770 0.037 862 23,080 0.037 
8 1060 34,979 0.030 908 30,092 0.030 
9 1119 43,827 0.026 948 37,422 0.025 
10 1171 48,963 0.024 985 41,649 0.024 
11 1217 54,311 0.022 1018 46,018 0.022 
12 1256 59,841 0.021 1046 50,503 0.021 
13 1290 65,531 0.020 1072 55,105 0.019 
14 1320 71,366 0.018 1095 59,807 0.018 
15 1345 77,323 0.017 1114 64,594 0.017 
16 1366 83,381 0.016 1132 69,464 0.016 
17 1385 89,533 0.015 1147 74,406 0.015 

Estimates of consumption based on application of the Wisconsin bioenergetics model. 

3.4. Comparison of PCBs with Hg 

The effect of sex on Hg concentration was significantly different from the effect of sex on PCB 
concentration (F = 7.67; df = 2.56; p = 0.0011). Thus, the regression line of PCB concentration as a 
function of Hg concentration for females was significantly different from the regression line of PCB 
concentration as a function of Hg concentration for males (Figure 3). In other words, sex significantly 
interacted with contaminant type. 

 
Figure 3. Whole-fish PCB concentration as a function of whole-fish Hg concentration for both female 
and male adult lake whitefish caught near Cedarville, MI (USA) in northern Lake Huron during 
November 2010. Fitted regression lines are also displayed. Data for PCB concentrations were taken 
from Madenjian et al. [26]. 

  

Figure 3. Whole-fish PCB concentration as a function of whole-fish Hg concentration for both female
and male adult lake whitefish caught near Cedarville, MI (USA) in northern Lake Huron during
November 2010. Fitted regression lines are also displayed. Data for PCB concentrations were taken
from Madenjian et al. [26].
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4. Discussion

Our results were in accord with results from studies by Madenjian et al. [27] on lake trout and by
Madenjian et al. [23] on burbot. We estimated a ratio of Hg concentration in males to Hg concentration
in females of 0.91, and we did not detect a significant effect of sex on Hg concentration in the lake
whitefish. In contrast, the ratio of PCB concentration in males to PCB concentration in females was
estimated at 1.34 for the same lake whitefish used in our study, and sex did have a significant effect on
PCB concentration [26]. Further, we found the interaction between sex and contaminant type (Hg or
PCBs) to be significant for lake whitefish. Similarly, the ratio of PCB concentration in males to PCB
concentration in females was substantially greater than the ratio of Hg concentration in males to Hg
concentration in females for both lake trout and burbot [23,27]. As proposed in earlier studies, a likely
explanation for the ratio of PCB concentration in males to PCB concentration in females exceeding
the ratio Hg concentration in males to Hg concentration in females was that males eliminated Hg at
a faster rate than females. Thus, in lake whitefish, although males were apparently ingesting Hg at
a higher rate than females, the rate of Hg elimination by males was sufficiently faster than that by
females such that females were actually higher in Hg concentration than males. Males have been
shown to eliminate Hg at a faster rate than females in laboratory mice (Mus musculus) and in northern
pike [28,45]. Moreover, the faster Hg-elimination rates in males appear to be due to enhancement of
the elimination process by certain androgens, as has been demonstrated in laboratory mice [45–49].
Interestingly, the sea lamprey (Petromyzon marinus), a very primitive fish, does not possess the same
androgens as the teleost fishes [50]. Madenjian et al. [51] proposed that the androgens found in sea
lamprey do not enhance Hg-elimination rate, thereby providing a plausible explanation for the ratio of
PCB concentration in males to PCB concentration in females being nearly equal to the Hg concentration
in males to Hg concentration in females in sea lamprey.

Of the three above-mentioned teleost fishes, burbot exhibited the lowest ratio of Hg concentration
in males to Hg concentration in females. A plausible explanation for this relatively low ratio value was
that male burbot eliminated Hg from their bodies at a substantially faster rate than most other male
fishes [23]. Male burbot, with a mean GSI of about 11%, exhibited much greater relative testes size than
either lake trout or lake whitefish, with mean GSIs between 2% and 4%. Madenjian et al. [23] reasoned
that if androgen production is positively related to relative testes size, then male burbot would have
higher androgen levels than most other male fishes, and therefore male burbot would likely eliminate
Hg at a higher rate than most other male fishes. These researchers did acknowledge that GSI is not
the only factor regulating androgen levels in males, and that androgen concentration may not be the
only factor affecting Hg-elimination rate in males. Even though GSIs for male lake trout and male lake
whitefish were similar, the ratio of Hg concentration in males to Hg concentration in females was equal
to 1.08 for lake trout but equal to only 0.91 for lake whitefish. Perhaps androgen concentration was
greater in male lake whitefish than in male lake trout, despite the similarity in GSIs between these two
species. Coincidentally, Hg-elimination rate estimates from laboratory experiments for lake trout and
lake whitefish were 0.000244 day´1 and 0.000730 day´1, respectively [52,53]. These estimates were
derived from mixed-sex fish populations held in laboratory tanks. A plausible explanation for the
substantially greater Hg-elimination rate for lake whitefish compared with lake trout was that male
lake whitefish eliminated Hg at greater rate than male lake trout, and consequently the difference in
Hg-elimination rates between the sexes for lake whitefish exceeded that for lake trout. This explanation
would account for the ratio of Hg concentration in males to Hg concentration in females being greater
for lake trout than for lake whitefish.

