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• Investigated temporal variation in
young-of-year (YOY) yellow perchmer-
cury concentrations in six lakes over
eight years.

• Fish mercury was positively correlated
with total suspended solids, dissolved
Fe and pH.

• Fish mercury was negatively correlated
with total Kjeldahl nitrogen and grow-
ing degree days.

• Annual variation in watershed inputs,
in-lake processes, and climate can ex-
plain temporal patterns in fish Hg.

• Growth biodilution is an important pro-
cess controlling Hg concentrations.
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Lake total suspended solids, dissolved iron, pH, total Kjeldahlnitrogen, and growing degree days were the main
drivers of mercury in yellow perch after controlling for spatial variation between lakes.
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Identifying what determines fish mercury (Hg) bioaccumulation remains a key scientific challenge. While there
has been substantial research on spatial variation in fish Hg bioaccumulation, the factors that influence temporal
fluctuations infishHghave received less attention to date. In this study,webuilt upon a growing body of research
investigating young-of-the-year (YOY) yellow perch Hg bioaccumulation and investigated annual fluctuations in
YOY yellow perch Hg in six lakes in northeastern Minnesota over eight years. After accounting for spatial varia-
tion between the study lakes, we used model averaging to identify the lake physiochemical and climate factors
that best explain temporal variation in fish biomass and fish Hg. Fish biomass of YOY yellow perch had a positive
relationship with chlorophyll-α and total Kjeldahl nitrogen and a negative relationship with dissolved iron and
dissolved oxygen. There was a positive relationship between annual variation in yellow perch Hg concentration
and annual variation in lake total suspended solids, dissolved Fe and pH. Additionally, there was a negative rela-
tionship between fish Hg concentration and lake total Kjeldahl nitrogen and growing degree days. Together, our
results suggest that annual variation in allochthonous inputs from the watershed, in-lake processes, and climate
variables can explain temporal patterns in Hg bioaccumulation and growth biodilution is an important process
controlling yellow perch Hg concentrations.
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1. Introduction

Consumption of fish with elevated mercury (Hg) concentrations
poses a health risk to both humans and wildlife. Identifying where and
when fish Hg concentrations exceed limits established for human and
wildlife health is a key challenge for policy makers and land managers.
While the spatial controls on fish Hg bioaccumulation have been well
studied (e.g., Cope et al., 1990; Gabriel et al., 2009; Yu et al., 2011), the
controls over seasonal and annual fluctuations within lakes have re-
ceived far less attention.

The bioaccumulation of Hg in fish reflects the influence ofwatershed
sources of Hg to surface waters, chemical and biological controls over
Hg methylation rates in lakes and adjacent wetlands, as well as fish
diet (Greenfield et al., 2001; Dittman and Driscoll, 2009). Multi-lake
studies show strong spatial correlations between elevated Hg concen-
trations in low trophic-status fish and upland Hg stocks (Gabriel et al.,
2009), as well as watershed and lake characteristics that impact the
abundance and production of methyl Hg by microbes (e.g., connected
wetlands and lake pH) (Wiener et al., 2006). In addition to factors that
influence the availability and abundance of Hg for bioaccumulation,
fish diet and growth “biodilution” of tissue Hg also influence fish Hg
concentrations (Karimi et al., 2007). For example, researchers have ob-
served negative relationships between lake average fish Hg concentra-
tions and available nutrients (i.e., total P) when comparing across
lakes: more eutrophic or productive lakes lead to greater fish mass
and lower tissue Hg concentrations per unit mass (Swain and Helwig,
1989; Chen and Folt, 2005; Karimi et al., 2007).

In addition to the spatial variation in fish Hg concentration, fish Hg
bioaccumulation fluctuates within and between seasons (Monson and
Brezonik, 1998; Monson, 2009). Temporal fluctuations in both natural
and anthropogenic processes, such as climate, atmospheric deposition,
and upland runoff, can impact temporal variability in fish Hg bioaccumu-
lation. For example, changes in lake water level (Sorensen et al., 2005;
Willacker et al., 2016; Riggs et al., 2017), algal biomass in response to eu-
trophication (Chen et al., 2012), and atmospheric Hg deposition (Brigham
et al., 2014) have all been identified as potential drivers of temporal var-
iation in Hg bioaccumulation in fish and other lake biota. Unfortunately,
the multi-year, continuous studies of fish Hg and associated lake chemis-
try data necessary to understand these temporal changes are rare. There
Fig. 1.Map of study lake locations in the Boundary Waters Canoe Area Wil
have been few quantitative analyses of interannual variation in fish Hg
bioaccumulation or the factors driving such variation.

We addressed this gap in knowledge by evaluating Hg concentration
and biomass in young-of-the-year (YOY) yellow perch (Perca
flavescens) continuously for eight years in six small, shallow lakes in
the BoundaryWaters Canoe AreaWilderness (Superior National Forest,
Minnesota). Previously, these six lakes contributed to a short-term (two
year) study of the spatial controls over yellow perch Hg among a larger
group of lakes in the Boundary Waters Canoe AreaWilderness (Gabriel
et al., 2009). This paper presents, for the first time, the data from years
three through eight. Additionally, this study examines temporal annual
variability, as opposed to spatial variability among lakes, in fish Hg.

