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Abstract
In the mid-2000s a survey was conducted to evaluate fish mercury in lakes across New York State. Approximately 10 years
later a second survey examining adult sportfish from 103 lakes and reservoirs was conducted to evaluate the response of fish
mercury to recent declines in US mercury emissions. Of those lakes, 43 were part of the earlier survey and were examined to
determine if mercury concentrations in four popular sport species, Yellow Perch, Walleye, and Small- and Largemouth Bass,
declined in response to decreasing emissions. Water samples were also collected at 35 of these lakes and analyzed for
mercury, methylmercury and other analytes. The Adirondack and Catskill regions remain biological mercury hotspots with
elevated concentrations in fish. The most widely sampled species, Yellow Perch, showed significant increases in mercury in
the Northeast and West regions of New York State over the past decade. The increases in Yellow Perch mercury is not
consistent with significant reductions in water concentrations of both total and methylmercury observed corresponding in
lake water samples. This discrepancy suggests watershed and in-lake processes beyond mercury emissions, such as recovery
from acid deposition, impacts from climate change, or changes in food web structure may be controlling fish mercury
concentrations. These results demonstrate a need for a consistent, long-term program to monitor fish mercury to inform the
status of mercury contamination in New York State.

Introduction

The bioaccumulation and biomagnification of mercury (Hg)
is a major concern across New York State (NYS; Dittman
et al. 2010) and globally. In reducing environments, Hg can
be converted to methylmercury (MeHg) by groups like
sulfate- or iron-reducing bacteria or archaea (Gilmour et al.
1998; Kerin et al. 2006). This organic form of Hg strongly
bioaccumulates and biomagnifies in aquatic ecosystems
(Benoit et al. 2002). Concentrations of MeHg biomagnify
along food chains resulting in levels that can pose neuro-
toxicological risks to humans and fish-eating birds and
mammals (Driscoll et al. 2007b, 2013; Evers et al. 2008).
The consequences of Hg exposure on human health and the
environment are globally recognized through international
efforts to reduce Hg emission and exposure via the Mini-
mata Convention (Minimata Convention on Mercury 2017).

The Mercury and Air Toxics Standard (MATS) was
promulgated in 2012 and implemented in 2015, addressing
the need for further emissions reductions by requiring a
90% reduction in Hg emissions from energy generation
facilities (US EPA 2017). Coal-fired power plants are the
largest source of US Hg emissions accounting for ~48% of
Hg emissions in 2015 (Streets et al. 2019). MATS and
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earlier air quality management regulations have resulted in
decreases in Hg emissions (Zhang et al. 2016; Streets et al.
2019). These decreases in regional emissions have coin-
cided with atmospheric Hg concentrations of gaseous ele-
mental Hg and reactive gaseous Hg (Zhou et al. 2017) and
atmospheric wet and litter Hg deposition(Gerson et al.
2017; Mao et al. 2017; Zhou et al. 2018; Ye et al. 2019) in
New York State and the northeastern US Mercury inputs to
terrestrial and aquatic ecosystems largely occur due to
atmospheric deposition (Fitzgerald et al. 1998). Con-
centrations of Hg in precipitation and wet Hg deposition
have been declining in response to reductions in North
American emissions (Prestbo and Gay 2009; Zhang et al.
2016; Mao et al. 2017). However it has recently been
demonstrated that global emissions and long-range transport
are becoming increasingly important to Hg deposition in
North America (Weiss-Penzias et al. 2016; Streets et al.
2019).

Once deposited, transport of Hg and MeHg through the
terrestrial to aquatic environments occurs largely in asso-
ciation with dissolved organic carbon (DOC) or suspended
particulate matter (Dittman et al. 2010). The relationship of
DOC with MeHg is complex. Natural DOC has been shown
to facilitate the transport and formation of MeHg (Graham
et al. 2012; Bravo et al. 2017; Herrero Ortega et al. 2018;
Jiang et al. 2018), but also reduces the extent of bioaccu-
mulation (Gorski et al. 2008; Chiasson-Gould et al. 2014;
Jeremiason et al. 2016).

With over 4000 lakes in NYS, measurement of fish Hg
concentrations is important to track environmental, eco-
nomic and health impacts. A survey in the mid-2000s of
131 lakes divided NYS into three broad regions (Southeast,
Southeast and West) finding 53 lakes with fish Hg con-
centrations high enough for the NYS Department of Health
to issue consumption advisories while considering USA
FDA and USA EPA guidelines (1 µg/g and 0.3 µg/g,
respectively; Simonin et al. 2008b). Fish Hg concentrations
were negatively correlated with pH, conductivity, and ANC,
and positively correlated with water-Hg concentrations,
wetland area, and the presence of dams. Spatially, the
Adirondack and Catskill regions of NYS were found to
have the highest fish Hg (Simonin et al. 2008b).