The growth dilution effect could not explain why female lake whitefish were slightly higher in
Hg concentration than male lake whitefish. We estimated that the growth dilution effect could account
for male lake whitefish being 0.7% greater in Hg concentration compared with female lake whitefish.
We also estimated that females were slightly (about 10%) higher in Hg concentration compared with
males, although the difference was not significant. Because females grew faster than males, the growth
dilution effect could not explain females having a slightly higher Hg concentration than males.



Environments 2016, 3, 7 11 of 16

Given the results of previous research on the relative difference in contaminant (Hg or PCBs)
concentrations between the sexes of fish [23,26,31], the change in Hg concentration due to release of
eggs at spawning did not appear to affect the difference in Hg concentrations between the sexes of
lake whitefish. Similarly, the change in PCB concentration due to release of eggs at spawning had no
apparent effect on the difference in PCB concentrations between the sexes of lake whitefish from the
Detour spawning stock [26]. Results from the aforementioned previous research have indicated that
the expected change in contaminant concentration due to shedding of eggs at spawning is not linked
to the observed relative difference in contaminant concentrations between the sexes. We estimated
that female lake whitefish would increase 17.9% in Hg concentration immediately after spawning
due to release of eggs, and this value was well within the range of 5.5%–22.4% documented for other
fishes [23,39].

The available data on movements of the Detour spawning stock of lake whitefish in northern
Lake Huron indicated that habitat utilization did not vary between the sexes. Thus, a difference in
habitat utilization between the sexes was probably not a factor influencing either the difference in Hg
concentrations between the sexes or the difference in PCB concentrations between the sexes of lake
whitefish from this Detour spawning stock. Mark-recapture data did not provide any suggestion that
males were spatially segregated from females for an extended period of time over the course of the
year [34]. Moreover, a difference in diet composition between the sexes of lake whitefish was unlikely,
given the results from previous studies on other fish species [26]. For example, diet composition of
both lake trout and coho salmon (Oncorhynchus kisutch) from Lake Michigan did not significantly differ
between the sexes [31].

Ratio of Hg concentration in males to Hg concentration in females varied considerably from
one fish species to another. For lake trout, adult males averaged 8% higher in whole-fish Hg
concentration than adult females [27]. In contrast, adult males were 18% and 21% lower in whole-fish
Hg concentration than adult females for populations of burbot and bluegill (Lepomis macrochirus),
respectively [23,54]. Based on our study results, adult male lake whitefish were 9% lower, on average, in
whole-fish Hg concentration than adult female lake whitefish. Based on muscle tissue determinations,
males tended to have higher Hg concentrations than females in some species of fish, whereas the
opposite pattern was found in other fish species [30,55,56]. This interspecific variation in the ratio
of Hg concentration in males to Hg concentration in females may be due, in part, to interspecific
variation in the relative difference in Hg-elimination rates between the sexes. For species with higher
Hg concentrations in males compared with females, the relative difference in Hg-elimination rates
between the sexes would be expected to be relatively low. For these cases, although males presumably
both ingest and eliminate Hg at faster rates than females, the relative difference in Hg-elimination rates
between the sexes is sufficiently low to allow for higher Hg concentrations in males than in females.
For species with higher Hg concentrations in females compared with males, the relative difference in
Hg-elimination rates between the sexes would be expected to be relatively high. Accordingly, although
males presumably ingest Hg at a higher rate than females, males eliminate Hg sufficiently faster than
females such that females are higher in Hg concentration than males. Thus, this interspecific variability
in the ratio of Hg concentration in males to Hg concentration in females suggested that Hg-elimination
rates for males varied substantially from one species to another.

We showed that 91% of the Hg in whole lake whitefish was MeHg. To the best of our knowledge,
our study was the first to assess the ratio of MeHg concentration to Hg concentration in lake whitefish.
Typically, MeHg is the predominant form of mercury in fish [24,32]. However, only 16% of the
Hg found in fillets of white perch (Morone americana) from the Hackensack River (NJ, USA) was
MeHg, with the remainder of the Hg being inorganic mercury [33]. Reasons for this unusually high
percentage of inorganic mercury were not clear. Nearly all of the Hg found in mummichogs (Fundulus
heteroclitus) from the Hackensack River was MeHg [33]. Raymond and Rossmann [32] determined that
between 60% and 70% of the Hg found in alewives (Alosa pseudoharengus) from Lake Michigan was
MeHg, whereas all (100%) of the Hg in Lake Michigan lake trout was MeHg. These researchers partly
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attributed the disparity in these percentages to a difference in trophic levels between the two species.
All or nearly all of the Hg found in a top predator, like lake trout, is expected to be MeHg, while the
proportion of Hg represented by MeHg may be somewhat lower for prey fish, such as alewife, than for
the top predators [32]. The lake whitefish is considered a generalist feeder rather than a top predator
in the Laurentian Great Lakes [5]. Nonetheless, lake whitefish are capable of a moderate degree of
piscivory [5]. Our results for lake whitefish were identical to those for burbot from Great Slave Lake,
where MeHg represented 91% of the Hg found in these fish [23]. For Lake Erie burbot, 100% of the
Hg was determined to be MeHg [23]. Thus, the proportion of Hg represented by MeHg was similar
between lake whitefish and burbot, a piscivore of coldwater ecosystems.