Young-of-the-year yellow perch are an excellent organism to moni-
tor for temporal change in Hg bioaccumulation. Young yellow perch
feed primarily on zooplankton during their first year (Whiteside et al.,
1985) and are indicators of aquatic food web Hg status; Hg concentra-
tion in YOY yellow perch is a strong predictor of Hg concentration in
co-located piscivorous fish andwildlife (Cope et al., 1990). Additionally,
yellow perch Hg concentration is strongly influenced by allochthonous
inputs of organic matter and Hg from the surrounding watershed in
our study lakes. Previously, Gabriel et al. (2009) found that total Hg in
the upland forest floor, watershed area, and lake iron concentration
were the strongest spatial predictors of YOY yellow perch total Hg. Con-
sequently, we hypothesized that inter-annual variation in YOY yellow
perch Hg bioaccumulation would be driven by temporal fluctuations
in allochthonous inputs from the watershed, in-lake processes, and cli-
mate, and expect an opposite relationship between fish biomass and
fish Hg concentration (i.e. growth biodilution).

2. Material and methods

2.1. Site description

We investigated YOY yellow perch Hg and lake chemistry in six
small lakes in the Boundary Waters Canoe Area Wilderness (Superior
National Forest) in northeastern Minnesota (Fig. 1). Lake chemistry,
morphometry, and watershed characteristics differ among the lakes
(Supplement, Table S1). The lakes, which range from 5.2 to 15.2 m
deep and 16.5 to 153.3 ha in area, are headwater lakes that drain
derness (BWCAW), Superior National Forest, northeastern Minnesota.
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surroundingwatersheds 64.2 to 621.4 ha in area. The upland soils in the
lake watersheds are relatively shallow Inceptisols over bedrock (Roger
Risley, USDA Natural Resources Conservation Service, personal commu-
nication). Across the lakes during the study period (2004–2012), mean
annual temperature was 3.2 °C and mean annual precipitation was
728 mm yr−1, with approximately 66% of the precipitation falling dur-
ing spring and summer (April–September).

2.2. Fish sampling and calculation of biomass-adjusted fish Hg concentration

Yellow perch that hatched the previous spring (i.e., age 1 or young-of-
the-year) were targeted during collection. We verified fish age using ob-
served fish size (length vs. mass) relationships within each lake and year,
as well as scale data (Schneider et al., 2000; Schneider, 2001). Yellow
perch were sampled annually in 2005 through 2012 via electroshocking
once the study lakes were accessible following ice-out (Supplement,
Table S2). Immediately after collection, fish total length and mass were
measured and fish scales were subsampled. Whole fish samples were
transported to the lab on ice where they were digested in concentrated
nitric acid at 70 °C overnight in PTFE bombs. An aliquot of the digest
was analyzed for tissue total Hg using the double gold amalgamation
method of Bloom and Crecelius (1983) (similar to US EPA method
1631) with a Brooks RandModel III cold vapor atomic fluorescence spec-
troscopy (CVAFS) analyzer and Mercury Guru software. At the start of
each analysis, standard curves were run (mean R2: 0.9994). The average
difference between analytical duplicates (relative percent difference)
was 4.17%; average percent recovery of analytical standards, NIST refer-
ence material 2976 (freeze-dried mussel tissue), and matrix spike recov-
eries were 101.1%, 101.8%, and 97.6%, respectively. The limit of detection
for the analysis was 0.045 ng.

2.3. Water sampling

Lake water samples were collected from each study lake multiple
times per year during the frost-free periods (approximately June–
September) of 2004 through 2012. We used a Van Dorn sampler to col-
lect lake water samples at 1 m depth at an index station over the
deepest spot of the lake's main basin. Additional in-lake parameters
(specifically, lake water pH, dissolved oxygen concentration, and tem-
perature) were sampled using a water quality sonde at 1 m depth.
Also, Secchi depth and lake water level were recorded (the latter in re-
lation to a fixed reference object). Non-acidified water samples were
analyzed for nutrients (total phosphorus and total Kjeldahl nitrogen),
total suspended solids, and other organics (total carbon and
chlorophyll-α; methods: EPA 365.3, EPA 351.2, USGS I-3765-85, SM
5310C, and SM 10200, respectively). Additionally, non-acidified sam-
ples were analyzed for dissolved iron (Fe) and sulfur (S) via inductively
coupled plasma optical emission spectrometry.

In 2008 through 2012, an additional unfiltered lake water sample
was collected for total Hg analysis. The samples were preserved in the
field with brominemonochloride (BrCl; a strong oxidizer) and digested
(heated to 70 °C overnight) prior to analysis. The digestatewas added to
a bubbler flask and excess BrCl was reduced with hydroxylammonium
hydrochloride. Total Hg analysis was performed as described above
using CVAFS. The limit of detection was 0.049 ng (mean plus three
times the standard deviation of the analytical blanks); average standard
curve fit was 0.9994 (R2); average relative percent difference between
analytical duplicates was 6.5%; and average recovery of analytical stan-
dards, NIST reference material 1515 (apple leaves), and matrix spikes
were 98.9%, 99.8%, and 96.9%, respectively.