In the Northeastern US, concentrations of DOC and fish
Hg have been increasing possibly in response to recovery
from historical acid deposition (Monteith et al. 2007;
Driscoll et al. 2016). This pattern is particularly important in
regions like the Adirondack park where decades of sulfate
deposition have depleted available calcium (Ca) and other
base cations from soils (Warby et al. 2005), delaying
recovery from acidification (Driscoll et al.
2001, 2003, 2007a; Chen and Driscoll 2005). A lengthy
recovery could result in an extended period of contamina-
tion as fish Hg concentrations have been shown to increase

with decreases in pH and increases in DOC (Driscoll et al.
2007b).

While recovery from acid deposition appears to be an
important factor contributing to elevated fish Hg, anthro-
pogenic forcing of climate can also affect bioaccumulation
(Evans et al. 2006; Sebestyen et al. 2009). In the north-
eastern US, climate change is expected to generate higher
annual temperatures, earlier peak streamflow from snow-
melt, a longer growing season, increased drought frequency
and increased winter precipitation (Hayhoe et al. 2007).
Effects of climate change have already been observed in the
Northeast with increases in air temperature, precipitation
and streamflow (McCabe and Wolock 2002; Hodgkins et al.
2003; Huntington et al. 2004; Climate Science Special
Report 2017). These changes could increase lake pro-
ductivity (Watson et al. 2016), causing eutrophication and
extending lake stratification, which would promote Hg
methylation due to increases temperature and/or an increase
in the anoxic period in lake sediments. An amplified
hydrological cycle could also increase wet-dry cycles sti-
mulating methylation rates (Coleman Wasik et al. 2015).
While the long term impact of climate change remains
unclear (Laudon et al. 2012), there has been some spec-
ulation of changing climate in driving increases in fish Hg
(Bodaly et al. 1993; Monson et al. 2011).

To evaluate changes in NYS fish Hg concentrations over
the last decade, we resurveyed 43 lakes for fish and 35 lakes
for water chemistry that were previously sampled in the
mid-2000s. In addition, fish were collected from 65 pre-
viously unsampled lakes. Using the information from both
surveys, we also develope recommendations for a long-term
monitoring program to assess the efficacy of Hg emission
reduction efforts in New York State. These include loca-
tions where fish Hg and ancillary observations might be
monitored, the number of waters monitored and frequency
of collections.

Methods

Fish sampling and processing

A subset of lakes across New York State previously sam-
pled by Simonin et al. 2008a, b and lakes with multiple
years of historical sampling were identified for study. Col-
lections of fish samples began in 2014 and were concluded
in 2016. Walleye (Sander vitreus; WE), Smallmouth Bass
(Micropterus dolomieu; SMB), Largemouth Bass (Micro-
pterus salmoides; LMB) and Yellow Perch (Perca fla-
vescens; YP) were targeted for collection because of their
popularity among sport fishers and the relative abundance
of previous Hg observations. Three alternative species,
Brook Trout (Salvelinus fontinalis; ST), Chain Pickerel
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(Esox niger; CP) and Lake Trout (Salvelinus namaycush;
LT), were also collected from lakes where the target species
were not available or abundant during the present sampling.
Working with partners at the New York State Department
of Environmental Conservation (DEC), Cornell University
and SUNY-Oneonta, fish samples were collected from 108
lakes spread across all regions of the state to evaluate spatial
patterns and temporal trends (Fig. 1).

Personnel from the DEC, Cornell University, SUNY
Oneonta and Syracuse University collected fish using
standard sampling methods including gill netting, trap
netting, minnow trapping, angling and electrofishing
(when necessary), to obtain a minimum of 10 adult fish
samples from targeted species. Collected fish were mea-
sured, weighed, individually placed in labeled, food grade
plastic bags and kept on ice until analyzed at Syracuse
University. Upon arrival, samples were prepared accord-
ing to DEC methods (standard fillet; skin-on, bone-in,
scales removed) and 524 subset fish plugs were also
collected according to previously established procedures
(Baker et al. 2004; Peterson et al. 2004). All samples were
frozen at a temperature below −18 °C. Sample were
freeze dried and milled and % wetness was recorded for
each sample, before being analyzed on a Milestone Hg
analyzer utilizing thermal decomposition, catalytic
reduction, amalgamation, desorption, and atomic absorp-
tion spectroscopy following US EPA method 7473 (US
EPA 2007a). The instrument was primed and the cali-
bration was verified with standard reference material at

the beginning of each analysis. Quality control samples
(QCS) samples were included at the beginning and end of
each run, with Continuing Calibration Verification (CCV)
and Continuing Calibration Blank (CCB) samples ana-
lyzed every ten samples. Every twenty samples analyzed
included a duplicate, matrix spike and matrix spike
duplicate with a triplicate every 40 samples (Table S1).
The recorded % wetness was used to convert the dry THg
concentrations to wet-weight THg concentrations.

