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A B S T R A C T

Mercury (Hg) levels in Ontario top predator fishes have been increasing in recent decades. These increases may
be a result of many additive factors, including global climate change. Only recently has research been conducted
on how climate change may impact Hg levels in freshwater fishes at large-scales. We examined the relationship
between Hg trends and (1) local weather, (2) large-scale climate drivers, and (3) anthropogenic Hg emissions, in
native cool water (walleye and northern pike) and warm water (smallmouth bass and largemouth bass) pre-
datory fishes in Ontario, Canada, for historical (1970–1992) and recent (1993–2014) time periods. For each fish
species studied,> 25% of Ontario's secondary watersheds shifted from historically declining to recently in-
creasing fish Hg trends, and ≥ 50% of watersheds experienced increasing trends between 1993 and 2014.
Recent fish Hg increased at up to 0.20 µg/g/decade; which were significant (p<0.05) for walleye, northern pike
and smallmouth bass. Multiple linear regressions revealed a complex interplay of local weather, large-scale
climate drivers, and anthropogenic Hg emissions influencing fish Hg levels. Recent Hg levels for walleye and
largemouth bass increased with changes in global climate drivers, while higher precipitation influenced
smallmouth bass Hg levels the most. Walleye Hg levels increased during the positive phases of global climate
drivers, reflecting the local influence of local temperatures and precipitation indirectly. Differentiating the ef-
fects of climate-related parameters and emissions is increasingly crucial to assess how changing multiple en-
vironmental stressors may impact health of wildlife and humans consuming fish.

1. Introduction

Mercury (Hg) is a toxic heavy metal that can bioaccumulate and
biomagnify in the food web, and adversely impact humans through
consumption of fish (Mergler et al., 2007; Grimalt et al., 2010). By the
1970s, fish Hg levels in North America were substantially elevated due
to industrial emissions, particularly those from coal-fired power plants
(Downs et al., 1998). Although anthropogenic Hg emissions in North
America have declined by approximately 75–90% between the 1970s
and 2011 (Cain et al., 2007; Environment Canada, 2015), fish Hg levels
are again increasing in the Province of Ontario, Canada (Monson et al.,
2011; Tang et al., 2013; Gandhi et al., 2014). This mismatch in the
trends of Hg emissions and fish levels suggests that other factors may be
driving Hg dynamics.

Fish Hg levels can be influenced directly by factors such as lake size
(Bodaly et al., 1993), lake acidity, hardness, dissolved organic carbon
(DOC) (Wren et al., 1991), food chain length (Cabana et al., 1994;
Pouilly et al., 2013; Johnson et al., 2015), trophic position (Coelho
et al., 2013), species, size, sex (Gewurtz et al., 2011; Karimi et al.,

2013), land use or land cover (Bank et al., 2006; Drenner et al., 2013),
as well as indirectly by watershed disturbances such as forest fires and
the invasion of non-native species in aquatic environments (Coelho
et al., 2013; Dijkstra et al., 2013; Pack et al., 2014). The interactions of
these factors can be complex, and become more complicated under
climatic changes (IPCC, 2013). The impacts of climate factors, such as
increased temperatures, changes in precipitation, wind patterns or dust
deposition, can change the distribution, mobility and uptake of Hg in
freshwater ecosystems in both direct and indirect pathways (Grimalt
et al., 2010; Dijkstra et al., 2013; Evans et al., 2013; Eagles-Smith et al.,
2017).

Deposition of atmospheric Hg can be a major contributor to Hg in
fish (Pacyna et al., 2006; UNEP, 2013) and the amount deposited on to
aquatic ecosystems can be affected by climatic factors such as pre-
cipitation (Outridge et al., 2008; Grimalt et al., 2010; Risch et al.,
2012). Mercury is a global pollutant that can be transported long dis-
tances (Engstrom, 2007; Krabbenhoft and Sunderland, 2013). This long
distance transport is reflected in the total anthropogenic Hg deposited
in Canada as> 95% is currently from trans-boundary sources (Risk
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Management Strategy for Mercury, 2010). Precipitation is one of the
primary pathways through which reactive Hg enters lakes and water-
sheds, and influences the transport and distribution of Hg between
systems (Outridge et al., 2008; Grimalt et al., 2010; Risch et al., 2012;
ICMGP, 2017). Greater quantities of precipitation can elevate wet Hg
deposition by incorporating water-soluble inorganic Hg (HgII) into rain
or snow, and thereby increasing inputs watersheds and lakes (Lamborg
et al., 2002), exposing fish and other aquatic organisms to this con-
taminant.