2.4. Climate data

Monthly precipitation totals at each lake were calculated from the
Minnesota State Climatology Gridded Precipitation database, which
are interpolated estimates from local precipitation gauge records
(Minnesota State Climatology Office, 2015). Minimum and maximum
daily temperature records are from the PRISM climate model (PRISM
Climate Group, 2004). We calculated seasonal metrics of total precipita-
tion and average temperature in winter (January–March), spring (April–
June), summer (July–September), and fall (October–December) for
2003–2012. We also calculated four annual temperature metrics that re-
flect the influence of climate on fish productivity (Chezik et al., 2013):
growing degrees (sum of growing season degrees N 10 °C), growing de-
gree days (total number of growing season days during which mean
daily temperature N 10 °C), freezing degrees (sumdegrees b 0 °C between
growing seasons), and freezing degree days (number of days between
growing seasons when mean daily temperature b 0 °C).

2.5. Statistical analyses

All analyses were performed in R (R version 3.3.1) and significance
was evaluated at α = 0.05. First, we tested for temporal trends in fish
mass (g) and fish Hg concentration (ng g−1) utilizing the Mann-
Kendall trend test (Kendall package in R). We evaluated the interactive
effects of year (continuous variable) and lake identity (discrete vari-
able) on fish mass and Hg concentration using two-way ANOVA (Type
II ANOVA; car package). The significant interaction between year and
lake was evaluated with post-hoc comparisons (lsmeans package); p-
values were Bonferroni corrected for multiple comparisons.

Nextwe evaluated the effects of climate and lake physiochemical pa-
rameters on YOY yellow perch mass and Hg concentration using a
mixed-effects statistical model (lme4 package) and model averaging
(Grueber et al., 2011). Model averaging is a model selection approach
that identifies the set of equivalent sub-models that best fit the data
from the largest possible model that includes all possible predictors.
We designated sub-models as equivalent if the difference in Akaike In-
formation Criterion (AIC; a measure of model fit) among them was b4
(dredge function in the MuMIn package). Once we selected the set of
best, equivalent sub-models, we evaluated the importance and signifi-
cance of the predictor variables included in this top set of sub-models.
Reported p-values are from the full model-averaged coefficients
(e.g., across all possiblemodels, including the oneswhere the parameter
was absent), which is a better estimate of which factors have the stron-
gest effects on the response variable (Grueber et al., 2011).

Model averaging selected equivalent sub-models from the largest
possible model that included all possible predictors. The predictor pa-
rameters evaluated included mean annual lake physiochemical vari-
ables and summer climate variables from the previous year (the year
the fish hatched), as well as winter climate variables from the first win-
ter of growth.We tested formulticollinearity among these predictors by
calculating the variance inflation factor (VIF) of each predictor in the
largest possible model. A single variable was chosen when
multicollinearity was encountered. Additionally, we did not include
lake water Hg as a predictor due to the low number of years sampled
(n = 4) compared to the other parameters. Variables were ln-
transformed as needed to meet model assumptions of normality. Site
crossed with year was included as a random effect in all models. In
the final “averaged” model (i.e., the set of sub-models that fit the data
best and were equivalent), the variance explained by the fixed effects
only (marginal R2) and the variance explained by both fixed and ran-
dom effects (conditional R2) was calculated using the r.squaredGLMM
function (MuMIn package; Nakagawa and Schielzeth, 2013).

A constraint of the model structure used in the model averaging
analysis is that it may not reveal the effects of predictors on temporal
variation in fish weight or Hg when the bivariate relationship is oppo-
site when examining within lakes (i.e., temporal variation) versus
across lakes (i.e., spatial variation). To examine these temporal predic-
tors of fish Hg and fish weight, we also analyzed the effects of temporal
variation in climate and lake physiochemical variables on YOY yellow
perch mass and Hg concentration within each study lake. Specifically,
we evaluated the bivariate relationship between these predictor
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parameters and either fishmass or Hg concentration separately for each
study lake. We calculated Pearson correlation coefficients (Pearson DS
package) to visualize these bivariate relationships and used mixed-
effects statistical models (nlme package) to test their significance. In
the statistical model, year was included in themodel as a random effect
and p-values for Bonferroni corrected for multiple comparisons. Finally,
we tested the significance of the relationship between fish weight and
fish Hgwithin each lake using regression analysis. To approximate nor-
mal distributions variables were ln-transformed as needed to meet
model assumptions of normality.
3. Results

Therewere no significant temporal trends in YOY yellow perchmass
and Hg concentration from 2005 to 2012 in any of the study lakes (p N

0.1 for all; Supplement, Table S3). Despite the lack of temporal trends,
there was a significant interactive effect of lake identity and year on
both fish mass and Hg concentration in our study lakes (p b 0.0001, R2