Water sampling and processing

In addition to fish, surface water samples were collected
from 35 lakes from 2014 to 2016, using Teflon bottles and
trace metal collection methods (US EPA method 1669, US
EPA 1995) for analysis of total Hg (THg), MeHg, and in
plastic bottles using standard collection methods for SO4

2−,
NO3

−, Cl−, monomeric Al, ANC, pH, DOC, UV254 absor-
bance and chlorophyll a. These samples were placed on ice
in the field and shipped to Syracuse University for analysis.
Mercury samples were filtered using 0.45 µm Millipore
filters prior to analysis. Total Hg was analyzed by oxidation,
reduction, purge and trap, desorption and cold-vapor atomic
fluorescence spectrometry (CVAFS) according to US EPA
method 1631, revision E (US EPA 2002). The detection
limit for this method was 0.2 ng/L and quality control
results and standards for THg analysis can be found in
Table S2. MeHg was analyzed by direct ethylation, purge
and trap, desorption, and CVAFS following a modified US

Fig. 1 Lakes sampled as part of
the 2010s resurvey. Lakes that
were also sampled as part of the
2000s survey are in bold. The
three regions of New York State
were originally used by Simonin
et al. 2008a, b
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EPA method 1630 (US EPA 2007b). The detection limit for
this method was 0.02 ng/L and quality control results and
standards can be found in Table S3.

Acid neutralizing capacity (ANC) and pH were analyzed
in the laboratory using a Brinkmann Metrohm 716 DMS
Titrino and 760 sample changer with a Ross General Pur-
pose Sure-Flow pH electrode. Ion chromatography was
used for analysis of SO4

2−, NO3
−, and Cl−. Water samples

were prepared for DOC analysis by filtering through a
1.5 µm glass microfiber filter and analyzed using infrared
detection following persulfate oxidation. UV254 was ana-
lyzed by measuring absorbance at 254 nm in a standard
spectrophotometer. Colorimetric methods were used to
analyze for monomeric aluminum (Alm) following chelation
with pyrocatechol violet. This same method was used to
analyze for organic monomeric aluminum (Alo) after the
sample was passed through an ion exchange column.
Inorganic monomeric aluminum (Ali) was then calculated
by subtracting Alo from Alm (McAvoy et al. 1992).
Chlorophyll a samples were sent to the Upstate Freshwater
Institute for analysis by concentrating chlorophyll contain-
ing particulate matter on 0.45 µm cellulose nitrate filters.
The pigment was then extracted from the filter using acet-
one and measured using a standard spectrophotometer.

Standardizing fish THg concentrations

Note that there is no statistically significant difference in Hg
concentrations between standard fillet and plugs (Knight
et al. 2019) from fish tissue, but DEC fillet usually has
concentrations 15% lower than those in plugs. We measured
paired fillet and plugs for 513 samples across the 7 fish
species we studied. A conversion formula (R2= 0.9923,
p < 0.001) was developed for converting DEC fillet Hg
results to plug Hg results:

Ln plugHgð Þ ¼ 0:9978� Lnðfillet HgÞ þ 0:1447

The statistical software R (R Core Team 2018) was used
to standardize THg concentrations at previously determined
lengths (Yellow perch—229 mm, Smallmouth bass—
356 mm, Largemouth bass—356 mm, Walleye—457 mm;
Simonin et al. 2008a). Length standardization was achieved
by fitting a linear model of THg concentration and length
for each lake per year. Model residuals were then used to
estimate the THg concentration of each sample at the
standardized length for the species. We used these fitted
values even in cases where the regression relationship was
not significant because this standardized value was the best
estimate of fish Hg concentrations comparable across all the
lakes. The length adjusted data were used to evaluate tem-
poral trends, correlations with chemical and physical para-
meters, and conduct spatial analysis.

Statistical analysis on water chemistry and fish Hg
concentrations in 2010s

Surface water chemistry data were evaluated for 18 lakes in
the Northeast, 15 lakes in the Southeast and 2 lakes in the
West region of New York State. A simple t test was applied
to compare water chemistry data among regions (i.e.,
Northeast vs. the Southeast) using lakes as replicates. Data
for this and the analyses described below were log-
transformed to meet the assumption of residual normality.

