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ABSTRACT: Mercury (Hg) contamination in remote lakes stems
from atmospheric Hg transport to surface waters and subsequent
conversion by microbes to neurotoxic methylmercury (MeHg)
that biomagnifies in pelagic food webs. Despite declines in
anthropogenic Hg emissions and downward trends for Hg in
precipitation, many fisheries remain contaminated in otherwise
pristine regions. Here, we report that trends in bioaccumulation
are confounded by a near-decadal oscillation of the water cycle that
is connected to large-scale atmospheric circulation patterns. In
hundreds of lakes within the upper Laurentian Great Lakes region,
mercury levels in pelagic fish and piscivorous birds oscillate in
phase with near-decadal changes in water level, independent of
atmospheric Hg loading. Geochemical data suggest that the cause is variation in the microbial production of MeHg as littoral
sediments dry out and reflood. A recently amplified oscillation of the water cycle points to more intense episodes of fish
contamination as the climate warms, further obscuring the benefit of reduced Hg emissions.

■ INTRODUCTION
The water level of lakes and unconfined aquifers in the upper
Laurentian Great Lakes region has been dominated by a near-
decadal oscillation for at least 75 years.1−3 Several lines of
evidence point to climate forcing as the cause of the oscillation.
Correlations with geopotential height (500 hPa) and sea level
pressure suggest that it is connected to large-scale atmospheric
circulation patterns originating in the midlatitude Pacific that
support the flux of moisture into the region from the Gulf of
Mexico.3 Modeling over shorter time scales indicates that the
primary cause of at least two of the declining water phases (late
1980s and early 2000s) was variation in the atmospheric
wavetrain across North America, again connected to the
atmosphere−ocean system in the Pacific.4,5 The most recent
declining water phase began in 1998 and lasted for ∼15 years,
reaching record low levels between 2010 and 2013.3 Since that
time, water levels have risen to near-record highs (as
documented below), suggesting that the historical oscillation
has recently changed.
As the water level of lakes rise and fall, changes in water

chemistry can be attributed to the physical processes of
dilution, evapoconcentration, or variation in external sources,
such as groundwater or atmospheric deposition.6 In addition,
redox, hydrolysis or microbially catalyzed reactions within the
lake govern the transformation of many solutes, but the effects
of water level change on such transformations are not well
documented. In this paper, we focus on the two solutes that are
most closely associated with mercury bioaccumulation: SO4
and Hg.

Atmospheric deposition is the major source of both Hg and
SO4 to many temperate-boreal lakes, and the major source to
the atmosphere is anthropogenic emission. Efforts to reduce
emissions have been largely successful, as evidenced by
precipitation data for the northcentral US that exhibit linear
trends spanning the past three decades (Figure 1). Global
emission inventories for Hg also indicate declines over recent
decades,7−9 and the geochronology of sediments in northern
temperate lakes is consistent with declining emissions.10−12

However, time trends for Hg bioaccumulation at the top of
aquatic food chains generally exhibit unexplained non-
linearity.13−17

Here, we investigate the potential cause(s) and consequen-
ces of nonlinear trends in bioaccumulation using time series for
water level, water chemistry, and bioaccumulation in two
pelagic piscivores (Walleye, Sander vitreus, and Common Loon,
Gavia immer) from hundreds of lakes in the upper Great Lakes
region. These time series have been gleaned and updated from
several sources.3,13,16,18 Although multiple site-specific factors
are known to correlate with the bioaccumulation of Hg in
aquatic systems (such as pH, alkalinity, trophic status, and food
web structure),19 our reanalyses point to near-decadal shifts in
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microbial processes within the littoral zone of lakes as water
levels rise and fall over near-decadal time scales.