= 0.80 and p b 0.0001, R2 = 0.83, respectively; Figs. 2 and 3).
Model averaging identified the lake physiochemical and climate var-

iables that best explained the overall variation in fish mass and Hg con-
centration in our study lakes. Lake water chlorophyll-α, total Kjeldahl
nitrogen, dissolved Fe, and dissolved oxygen concentrations were the
strongest predictors of fish mass (Table 1; p b 0.001 for all). Fish mass
increased with increasing concentrations of chlorophyll-α and total
Kjeldahl nitrogen and decreasing concentrations of Fe and dissolved ox-
ygen. The strongest predictors of fish Hg concentration were lake water
total suspended solids, lake water Fe, lake water pH, lake water total
Kjeldahl nitrogen, and growing degree days (Table 2; p b 0.01 for all).
Fish Hg concentration increased as the concentrations of lake water Fe
and total suspended solids increased, as lake pH increased, as lake
Fig. 2.Annual variation in young-of-the-year yellowperch fishmass (g) in six study lakes. All pa
all lakes. (For interpretation of the references to colour in this figure legend, the reader is refer
total Kjeldahl nitrogen decreased, and the number of growing degree
days decreased.

There were few consistent relationships between either fishmass or
fish Hg concentration and lake physiochemical and climate variables
within each of the study lakes (data not shown). Additionally, only
one of these relationships was statistically significant: there was a sig-
nificant positive relationship between YOY yellow perch Hg concentra-
tion and lake water Hg concentration during the previous growing
season in Dislocation Lake (p b 0.01). Finally, we observed a significant
negative exponential relationship between fish Hg concentration and
fish mass at four of the six study lakes: as the mass of the sampled fish
increased, Hg concentration decreased exponentially at Mud, Thelma,
Ball Club, and Dislocation Lakes (Fig. 4).

4. Discussion

4.1. Lake productivity, dissolved oxygen, and dissolved Fe influenced varia-
tion in young-of-the-year yellow perch biomass

The strongest predictor of YOY yellow perch biomass across our
small, shallow study lakes in northeastern Minnesota was lake
chlorophyll-α. The relationship between lake primary production and
fish productivity is well established (Downing et al., 1990; McInerny
and Cross, 1999); this relationship reflects the influence of nutrient
availability on the productivity and growth of this low trophic level
fish species through algal and/or zooplankton biomass. Similarly, total
Kjeldahl nitrogen is indicative of lake productivity with productivity in-
creasing with increasing concentrations of nitrogen (Elser et al., 2007).
We also found a negative relationship between yellow perch mass and
dissolved oxygen which has been shown in other studies (Carlson
et al., 1980). At low dissolved oxygen levels fish decrease their meta-
bolic rate to compensate thereby reducing their growth. Although we
nels show geometricmean (diamond symbol) and ranges offish sampled in 2005–2012 at
red to the web version of this article.)



Fig. 3. Annual variation in young-of-the-year yellow perch fish mercury (Hg) concentration (ng g−1) in six study lakes. All panels show geometric mean (diamond symbol) and ranges of
fish sampled in 2005–2012 at all lakes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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didn't find any studies that specifically assessed how dissolved Fe con-
centrations influence perch growth, laboratory studies indicate high
dissolved Fe concentrations can have negative impacts on grayling
(Thymallus thymallus) survival (Vuorinen et al., 1998). Although we an-
ticipated that within lake analyses would lead to significant relation-
ships between climate and lake chemistry parameters and yellow
perch biomass, this was not supported by our results.
Table 1
Parameters from averagedmodels predicting fish mass. Table shows the average β across
all models, p-value and the number of models containing the parameter.

Model parameter Average β
coefficient

p-Value Number of models
containing parameter

Lake chlorophyll-α† 0.097 b0.05 89
Lake dissolved oxygen† −0.236 b0.05 89
Lake dissolved iron† −2.99 b0.05 89
Log Lake total Kjeldahl nitrogen† 0.367 b0.05 89
Lake total phosphorus† −0.148 0.21 64
Lake water total sulfate† −0.074 0.32 54
Freezing degrees −0.0005 0.37 58
Freezing degree days 0.006 0.46 48
Lake pH† 0.032 0.62 37
Lake total suspended solids† −0.030 0.65 32
Growing degrees ‡ 0.0002 0.80 28
Growing degree days ‡ −0.001 0.84 24

† Mean annual lake variables from fish first growing season (one year prior to fish sam-
pling year).
‡Growing degrees and growing degree days from fishfirst growing season (one year prior
to fish sampling year).
4.2. Climate, in-lake, and watershed influences on variability in yellow
perch Hg bioaccumulation

Variation in lake total suspended solids and lake dissolved Fe were
the strongest predictors of fish Hg concentration: as lake total
suspended solids and Fe increased, fish Hg concentration increased.
The influence of lake total suspended solids on fish Hg concentration
suggest that annual variability in allochthonous inputs of organicmatter
Table 2
Parameters from averagedmodels predicting fish Hg concentration. Table shows the aver-
age β across all models, p-value and the number of models containing the parameter.