Because multiple fish samples were collected within each
lake, we took the average of the values to represent the
mean concentration for individual lakes for below analyses.
To study differences in Hg concentrations among the seven
fish species in this study, a one-way ANOVA was applied
to the standardized fish THg concentrations with lakes as
replicates. ArcMap (ESRI 2017) was used to examine the
spatial variation of the four most commonly sampled spe-
cies across New York State.

A Pearson correlation test was used to examine the
relationship between water chemical variables and fish Hg
concentrations of the four common fish species. Linear
regressions were used to investigate the effects of lake
characteristics on water chemistry and fish Hg concentra-
tions. Lake characteristics were acquired from Simonin
et al. (2008a), including elevation (m), watershed area (ha),
lake area (ha), shoreline (km), contiguous wetlands (ha),
watershed wetland area (ha) and watershed wetland area
(%). We also tested whether an existing outlet dam would
impact water chemical variables and fish Hg of the four
common species using one-way ANOVA with lakes as
replicates.

Changes in water chemistry and fish Hg
concentrations between 2000s and 2010s

The majority of the lakes in this study only have data from
two sampling events. Paired t tests were used to examine
changes in water chemical variables and fish THg con-
centrations of each of the four common species state-wide
and by region using lakes as replicates.

To examine if lake characteristics and changes in water
chemistry (as a %) from 2000s to 2010s would explain the
changes in fish THg concentrations in each of the four
common species state-wide, linear regressions were used
with lakes as replicates. Stepwise regression was also used
to determine if any models would predict changes in fish
THg concentrations for each species. ArcMap v10.6 was
used to examine the percent change of THg concentrations
in each species between the two collection periods. Kriging
was again used for all species, and Inverse Distance
Weighting (IDW) was used when kriging showed no
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variation across New York State (Smallmouth bass,
Largemouth bass).

To determine the number of lakes required to detect a
change in fish THg concentrations after a decade, we cal-
culated the sample size needed to detect a difference of
2–10% of the mean THg concentrations for each commonly
species using paired t test, assuming the mean values cal-
culated from replicates within lakes were representative:

N ¼ 2� S2

d2
� Z1�α=2 þ Z1�β

� �2
;

where N is the sample size (number of lakes per sampling
period), s2 is the pooled variance, d is the detectable dif-
ference on an original scale, Z is the critical value from the
standardized normal distribution, α= 0.05, and β= 0.2 (i.e.,
power is 0.8). Pooled variance can be calculated as:

s2 ¼ s2pre þ s2post
npre þ npost

:

To investigate if a change in sampling intensity by region
would impact the ability to detect trends, we calculated and
compared the number of lakes required for each common
species among the three regions to detect a 10% change in
fish THg concentrations over a decade. Because our dataset
only allowed us to detect a temporal change between two
points of time, it was not possible to examine the impact of
sampling frequency in time. Smaller sample size would be
needed if the calculation was based on a log-scale. These
statistical analyses were conducted with SAS 9.4 (SAS
Institute Inc. 2013).

Results

General lake chemistry and standard-size fish Hg
concentrations in 2010s

The 18 Northeast, 15 Southeast and 2 West lakes in NYS
had water column THg (mean ± SD) of 0.86 ± 0.70 ng L−1,
MeHg of 0.06 ± 0.08 ng L−1 and %MeHg ((MeHg/THg) ×
100) of 7.4 ± 5.6. Additional statistics for individual lakes
can be found in Table S2. The Northeast lakes had a rela-
tively lower ANC, pH and chlorophyll a, and a higher
DOC, MeHg and THg than the Southeast lakes (p ≤ 0.05).
The two lakes in West region had similar water chemistry
compared with Southeast lakes (Table S2).

The standard-size wet weight Hg concentration (mean ±
SD) in 2010s was 0.43 ± 0.59 µg g−1 for Yellow perch (57
lakes), 0.22 ± 0.13 µg g−1 for Brook trout (29 lakes), 0.58 ±
0.44 µg g−1 for Smallmouth bass (22 lakes), 0.43 ± 0.21 µg
g−1 for Largemouth bass (21 lakes), 0.67 ± 0.39 µg g−1 for
Walleye (14 lakes), 0.81 ± 0.31 µg g−1 for Chain pickerel

(9 lakes) and 0.60 ± 0.61 µg g−1 for Lake trout (8 lakes) in
NYS (Fig. 2). Chain Pickerel had higher Hg concentrations
than Walleye, Lake trout, Smallmouth bass, Largemouth
bass and Yellow perch; Brook trout had the lowest Hg
concentration among all species (p < 0.001).