■ MATERIALS AND METHODS
Water Level. The time series of regional water level

anomalies was updated from Watras et al.3 to span the time
period 1942−2019. The data are an ensemble comprising the
historical water levels of lakes and groundwater monitoring
wells distributed across the upper Wisconsin River basin. The
historical oscillation (1942−2013) was shown to be consistent
across seepage lakes, unconfined groundwater tables, and the
two largest Laurentian Great Lakes with a common period of
roughly 13 years despite large differences in hydrology.
Because the amplitude of oscillation varies with morphometery
and water residence time, it is reported in standardized units
(Z-score) referenced to the average water level for the decade
1980−1989.
Walleye Hg. This data set comprised 1311 mercury

measurements from walleye (Sander vitreus) skin-on fillets
from 178 lakes in the northcentral lakes region of Wisconsin
(Vilas, Oneida, and Florence counties, centered at approx-
imately 46.00°′ N, 89.50°′ W)20 sampled between 1982 and
2014. Walleye were collected using standard fisheries survey
methods following WDNR protocols, and the length of each
fish was recorded. Fillets were homogenized and separated into
subsamples which were analyzed for total mercury and
reported on a wet weight basis.
Loon Hg. The time series for Hg in loons comprised 813

samples from 598 adult loons in 262 lakes of northcentral
Wisconsin collected between 1992 and 2012. Loon sampling
followed the nonlethal protocol of Meyer et al.16 Blood was
drawn from the distal portion of the femoral vein of adult loons
using a 10-cc plastic syringe. Following blood collection, the
birds were released after banding with a US Fish and Wildlife
Service aluminum band. Loon serum was kept frozen until
total mercury analysis.
Total Hg in loon serum and walleye filets was determined by

cold-vapor atomic absorption (CVAA) spectrophotometry
following Wisconsin State Lab EHD Metals Method 540.4
adapted from Sullivan and Delfino.21 Reagent blanks, sample

duplicates (10%), control spikes, and standard reference
material (DORM-1, BCR tuna) were processed and analyzed
with each batch of samples. Method detection limits were
0.004 μg Hg g−1.

Water Chemistry. Time series for Hg, MeHg, SO4, and
pH from 1988 to 2019 were compiled for data from Little
Rock Lake (45.995° N, 89.702° W), which is the only lake in
the region with continuous data over this time span.
Epilimnetic samples were collected at least quarterly each
year from a depth of 2 m near the center of the lake using a
submersible, nonmetallic pump and following a Hg-clean
protocol that conformed to US EPA Method 1669. Lake water
was prescreened through 64 μm, acid-cleaned Nitex netting to
remove zooplankton during sample collection. Total Hg (HgT)
and MeHg in lake water were determined using purge-trap/
CVAFS and ethylation/isothermal GC/CVAFS as in US EPA
Methods 1630 and 1631. Method detection limits (MDL)
were ∼0.05 ng L−1 for both HgT and MeHg. All mercury
analyses conformed to the protocols and QA/QC require-
ments of US EPA Methods 1630 and 1631. Sulfate in lake
water was determined by ion chromatography (US EPA
Method 300.0).

Statistical Analysis. Mixed effects models were fitted to
the time series for both walleye and loons. For mercury in
walleye, we used generalized additive mixed effects models
(GAMMs) to control for uneven fish sampling across lakes.
The response variable was log Hg, with year, fish length, and
Julian day as fixed effects. We used log Hg because Hg in fish is
known to be a power function of length. Year was smoothed by
a cubic spline and Julian day by a cyclic cubic spline. Random
effects at the lake level allowed individual lakes to vary in their
intercept or slope of year. We used GAMMs to allow for
nonlinear trends in Hg concentration, but the model structure
mirrored the best generalized linear mixed effects model
(GLMM) found by Rasmussen et al.13 using earlier fish data
for the region. One difference in our model structure was that
we excluded a random effect for the slope of fish length
because its inclusion caused convergence errors, and the
variance associated with this random effect in Rasmussen et
al.13 was minimal. All analyses were conducted using R with
GAMMs fit using the gamm4 package in R.22,23 Results are
reported for a walleye of standard length (45 cm) collected on
June 10 of each year.
The loon Hg data were also analyzed using mixed effects

models because some adult loons were recaptured in different
years and the repeated observations were not independent.
Lake pH, year sampled, and the interaction between pH and
year were considered as fixed effects. Any missing values for
lake pH were reimputed using the MICE package in R.24 For
random effects, we included the intercept and slope of the
Hg0.2 vs year relationship. (Hg0.2 was used as the response
variable because it was the best of four transformations (0.1,
0.2, 0.5, and log) in correcting for residuals that were
nonhomogeneous and nonrandom). The Akaike Information
Criterion (AIC) was used to select our final model.25