Model parameter Average β
coefficient

p-Value Number of models
containing parameter

Growing degree days ‡ −0.034 b0.05 42
Lake dissolved iron† 4.554 b0.05 42
Lake pH† 0.170 b0.05 42
Log Lake total Kjeldahl nitrogen† −0.439 b0.05 42
Lake total suspended solids† 0.704 b0.05 42
Lake dissolved oxygen† 0.101 0.07 36
Growing degrees‡ −0.001 0.37 25
Lake total phosphorus† 2.874 0.63 16
Lake chlorophyll-α† −0.003 0.70 16
Lake water total sulfate† −0.009 0.75 12
Freezing degree days 0.001 0.78 13
Freezing degrees 0.00006 0.82 12

† Mean annual lake variables from fish first growing season (one year prior to fish sam-
pling year).
‡Growing degrees and growing degree days from fish first growing season (one year prior
to fish sampling year).



Fig. 4. Relationship between young-of-the-year yellowperchHg concentration andmass inMud (a), Thelma (b), Ball Club (c), Dislocation (d), EllaHall (e), and Everett (f) lakes. Therewas
a significant negative exponential relationship between fish Hg concentration andmass inMud, Thelma, Ball Club, and Dislocation lakes; there was no statistically significant relationship
between fishHg concentration andmass in Ella Hall and Everett lakes. The significant negative exponential relationshipswere:Mud: y ~ (−5.73 * log(Biomass))+ 32.39, p b 0.0001, R2=
0.19; Thelma: y ~ (−40.14 * log(Biomass)) + 102.71, p b 0.0001, R2 = 0.38; Ball Club: y ~ (−58.53 * log(Biomass)) + 125.27, p b 0.0001, R2 = 0.37; Dislocation: y ~ (−29.52 * log
(Biomass)) + 68.17, p b 0.0001, R2 = 0.13. To compute mass-adjusted fish Hg concentration, we divided the unadjusted fish Hg concentration by the linear regression equation
(i.e., mx + b) when significant; Ella Hall and Everett lake fish Hg concentration was divided by the overall lake mean (20.13 and 86.88 ng g−1, respectively). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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and Hg to the lakes from the surrounding watershed drives temporal
variation in fish Hg concentration. However, positive relationships
with dissolved Femay indicate in-lake processes also have an important
role. Although the source of Fe is likely fromweathering of soil minerals
in the watershed, resuspension from lake sediments and subsequent
iron reduction by microbes can lead to higher methyl mercury produc-
tion in the water column (Chadwick et al., 2006; Fleming et al., 2006).
The positive relationship with lake pH and fish Hg concentration is sur-
prising considering many studies have shown negative relationships
with lake pH and fish Hg concentration (e.g. Grieb et al., 1990; Driscoll
et al., 1994; Wiener et al., 2006). However, those studies have mainly
assessed low pH acid sensitive lakes with few studies occurring in
near neutral pH lake systems such as this study (Table S1). A recent
study across a gradient of north temperate to arctic lakes that span a
pH gradient from 6.6.–8.3 found no significant relationship with lake
pH and mercury in invertebrates and even found a non-significant pos-
itive trend for pH and Chironomids methyl mercury concentration
(Chetelat et al., 2018). From what little literature exists for higher pH
environments, it appears that the negative pH-biota Hg concentration
relationship is not supported, perhaps because of higher binding capac-
ity of dissolved organic carbon and Hg at higher pH and subsequent
lower methylation rates (Miskimmin et al., 1992; Ravichandran,
2004). In line with our results, Lange et al. (1993) found a negative cor-
relation between total N and mercury in largemouth bass (Micropterus
salmoides) in Florida. They attributed the negative correlation to more
eutrophic lakes leading to greater fish growth rates and subsequent
growth biodilution. Similarly, greater growing degree days leads to
greater fish growth rates and growth biodilution of Hg (Rennie et al.,
2010). The negative relationship between fish Hg concentration and
fish mass at four of the study lakes suggest that at these lakes factors
that increase fish growth (such as lake nutrients, discussed above) led
to a decrease in the concentration of Hg in fish tissue. A number of stud-
ies have observed an impact of growth biodilution on fishHg concentra-
tion. For example, nutrient concentration across lakes often predictsfish
Hg concentration. In a study of Minnesota lakes, Heiskary and Helwig
(1986) found that fish Hg concentration was negatively correlated
with lake total P concentration, among other lake variables. Addition-
ally, Essington and Houser (2003) found that Hg concentration in YOY
yellow perchwas 30–40% less in nutrient enriched lakes relative to con-
trol lakes in a whole lake nutrient addition study.

Interestingly, growth biodilution was apparent in some, but not all of
our study lakes (Fig. 4). The presence or absence of the relationship is not
readily explained by differences in lake size or other lakes characteristics.
For example, in the two smallest lakes by area, growthbiodilutionwas ap-
parent in one lake (Dislocation) but not the other (Everett). Although we
do not know the causation for growth biodilution, we suspect that differ-
ences in lake trophic structure andfish dietmay drive this pattern. For ex-
ample, yellow perch are known to feed on a variety zooplankton food
sources during their first year (Whiteside et al., 1985); zooplankton com-
munity composition could vary between the lakes. Alternately, maternal
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effects on fish Hg concentration at hatching (i.e., Hg content in fish eggs)
could influence the concentration of Hg in newly hatched yellow perch,
again leading to lake by lake differences that subsequently influence the
biodilution of Hg as the fish grows during its first year.