For the 43 resurveyed lakes, concentrations of Hg in
Yellow perch muscle samples exceeded the US EPA Fish
Tissue Residue Criterion for MeHg of 0.30 μg g−1 in 71%
of Northeast lakes, 8% of Southeast lakes and 0% of West
lakes. Most lakes had Hg concentrations exceeding 0.30 μg g−1

for Walleye (10 out of 11 lakes), Smallmouth bass (9 out of 12
lakes) and Largemouth bass (6 out of 10 lakes). Three
Northeast lakes (North Lake for Yellow perch, Red Lake
for Walleye and Hinckley Reservoir for Smallmouth bass),
one Southeast lake (Swinging Bridge Reservoir for Wal-
leye) and one West lake (Rushford Lake for Walleye) had
fish Hg concentrations that exceeded the US Food and
Drug Administration action level of 1.0 μg g−1 (Fig. 3;
Figs. S1–S3).

Relationships between lake characteristics, lake
chemistry and standard-size fish Hg concentrations
in resurveyed lakes

Lake MeHg and THg concentrations were positively cor-
related with DOC, total monomeric Al and organic mono-
meric Al, and negatively correlated with pH and SO4

2−

(Table S3). Lakes with higher organic monomeric Al or
higher MeHg had higher %MeHg (p < 0.01 for both).

Lake pH was negatively correlated with total monomeric
Al (r2=−0.63, p < 0.01), DOC (r2=−0.35, p= 0.05), and
positively correlated with ANC (r2= 0.39, p= 0.02) using
a Pearson correlation test for all 35 lakes (Table S3).

Fig. 2 Standard-size THg concentrations in seven fish species from
2014–2016 in New York State lakes. Bars with different letters indi-
cated the concentrations were different among species
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Total Hg concentrations in lake water increased with
increases in lake elevation (r2= 0.41, p= 0.03) (Fig. 4).
Two lakes (Rock Pond - 2.37 ng-Hg L−1; Sunday Lake
3.64 ng-Hg L−1) had relatively higher THg concentrations
than the other lakes studied (0.22 – 1.55 ng L−1). With data
from those two lakes removed, the relationship of higher
aqueous THg concentration at higher elevation remained
significant (r2= 0.47, p= 0.01). %MeHg was positively

correlated with shoreline length (r2= 0.44, p= 0.03) and %
contiguous wetland relative to lake area (r2= 0.49, p=
0.04). Other lake characteristics such as watershed area,
lake area and contiguous wetland area did not appear to
influence the lake chemistry (p ≥ 0.12).

Mercury concentrations in standard-size Yellow perch
(r2= 0.64, p < 0.001) increased with lake THg concentra-
tion, but this pattern was not evident for Walleye, Large-
mouth bass and Smallmouth bass (p ≥ 0.29). Lake MeHg
concentration and % MeHg was not correlated with
standard-size Hg concentrations for any of the four fish
species (p ≥ 0.20). Total monomeric Al, ANC, pH, and SO4

2−

were correlated with standard-size Hg concentrations for
Yellow perch and Smallmouth bass, but not for Walleye
and Largemouth bass (Table S3).

As with water column THg, Hg concentrations in Yellow
perch increased with lake elevation (r2= 0.60, p < 0.001),
but not for Walleye, Smallmouth bass and Largemouth bass
(p ≥ 0.59). Lakes with a larger percentage of contiguous
wetland relative to lake area had higher standard-size Hg
concentrations for only Walleye (r2= 0.88, p= 0.02), but
not for Yellow perch, Smallmouth bass and Largemouth
bass (p ≥ 0.27). Other lake characteristics such as watershed
area, lake area, shoreline length and the presence of an
outlet dam did not influence fish Hg concentrations (p ≥
0.14) in the studied lakes.

Fig. 3 Yellow perch
concentrations were highest in
the Northeast region on NYS.
Fish Hg increased between
2000s and 2010s surveys in both
the Northeast and West regions
with modest reductions in the
Southeast. Resurveyed lakes
have a percent change and were
sampled at least twice; during
the Simonin et al. survey and our
recent survey

Fig. 4 Lakes with higher elevation had higher THg concentrations in
surface water
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Changes in resurveyed lake chemistry between
2000s and 2010s

For all resurvey lakes, concentrations of THg decreased
42% (p < 0.01), MeHg decreased 74% (p < 0.01), SO4

2−

decreased 77% (p < 0.01), NO3
− decreased 39% (p= 0.02),

and total monomeric Al decreased 25% (p= 0.01) from
2000s to 2010s. Lake ANC increased 6% (p= 0.02), and
DOC increased 22% (p= 0.04). The pH (p= 0.13), chlor-
ophyll a (p= 0.9) and Cl (p= 0.18) were similar between
the two sampling periods. There was no statistically sig-
nificant change in the %MeHg values between the two
sampling periods.