Maximum likelihood estimation (ML) was used for model
comparisons, while the parameter estimation for our final
model was based on restricted maximum likelihood
(REML).26 The procedures were repeated for linear and
polynomial time trend models (quadratic and cubic) and a
GAMM. The quadratic polynomial model has an additional
quadratic term (year2) compared to the linear model, and the
cubic polynomial model also considers cubic time trend

Figure 1. Time trends for anthropogenic contaminants in
precipitation of northcentral Wisconsin (46° N, 89° W). Data for
atmospheric deposition monitoring sites WI36 (blue circles) and
WI10 (green circles) in the US NADP/MDN Program network
(http://nadp.slh.wisc.edu/mdn/). Dashed lines are the 95% CI for
the linear regressions of data for site WI36.
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(year3). Both the linear (where the coefficients of year2 and
year3 are zero) and quadratic polynomial model (where the
coefficient of year3 is zero) can be viewed as a special case of
the cubic polynomial model.27 These models were fitted using
the lme4 package in R.28 For the GAMMs, the year variable
was modeled using a smooth function based on regression
splines.29,30 The R package mgcv was used to fit the data
through a smooth function based on thin plate splines.29 The
loon Hg data are reported for a standard lake at pH 7.

■ RESULTS AND DISCUSSION
Bioaccumulation. The results indicate that mercury in

walleye and loons tracks the regional water level oscillation
(Figure 2a and c), and it is directly correlated with the water

level anomaly (Figure 2b and d). Although walleye Hg trends
generally downward over the 32 year time series (Figure 2a),
the correlation with water level is stronger than the correlation
with time (r2 = 0.46 and 0.36, respectively), and it obscures a
direct connection to observed declines for Hg in emissions and
precipitation. In other words, absent knowledge of the regional
water cycle, one might conclude that emission reductions have
had mixed effects (at best) on the bioaccumulation of mercury
in fish. For adult loons, the correlations with water level and
time and water are statistically indistinguishable (r2 = 0.87 and
0.86, respectively), likely because the time series for loons is
relatively short (21 years) and dominated by 16 years of
declining water.
The generally decreasing trend for Hg in walleye that we

observed is consistent with the earlier findings of Rasmussen et
al.13 and Madsen and Stern14 for this region. Our updated
results point to a regional driver that might explain
nonlinearities evident in the time trend reported by Monson
et al.15 and perhaps the lack of trend reported by Tang et al.17

It may also help to explain the nonlinearity in long-term data
compiled from 2881 waters in Sweden over the years 1965−

2012.31 Although the amplitude of the near-decadal oscillation
in Wisconsin walleye is relatively large, it is consistent with
differences observed in regional impoundments and in prairie
pothole lakes during wet and dry years.32−34

Mercury Speciation. Consistent with declining Hg in
precipitation (Figure 1), HgT in Little Rock Lake water has
decreased over time despite annual variation in depositional
loading (Figure 3a and b). However, there has not been a

significant trend in waterborne MeHg (the highly toxic species
that biomagnifies in aquatic food webs) with either time or
loading (Figure 3c and d). This finding indicates that Hg
methylation has been governed by additional processes.
Like mercury in fish muscle (which is >95% MeHg),35 the

concentration of MeHg in lake water has tracked the regional
water level oscillation (Figure 4a) for at least three decades
(Figure 4b and c). The concentration of sulfate in lake water
has also followed the water level oscillation but in the opposite
way (Figure 4d and e). Waterborne sulfate does not track the
linear decline of sulfate in precipitation (Figure 1b), showing
that other processes control lake sulfate concentrations. Given
the importance of dissimilatory sulfate reduction in soft water
lakes,36,37 the data from Little Rock Lake suggest a
biogeochemical mechanism that links mercury methylation to
the water level oscillation via concomitant changes in the rate
of microbial sulfate reduction.