4.3. Conclusion

Our results support our prediction of a relationship between annual
variation in YOY yellow perch Hg and, watershed influences (TSS), lake
chemistry (dissolved Fe, pH and total Kjeldahl nitrogen), and climate
(growing degree days). Specifically, temporal fluctuations in lake total
suspended solids may reflect variation in allochthonous inputs to lakes
while dissolved Fe, pH and total Kjeldahl nitrogen are more reflective of
in-lake processing. The negative relationship between fish Hg concentra-
tion and lake total Kjeldahl nitrogen and growing degree days suggests
that lake nutrient status and longer growing conditions leads to
biodilution of Hg in fish. It is well known that increased lake productivity
can decrease the fish Hg concentration via growth biodilution (Karimi
et al., 2007). Consequently, in addition to the effect of annual changes in
watershed inputs to these small shallow lakes, air temperature, lake pro-
ductivity, and lake nutrients also influence temporal fluctuations in fish
Hg bioaccumulation via their influence on fish mass.

Acknowledgements

This work was supported by the Joint Fire Sciences Program (grant
no. 04-2-1-86 awarded to RKK, EAN, JTB, LGW, and TRW) and the EPA
Great Lakes Restoration Initiative (grant awarded to RKK, EAN, and
TRW). The authors thank numerous individuals at the University of
Minnesota and USDA Forest Service for their assistance in the field
and lab, especially Chris Allen, Lindsay Anderson, Alyssa Breu, Jake
Carlson, Brent Flatten, Dan Kinler, Mike Kizewski, Jodi Krug, Daren Lilja,
Pat Nelson, Anders Nicholson, Steve Nikolai, Donna Olson, Sona Psarska,
Ryan Toot, and Eric Wegleitner.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2018.11.280.

References

Bloom, N.S., Crecelius, E.A., 1983. Determination of mercury in seawater at sub-nanogram
per liter levels. Mar. Chem. 14 (1), 49–59.

Brigham, M.E., Sandheinrich, M.B., Gay, D.A., Maki, R.P., Krabbenhoft, D.P., Wiener, J.G.,
2014. Lacustrine responses to decreasing wet mercury deposition rates—results
from a case study in northern Minnesota. Environ. Sci. Technol. 48 (11), 6115–6123.

Carlson, A.R., Blocher, J., Herman, L.J., 1980. Growth and survival of channel catfish and
yellow perch exposed to lowered constant and diurnally fluctuating dissolved oxy-
gen concentrations. The Progressive Fish-Culturist. 42, pp. 73–78.

Chadwick, S.P., Babiarz, C.L., Hurley, J.P., Armstrong, D.E., 2006. Influences of iron, manga-
nese, and dissolved organic carbon on the hypolimnetic cycling of amended mercury.
Sci. Total Environ. 368, 177–188.

Chen, C.Y., Folt, C.L., 2005. High plankton densities reduce mercury biomagnification. En-
viron. Sci. Technol. 39, 115–121.

Chen, C., Kamman, N., Williams, J., Bugge, D., Taylor, V., Jackson, B., Miller, E., 2012. Spatial
and temporal variation in mercury bioaccumulation by zooplankton in Lake Cham-
plain (North America). Environ. Pollut. 161, 343–349.

Chetelat, J., Richardson, M.C., MacMillan, G.A., Amyot, M., Poulain, A.J., 2018. Ratio of
methylmercury to dissolved organic carbon in water explains methylmercury bioac-
cumulation across a latitudinal gradient from north-temperate to arctic lakes. Envi-
ron. Sci. Technol. 52, 79–88.

Chezik, K.A., Lester, N.P., Venturelli, P.A., 2013. Fish growth and degree-days I: selecting a
base temperature for a within-population study. Can. J. Fish. Aquat. Sci. 71 (1), 47–55.

Cope, W.G., Wiener, J.G., Rada, R.G., 1990. Mercury accumulation in yellow perch inWiscon-
sin seepage lakes: relation to lake characteristics. Environ. Toxicol. Chem. 9 (7), 10.

Dittman, J.A., Driscoll, C.T., 2009. Factors influencing changes inmercury concentrations in
lake water and yellow perch (Perca flavescens) in Adirondack lakes. Biogeochemistry
93 (3), 179–196.

Downing, J.A., Plante, C., Lalonde, S., 1990. Fish production correlated with primary pro-
ductivity, not the morphoedaphic index. Can. J. Fish. Aquat. Sci. 47 (10), 1929–1936.