In both Northeast and South regions, lake THg (p < 0.001
for both), MeHg (p= 0.004 and 0.01) and SO4

2− (p < 0.001
for both) decreased from 2000s to 2010s. While, lake pH
(p= 0.02) and NO3

− (p= 0.05) decreased. DOC (p=
0.002) increased only in Northeast lakes. Total monomeric
Al (p= 0.003) decreased in only Southeast lakes.

Changes in standard-size fish Hg concentrations
between 2000s and 2010s

Concentrations of Hg in Smallmouth bass decreased 21%
from 2000s to 2010s (p= 0.07). Standard-size Hg con-
centrations were similar between 2000s and 2010s for
Yellow perch, Walleye and Largemouth bass (p ≥ 0.49)
using all paired lakes. Temporal changes in fish Hg con-
centrations varied by lake and species (Table S4). In lakes
sampled for Yellow perch (n= 36) and Walleye (n= 12),
fish Hg concentrations increased in about as many study
lakes (53% and 58%, respectively) as lakes in which values
decreased (47% and 42%, respectively) from 2000s to
2010s. In contrast, lakes sampled for Smallmouth bass (n=
13) and Largemouth bass (n= 10) decreased in a much
larger fraction of the lakes surveyed (77% and 70%,
respectively).

For lakes with ≥2 fish species sampled, seven out of 18
lakes showed the same temporal patterns of change in Hg
concentrations collected fish species. Two lakes (Hinckley
Reservoir in the Northeast and Goodyear Lake in Southeast)
had increases in fish Hg concentrations and five (Red Lake
in the Northeast; East Sidney Reservoir, Fort Pond, Onteora
Lake and Rio Reservoir in the Southeast) showed decreases
in fish Hg concentrations.

Dividing the lakes into the three regions (Northeast,
Southeast, West), Hg concentrations in Yellow perch from
lakes in the West increased 29% from 2000s to 2010s
(average of five lakes, p= 0.04). Concentrations of Hg in
Smallmouth bass from Southeast lakes decreased 41% from
2000s to 2010s (average of six lakes, p= 0.02). Con-
centrations of Hg in other species from other regions did not
change significantly (p ≥ 0.15).

Changes in standard-size fish Hg concentrations
between 2000s and 2010s explained by lake
characteristics and water chemistry

Changes in Hg concentration in Walleye over time were
positively correlated with lake elevation (r2= 0.67, p=
0.04). Changes in Hg concentration in Largemouth bass
were positively correlated with contiguous wetland area
(r2= 0.86, p= 0.01). No empirical models could predict the
changes in fish Hg concentrations from the 2000s to the
2010s using a stepwise regression of lake characteristics and
changes in water chemistry.

The changes in fish Hg concentrations from 2000s to
2010s might be explained by the changes in lake chemistry
over the same sampling period. In a Spearman rank test
between percent changes in fish Hg concentrations for each
species and the differences in chemical variables (ratio
strength for difference in pH and percent difference for
other variables), we found that changes in lake ANC (r2=
0.87, p < 0.001), and pH (r2= 0.74, p= 0.02) were posi-
tively correlated with changes in Hg concentrations in
Walleye. Lake chlorophyll a was negatively correlated with
changes in Hg concentrations in Largemouth bass (r2=
−0.58, p= 0.04). Changes in water THg concentration
(r2=−0.93, p < 0.001) was negatively correlated with
changes in Hg concentrations in Largemouth bass.

Discussion

Variation in Hg in NYS lakes

Freshwater resources in NYS are sensitive to atmospheric
Hg deposition (Driscoll et al. 2007b). All regions of the
state show lakes with elevated concentrations of Hg in fish,
with the highest concentrations generally found in samples
collected from the Adirondack or Catskill park regions
(Simonin et al. 2008b). Observations of the most widely
sampled fish species, Yellow perch indicate that the lakes
within the Adirondack Park contain fish with the highest
concentrations of Hg (Fig. 3). Indeed, of the 106 lakes with
specific fish consumption advisories for Hg in New York
State, 62 occur in the Adirondack region. Moreover, there
are regional advisories on fish consumption for the Adir-
ondacks and Catskills (NYS DOH 2018). Even in regions of
the state where fish Hg concentrations are generally lower,
many of the popular gamefish remain above the 0.3 µg g−1