Our finding that whole-fish Hg concentration significantly increased with increasing lake
whitefish age was similar to the findings of Gewurtz et al. [30], who showed that Hg concentration
in lake whitefish muscle tissue was significantly and positively correlated with lake whitefish length
in about 50% of the lake whitefish populations surveyed in Ontario. These positive relationships are
attributable to at least two factors. First, GGE tends to decrease as lake whitefish grow [43], and GGE
is inversely proportional to contaminant concentration [31]. Thus, holding all other factors constant,
Hg concentration will increase as GGE decreases. Our bioenergetics modeling results indicated that
GGE of lake whitefish from northern Lake Huron exhibited an overall decreasing trend between ages 0
and 17. Second, if Hg concentration in the prey of lake whitefish monotonically decreased over a long
(>10 years) period of time immediately prior to sampling the population, then Hg concentration of the
older and larger lake whitefish in the sample would be higher than Hg concentration of the smaller
and younger lake whitefish in the sample, again holding all other factors constant.

Our results have implications for maintaining the operation of commercial fisheries for lake
whitefish in Lake Huron. The U.S. Environmental Protection Agency (EPA), Ontario Ministry of
the Environment (OMOE), and U.S. Food and Drug Administration (FDA) have set thresholds of
300, 610 (for the general public), and 1000 ng/g, respectively, for Hg concentrations in fish eaten by
people, and either restricted consumption or no consumption is advised when these thresholds are
exceeded [18,57]. Mean whole-fish Hg concentration of Lake Huron lake whitefish was estimated at
57 ng/g. Muscle tissue Hg concentration is about 10% higher than whole-fish Hg concentration in most
fishes [58]. Applying this conversion rate to our estimated mean for whole-fish Hg concentration in
Lake Huron lake whitefish yielded an estimated mean of 63 ng/g for muscle Hg concentration. Thus,
mean Hg concentration in muscle tissue of Lake Huron lake whitefish was estimated to be well below
the EPA, OMOE, and FDA guidelines. Applying the Becker and Bigham [58] conversion factor to our
set of 60 lake whitefish Hg determinations indicated that all of the lake whitefish in our sample were
well below the above-mentioned guidelines with regard to Hg concentration in their muscle tissue.
Similarly, PCB concentrations of lake whitefish from northern Lake Huron were low compared with
established guidelines. The OMOE and FDA thresholds for PCB concentrations in fish eaten by people
are 844 (for the general public) and 2000 ng/g, respectively [57,59]. Lake whitefish from Lake Huron
averaged 71 ng/g in whole-fish PCB concentration [26]. Typically, whole-fish PCB concentrations are
higher than PCB concentrations in fish fillets [60]. Thus, mean PCB concentration in Lake Huron lake
whitefish fish fillets was expected to be well below the OMOE and FDA guidelines. Further, none of
the whole-fish PCB determinations by Madenjian et al. [26] exceeded 160 ng/g. Thus, all of the lake
whitefish in our sample were expected to be well below both of the above-mentioned guidelines with
regard to fillet PCB concentrations.

5. Conclusions

We documented that although whole-fish Hg concentrations in adult females were 10% higher,
on average, than whole-fish Hg concentrations in adult males for Lake Huron lake whitefish, this
difference was not statistically significant. In contrast, adult males were 34% higher in whole-fish PCB
concentration than adult females, and this difference was statistically significant [26]. Our results were
in accord with results from earlier studies on lake trout and burbot with regard to this pattern of a



Environments 2016, 3, 7 13 of 16

substantially greater ratio of PCB concentration in males to PCB concentration in females compared
with the ratio of Hg concentration in males to Hg concentration in females. A likely explanation for
this pattern was that males eliminated Hg at a faster rate than females. MeHg represented 91% of
the Hg in the lake whitefish. Mean whole-fish Hg concentration of Lake Huron lake whitefish was
estimated to be only 57 ng/g, which was well below the USEPA, OMOE, and FDA guidelines of 300,
610, and 1000 ng/g, respectively. Thus, our findings should be useful to decision makers deliberating
on the continued operation of the lake whitefish commercial fisheries in Lake Huron, as well as to
managers developing advisories for the consumption of lake whitefish from Lake Huron.
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