Driscoll, C.T., Yan, C., Schofield, C.L., Munson, R., Holsapple, J., 1994. The mercury cycle and
fish in the Adirondack Lakes. Environ. Sci. Technol. 28, 136–143.
Elser, J.J., Bracken, M.E.S., Cleland, E.E., Gruner, D.S., Harpole, W.S., Hillebrand, H., Ngai, J.T.,
Seabloom, E.W., Shurin, J.B., Smith, J.E., 2007. Global analysis of nitrogen and phos-
phorus limitation of primary producers in freshwater, marine and terrestrial ecosys-
tems. Ecol. Lett. 10, 1135–1142.

Essington, T.E., Houser, J.N., 2003. The effect of whole-Lake nutrient enrichment on mer-
cury concentration in Age-1 yellow perch. Trans. Am. Fish. Soc. 132 (1), 57–68.

Fleming, E.J., Mack, E.E., Green, P.G., Nelson, D.C., 2006. Mercury methylation from unex-
pected sources: molybdate-inhibited freshwater sediments and an iron-reducing
bacterium. Appl. Environ. Microbiol. 72, 457–464.

Gabriel, M.C., Kolka, R., Wickman, T., Nater, E., Woodruff, L., 2009. Evaluating the spatial
variation of total mercury in young-of-year yellow perch (Perca flavescens), surface
water and upland soil for watershed–lake systems within the southern boreal shield.
Sci. Total Environ. 407 (13), 4117–4126.

Greenfield, B.K., Hrabik, T.R., Harvey, C.J., Carpenter, S.R., 2001. Predicting mercury levels
in yellow perch: use of water chemistry, trophic ecology, and spatial traits. Can.
J. Fish. Aquat. Sci. 58 (7), 1419–1429.

Grieb, T.M., Driscoll, C.T., Gloss, S.P., Schofield, C.L., Bowie, G.L., Porcella, D.B., 1990. Factors
affecting mercury accumulation in fish in the Upper Michigan Peninsula. Environ.
Toxicol. Chem. 9, 919–930.

Grueber, C.E., Nakagawa, S., Laws, R.J., Jamieson, I.G., 2011. Multimodel inference in ecol-
ogy and evolution: challenges and solutions. J. Evol. Biol. 24, 699–711.

Heiskary, S.A., Helwig, D.D., 1986. Mercury levels in Northern Pike, Esox Lucius, rel-
ative to water chemistry in Northern Minneosta Lakes. Lake Reservoir Manage. 2
(1), 33–37.

Karimi, R., Chen, C.Y., Pickhardt, P.C., Fisher, N.S., Folt, C.L., 2007. Stoichiometric controls of
mercury dilution by growth. PNAS 104 (18), 7477–7482.

Lange, T.R., Royals, H.E., Connor, L.L., 1993. Influence of water chemistry on mercury con-
centration in largemouth bass from Florida lakes. Trans. Am. Fish. Soc. 122, 74–84.

McInerny, M.C., Cross, T.K., 1999. Effects of Lake productivity, climate warming, and intra-
specific density on growth and growth patterns of black crappie in southern Minne-
sota Lakes. J. Freshw. Ecol. 14 (2), 255–264.

Minnesota State Climatology Office, 2015. Monthly Precipitation Data from Gridded Data-
base.Available at. http://climate.umn.edu/gridded_data/precip/monthly/monthly_
gridded_precip.asp (verified 12 November 2015).

Miskimmin, B.M., Rudd, J.W.M., Kelly, C.A., 1992. Influence of dissolved organic carbon,
pH, and microbial respiration rates on mercury methylation and demethylation in
lake water. Can. J. Fish. Aquat. Sci. 49, 17–22.

Monson, B.A., 2009. Trend reversal of mercury concentrations in piscivorous fish from
Minnesota Lakes: 1982−2006. Environ. Sci. Technol. 43 (6), 1750–1755.

Monson, B.A., Brezonik, P.L., 1998. Seasonal patterns of mercury species in water and
plankton from softwater lakes in Northeastern Minnesota. Biogeochemistry 40
(2–3), 147–162.

Nakagawa, S., Schielzeth, H., 2013. A general and simple method for obtaining R2 from
generalized linear mixed-effects models. Methods Ecol. Evol. 4, 133–142.

PRISM Climate Group, 2004. PRISM Climate Data, Oregon State University.Available at.
http://prism.oregonstate.edu/ (verified 6 November 2015).

Ravichandran, M., 2004. Interactions between mercury and dissolved organic matter––a
review. Chemosphere 55, 319–331.

Rennie, M.D., Sprules, W.G., Vaillancourt, A., 2010. Changes in fish condition and mercury
vary by region, not Bythotrephes invasion: a result of climate change? Ecography 33,
471–482.

Riggs, C.E., Kolka, R.K., Nater, E.A., Witt, E.L., Wickman, T.R., Woodruff, L.G., Butcher, J.T.,
2017. Yellow perch (Perca flavescens) mercury unaffected by wildland fires in North-
ern Minnesota. J. Environ. Qual. 46, 623–631 Available at. https://dl.sciencesocieties.
org/publications/jeq/abstracts/0/0/jeq2016.10.0418?access=0&view=article (veri-
fied 11 May 2017).