guideline (Fig. 2).
With still more than half (53%; Fig. 2) of standard-length

fish Hg above the 0.3 µg g−1 criterion, additional efforts are
needed to reduce fish Hg concentrations. Our analysis
shows that despite decreases in emissions and atmospheric
Hg deposition, there has not been a systematic decrease in
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fish Hg in NYS over the past decade. Rather, Walleye and
Yellow perch Hg in many lakes have remained the same or
increased relative to measurements from the survey of
Simonin et al. 2008a, b. This pattern is consistent with
findings from the Laurentian Great Lakes where decreases
in atmospheric Hg were significantly correlated with
decreases in fish Hg for all the lakes until 2010, when the
patterns for Michigan, Erie and Ontario changed from
decreasing to no change or increasing concentrations of fish
Hg (Zhou et al. 2017). Like lakes Michigan, Erie and
Ontario, the major driver of fish Hg trends in NYS inland
waters may be shifting away from regional Hg emissions
towards the effects of legacy Hg inputs or increasing global
Hg emissions, changes in nutrient status, invasive species,
climate change and/or global Hg emissions.

We observed marked decreases in water column THg
and MeHg concentrations between the two surveys.
Decreases in atmospheric Hg deposition (Gerson et al.
2017; Mao et al. 2017) could explain this pattern of
decreases in water column concentrations. Concentrations
of THg and SO4

2− alone were unable to explain the spatial
variation in MeHg and %MeHg. While THg and SO4

2− are
likely important drivers of MeHg, we found that only length
of shoreline and wetland area were significantly correlated
with MeHg concentrations in study lakes. This pattern
suggests that landscape features where reducing conditions
occur control the extent and rate of methylation and MeHg
concentrations, similar to findings from other studies
(Mitchell and Gilmour 2008; Skyllberg 2008; Burns et al.
2012).

Many of the spatial correlations of biophysical and
chemical factors with fish Hg found by Simonin et al.
2008a, b were not evident in this resurvey. In our resurvey,
only concentrations of THg in lake water were significantly
correlated with Hg in Yellow perch, but not other fish
species. The response of fish to decreases in atmospheric Hg
deposition may be influenced by recovery from the impacts
of acid deposition, particularly in the Adirondacks, (Driscoll
et al. 2001; Jeffries et al. 2003). Increases in fish Hg and
aquatic concentrations of DOC have been associated with
recovery from acidification in northeastern North America
and northern Europe (Monteith et al. 2007; Hongve et al.
2012; Åkerblom et al. 2012; Driscoll et al. 2013; Millard
et al. 2018). This pattern is consistent with our findings
where regions more highly impacted by acid deposition
(Northeast region) have exhibited an increase in fish Hg
which is coincident with increases in DOC.

Not only could chemical recovery from acid deposition
alter fish Hg, but food webs could also be changing as acid-
sensitive species recolonize impacted aquatic ecosystems.
A longer food chain could result in a shift to higher trophic
positions for sportfish and a subsequent increase in

bioaccumulation (Ward et al. 2010). Conversely, increased
nutrient inputs could result in biodilution or growth dilution
of fish Hg through increases in aquatic productivity or
accelerated individual growth (Riva-Murray et al. 2011;
Kolka et al. 2019). The negative relation we observed
between Hg in Largemouth bass and chlorophyll a may be
evidence of this effect. Additional alterations to aquatic
food webs such as stocking, or the introduction and/or
management of invasive species (Taylor et al. 2020) can
also have large impacts on food web dynamics and the
biological cycling of Hg and may help explain why similar
trends in Hg concentrations were observed for different fish
species within the same lake for only 7 of 18 lakes where
two or more species were collected. Community composi-
tion and structure play an important role for individual lake
responses (Todorova et al. 2015) and further complicate
statewide and regional trends.

The impacts of climate change contribute an additional
level of uncertainty. Past and projected future climate for
the Northeast have and will result in increases in air tem-
perature and precipitation quantity (Climate Science Special
Report 2017). A warmer and wetter climate in NYS could
enhance primary production, lengthen the growing season,
increase drought frequency, intensify precipitation and alter
foodwebs (Hayhoe et al. 2007), which could impact
deposition, transport, methylation and bioaccumulation of
Hg. Within this survey, Yellow perch in the West region
showed almost a 30% increase from previous observations,
while no change was detected for Walleye and Largemouth
bass (potentially due to lower power to detect changes).
These changes in the West region may be a result of climate
driven impacts evidenced by an increased incidence of algal
blooms in this region (Halfman 2017). This could result in a
shift in autochthonous vs. allochthonous organic matter
input which recent studies in boreal (ca. 59–60 °N; Bravo
et al. 2017) as well as moist subtropical (ca. 26–28 °N;
Jiang et al. 2018) lakes have shown a positive correlation
between autochtonous organic matter and Hg methylation
in sediment. Conversely, this could also result in lower fish
Hg as a result of growth dilution (Essington and Houser
2003; Kolka et al. 2019) or biodilution, as has been reported
in phytoplankton and zooplankton (Pickhardt et al. 2002;
Chen and Folt 2005).