Microbial Methylation. Several groups of anaerobic
microbes possess the gene pair that catalyzes Hg methylation
(hgcAB), and it is frequently associated with anaerobic δ-
Proteobacteria that use SO4 as a terminal electron acceptor
(SRB), producing sulfide as a waste product and releasing
MeHg via a separate pathway.38,39 In addition to methylating
Hg, SRB activity depletes aqueous SO4, and it drives pH and
acid neutralizing capacity (ANC) up in weakly buffered lakes.
The concentration of aqueous SO4 has been anticorrelated
with water level since 1988 (Figure 4d and e), and the opposite
pattern was observed for pH and ANC (Figure S1, Supporting
Information). Simple dilution and concentration cannot
account for the 4-fold variation in SO4 as water levels rise
and fall (nor the 10-fold variation in H+ or the 5-fold variation
in ANC).

Figure 2. Mercury bioaccumulation in walleye (1982−2014) and
loons (1992−2012). (A, B): Modeled Hg in filets of a standard 45 cm
walleye, wet weight basis (red curve and 95% CI band). Data for 1311
fish from 178 lakes. (C, D): Modeled Hg in adult loon blood (red
curve and 95% CI band) based on 813 measurements from loons in
262 lakes. Blue lines indicate the regional water level anomaly
standardized to the mean for the 1980−1989 decade (Z-score).
Dashed lines are 95% CI for the regressions in B and D. Images
courtesy UW-Madison Zoological Museum (walleye) and http://
getdrawings.com/loon-vector (loon).

Figure 3. Total mercury (HgT) and methylmercury (MeHg) in lake
water: (A, C) time trends and (B, D) correlations with the rate of
atmospheric deposition. Lake water data from Little Rock Lake. Wet
deposition data from site WI36. Dashed lines are the 95% CI for the
linear regressions.
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As water levels oscillate on decadal time scales, there are
conspicuous changes in shoreline composition (Figure 5). As
water levels recede, littoral sediments dry out and are exposed
to atmospheric oxygen. Over time, the adjacent forest flora
marches lakeward, colonizing the exposed sediments. A
substantial amount of terrestrial vegetation can accumulate
during an extended drawdown (Figure 5 (left). In addition, the
exposure of sediments to atmospheric O2 can oxidize stored

sulfides to SO4 that could be washed into the lake during
precipitation events and spring snowmelt. Assuming a sulfur
inventory of 1 to 2 mg S g−1 in exposed littoral sediment,38

oxidizing and flushing <5% y−1 would suffice to explain the
increases we observed (Figure 4d). When water levels
subsequently rise, the inundated terrestrial flora drowns
(Figure 5 (right), and the aerobic decomposition of that
terrestrial organic carbon quickly leads to oxygen depletion and
conditions that favor the anaerobic processes of dissimilatory
sulfate reduction and Hg methylation.
Although we have not directly measured rates of sulfate

reduction or Hg methylation in reflooded sediments, and
although our geochemical data are specific to Little Rock Lake,
our hypothesis is supported by the experimental flooding of
vegetated land and by data for reservoirs that undergo large
seasonal fluctuations in depth.38,40−42 But reports for natural
lakes are sparse. Our observations suggest that this “reservoir
effect” can be a climatic phenomenon governed by near-shore
microbial pumps that drive cycles of bioaccumulation on
decadal time scales.
The climatic effects we observed spanned hundreds of lakes

across a land area of ∼7500 km2 in the Laurentian Great Lakes
region. They confound the depositional signal and obscure the
benefit of anthropogenic emission reductions. Since walleye are
an important species for recreational and subsistence fishers,
the observed oscillations have transient implications for human
health. The 45 cm walleye that we modeled represents a typical
one that might be caught and consumed. During low water
periods, mercury concentrations in this fish reach minima
around 0.3 ug Hg g−1, which corresponds to the US EPA
screening value. However, as water levels rise, the Hg
concentration in a consumable fish is prevented from reaching
that screening value, triggering a health concern. If the water
cycle accelerates in a future climate, the amplification of water
level oscillations may translate to more intensely episodic
mercury contamination in aquatic food webs.
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