Schneider, J.C., 2001. Aging Scales of Walleye, Yellow Perch, and Northern Pike. Michigan
Department of Natural Resources, Fisheries Division.

Schneider, J.C., Laarman, P.W., Gowing, H., 2000. Age and growth methods and state aver-
ages (Chapter 9). In Manual of Fisheries Sruvey Methods II: With Periodic Updates.
Michigan Department of Natural Resources, Ann Arbor.

Sorensen, J.A., Kallemeyn, L.W., Sydor, M., 2005. Relationship between mercury accumu-
lation in young-of-the-year yellow perch and water-level fluctuations. Environ. Sci.
Technol. 39 (23), 9237–9243.

Swain, E.B., Helwig, D.D., 1989. Mercury in Fish from Northeastern Minnesota Lakes: His-
torical Trends, Environmental Correlates, and Potential Sources. J. Minnesota Acad.
Sci. 55 (1), 103–109.

Vuorinen, P.J., Keinänen, M., Peuranen, S., Tigerstedt, C., 1998. Effects of iron, aluminium,
dissolved humic material and acidity on grayling (Thymallus thymallus) in laboratory
exposures, and a comparison of sensitivity with brown trout (Salmo trutta). Boreal
Environ. Res. 3, 405–419.

Whiteside, M.C., Swindoll, C.M., Doolittle, W.L., 1985. Factors affecting the early life his-
tory of yellow perch,Perca flavescens. Environ. Biol. Fish 12 (1), 47–56.

Wiener, J.G., Knights, B.C., Sandheinrich, M.B., Jeremiason, J.D., Brigham, M.E., Engstrom,
D.R., Woodruff, L.G., Cannon, W.F., Balogh, S.J., 2006. Mercury in soils, lakes, and
fish in Voyageurs National Park (Minnesota): importance of atmospheric deposition
and ecosystem factors. Environ. Sci. Technol. 40 (20), 6261–6268.

Willacker, J.J., Eagles-Smith, C.A., Lutz, M.A., Tate, M.T., Lepak, J.M., Ackerman, J.T., 2016. Res-
ervoirs and water management influence fish mercury concentrations in the western
United States and Canada. Sci. Total Environ. 568, 739–748 Available at. http://www.
sciencedirect.com/science/article/pii/S0048969716304764 (verified 25 April 2016).

Yu, X., Driscoll, C.T., Montesdeoca, M., Evers, D., Duron, M., Williams, K., Schoch, N.,
Kamman, N.C., 2011. Spatial patterns of mercury in biota of Adirondack, New York
lakes. Ecotoxicology 20 (7), 1543–1554.

https://doi.org/10.1016/j.scitotenv.2018.11.280
https://doi.org/10.1016/j.scitotenv.2018.11.280
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0005
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0005
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0010
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0010
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0015
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0015
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0015
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0020
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0020
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0020
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0025
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0025
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0030
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0030
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0030
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0035
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0035
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0035
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0035
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0040
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0040
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0045
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0045
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0050
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0050
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0050
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0055
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0055
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0060
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0060
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0065
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0065
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0065
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0070
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0070
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0075
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0075
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0075
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0080
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0080
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0080
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0080
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0085
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0085
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0085
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0090
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0090
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0090
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0095
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0095
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0100
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0100
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0100
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0105
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0105
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0110
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0110
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0115
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0115
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0115
http://climate.umn.edu/gridded_data/precip/monthly/monthly_gridded_precip.asp
http://climate.umn.edu/gridded_data/precip/monthly/monthly_gridded_precip.asp
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0125
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0125
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0125
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0130
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0130
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0135
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0135
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0135
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0140
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0140
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0140
http://prism.oregonstate.edu/
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0150
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0150
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0155
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0155
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0155
https://dl.sciencesocieties.org/publications/jeq/abstracts/0/0/jeq2016.10.0418?access=0&amp;view=article
https://dl.sciencesocieties.org/publications/jeq/abstracts/0/0/jeq2016.10.0418?access=0&amp;view=article
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0165
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0165
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0170
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0170
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0170
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0175
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0175
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0175
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf5000
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf5000
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf5000
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0180
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0180
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0180
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0180
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0185
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0185
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0190
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0190
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0190
http://www.sciencedirect.com/science/article/pii/S0048969716304764
http://www.sciencedirect.com/science/article/pii/S0048969716304764
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0200
http://refhub.elsevier.com/S0048-9697(18)34636-9/rf0200

	Temporal fluctuations in young-�of-�the-�year yellow perch mercury bioaccumulation in lakes of northeastern Minnesota
	1. Introduction
	2. Material and methods
	2.1. Site description
	2.2. Fish sampling and calculation of biomass-adjusted fish Hg concentration
	2.3. Water sampling
	2.4. Climate data
	2.5. Statistical analyses

	3. Results
	4. Discussion
	4.1. Lake productivity, dissolved oxygen, and dissolved Fe influenced variation in young-of-the-year yellow perch biomass
	4.2. Climate, in-lake, and watershed influences on variability in yellow perch Hg bioaccumulation
	4.3. Conclusion

	Acknowledgements
	Appendix A. Supplementary data
	References