Beyond these ecosystem complexities, an important
consideration in the lack of fish Hg response to decreases in
domestic Hg emission and local deposition may simply be a
lag of Hg transport in the lake-watersheds. Although we
would anticipate that the marked decreases in water column
Hg species observed would eventually contribute to
declines in fish Hg, a decade may be too short a period for
adult fish to respond to decreases in atmospheric Hg
deposition (Harris et al. 2007).
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Number of lakes required to detect changes in
standard-size fish Hg concentrations after a decade

The number of lakes required to detect a change between
two sampling points would decrease if the rate of change in
fish Hg concentration per decade was greater. Comparison
among species of the number of lakes required to detect a
given change in fish Hg showed that Largemouth bass and
Walleye would require the greatest number of lakes mon-
itored followed by Smallmouth bass and Yellow perch (Fig. 5).
For example, it would require 18 lakes for Largemouth
bass, 12 lakes for Walleye, 10 lakes for Smallmouth bass
and only 5 lakes for Yellow perch to detect a 4% change
after a decade.

In order to detect changes in fish Hg, lakes in the West
(n= 5–46, varied by species) will require greater sampling

efforts in terms of number of lakes monitored to detect a
change of 10% in fish Hg per decade than lakes in Northeast
(n= 2–15) and Southeast (n= 4–7) (Fig. 6). The lakes in
Southeast will required a similar sampling efforts to detect a
10% change in fish Hg per decade in terms in number of
lakes for each of the four fish species considered. In contrast
the number of lakes required to detect a 10% change in fish
Hg varied greatly for different fish species in Northeast and
West regions, with Yellow perch needing little additional
sampling effort (n= 2,5) while targeting Walleye would
require significant increases (n= 15,46) in sampling effort
in both regions. Largemouth and Smallmouth bass would
also need significantly increased sampling efforts in the
Northeast and West respectively.

Implications for continued monitoring of Fish Hg in
NYS

Given the major pathway of human exposure to MeHg is by
consumption of contaminated fish (Driscoll et al. 2013) and
elevated and increasing concentrations of Hg in NYS
freshwater fish, monitoring of Hg in NYS fish and waters
should continue. With over 4000 lakes and many kilometers
of rivers in the state (Simonin et al. 2008b) it is not possible
to monitor all surface waters. However, a well-designed
program could be used to monitor the regions defined by
Simonin et al. 2008a, b or potentially use the ecological
zones (ecozones) of New York State. For the current three
regions, our power analysis shows that continuing previous
sampling efforts of Yellow perch could detect a 10%
change over a decade without increasing the monitoring
effort.

Our analysis indicates that under the current three-region
design, a lake monitoring program targeting 30 lakes (15 in
the Adirondack State Park and 15 in the remainder of the
state) would have a reasonable power to detect change in
fish Hg concentrations (Fig. 5). Sites outside the Adir-
ondacks should likely include (1) lakes in the Catskills; (2)
lakes of high economic, recreational and/or cultural
importance such as the Finger Lakes, Oneida Lake, and
Lake Chautauqua; and (3) reservoirs (Rushford). Lakes
should be selected based on the length of existing data
records and those with recent fish Hg concentrations that
exceed consumption guidelines.

In order to maintain a high statistical power, the majority
of these lakes should be sampled at a 5-year time interval,
with a few lakes sampled more intensely in order to assess
interannual variability. These more frequently sampled
lakes may also be good candidates for more intensive
analysis of nutrients and Hg concentrations and lower
trophic position species such as invertivorous fish species
(e.g., dace species) or young of the year Yellow perch.
Collecting smaller invertivorous species and/or young of the

Fig. 5 Number of lakes required to detect a change in fish THg con-
centrations for four common species after a decade in New York State

Fig. 6 Number of lakes required to detect a 10% change in fish THg
concentrations in four common species after a decade for different
regions in New York State
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year would provide an opportunity to evaluate at inter-
annual variability and should exhibit a more rapid response
to future controls on anthropogenic Hg emissions.

An alternative to this three-region model, would be sam-
pling within the 12 ecozones within NYS (Fig S4; Will et al.
1982, Dickinson 1983). While this approach would likely
require a significant increase in sampling effort, it would pro-
vide a much better understanding of fish Hg response to policy
decisions. If a similar program for stream and river species
were to be adopted, it might be possible to cover the majority
of ecozones within NYS without much additional effort.
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