Temperature is another climatic factor that has been shown to in-
fluence fish Hg concentrations. Temperature can affect the amount of
bioavailable methylmercury (MeHg) at the base of the food chain as it is
highly correlated with epilimnetic temperatures and it can also influ-
ence the rates of atmospheric transport between systems (Adrian et al.,
2009; Grimalt et al., 2010; Pack et al., 2014). Available MeHg can be
directly affected by temperature in a variety of ways. For example,
warmer temperatures have been shown to increase the conversion rate
of HgII to MeHg (Avramescu et al., 2011; Hecky et al., 1991; Bloom,
1992). In addition, warmer epilimnion temperatures have resulted in
methylation rates exceeding demethylation by sulfur-reducing bacteria,
one of the main converters of HgII, increasing the net MeHg available
and exposure to aquatic organisms (Hecky et al., 1991). Elevated
temperatures can also indirectly influence available MeHg in aquatic
ecosystems by reducing dissolved oxygen (Jankowski et al., 2006).
Mumley and Abu-Saba (2002) found that methylation of Hg quadrupled
when dissolved oxygen concentration dropped below 6 mg/L. Lastly,
global models have also projected that warmer temperatures may result
in less oxidation, causing elemental mercury (Hg0) levels to remain
longer in the atmosphere, enhancing long-range transport of Hg
(Wängberg et al., 2010). With rising temperatures due to climate
change, we can expect higher methylmercury (MeHg) content in the
food web (Bodaly et al., 1993; Canário et al., 2007; Stern et al., 2012).

The available Hg found in freshwater lakes can also be partially
attributed to changes in global climate drivers. Fluctuations in air cir-
culation patterns, or oscillations of large-scale climate drivers, have
significant effects on three main factors: (1) local climate (Li et al.,
2013; Zhao et al., 2013; Evans et al., 2013), (2) local weather patterns,
and (3) the transport of Hg from distant sources to local lakes, espe-
cially those from Asian industrial locations (Selin et al., 2007). For
example, negative phases of the El Niño Southern Oscillation (ENSO)
are associated with warmer winter temperatures (George et al., 2000;
Bonsal and Shabbar, 2011) and below average winter precipitation in
Ontario (Bonsal and Shabbar, 2011). Changes in local air circulation,
precipitation and temperature patterns attributed to large-scale climate
drivers, can therefore indirectly affect fish Hg levels (Evans et al.,
2013). Evans et al. (2013), for example, found that the Pacific/North
American Index (PNA) was important in explaining Hg levels in lake
trout in Great Slave Lake, Northwest Territories, Canada, indicating
that trends may have been affected by patterns in air circulation.

Although most studies often attribute the increase in fish Hg levels
to multiple factors, such as global Hg emissions or climate change (Tang
et al., 2013; Gandhi et al., 2014; ICMGP, 2017), the proportional in-
fluence of climate on fish Hg levels is still unclear. We investigate the
relative influence of local weather, large-scale climate drivers, and at-
mospheric Hg emissions on fish Hg levels in native cool water (walleye,
Sander viteus, WE; northern pike, Esox lucius, NP) and non-native warm
water (smallmouth bass, Micropterus dolomieu, SMB; largemouth bass,
Micropterus salmoides, LMB) fishes in secondary watersheds of the
Province of Ontario, Canada. Secondary watersheds are defined
catchment basins of land, drained by a watercourse and its tributaries
by the Ontario Ministry of Natural Resources. Secondary watersheds are
subdivisions of the primary watersheds in Ontario and are either large
river systems or groupings of small coastal streams. Specifically, the
objectives of this study are two-fold: (1) to examine how Hg levels in
Ontario's top predator fish have changed between historical and recent
time periods at a secondary watershed level; and (2) to investigate how

local weather, large-scale climate drivers, and local/global Hg emis-
sions are potentially driving fish Hg trends over time. To our knowl-
edge, this is one of few studies exploring the changes in fish Hg levels
across a large landscape and interacting multiple environmental stres-
sors, including climate change and atmospheric pollution. Since there is
little climatic variation between lakes in the same region, we chose to
examine fish Hg levels between watersheds in order to capture greater
regional differences between watersheds. We predict that increases in
fish Hg levels over time may more recently be attributed to changes in
climate, specifically increases in precipitation events and temperature.
This study is aimed to critically evaluate observed fish Hg trends under
multiple stressors over broad spatio-temporal scales and improve our
understanding of how intricate climatic processes can impact fish Hg
levels and thereby health of fish, and the wildlife and humans con-
suming fish.

2. Materials and methods

2.1. Data acquisition and screening

Total fish Hg measurements were obtained from the Ontario
Ministry of Environment and Climate Change (MOECC) Fish
Contaminant Monitoring Program. This program was implemented to
issue fish consumption advisories based on measured contaminants in
Ontario fish. The program has collected Hg data since the 1970s from
2047 lakes, reservoirs, rivers, creeks and streams. Fish samples were
collected in partnership with the Ontario Ministry and Natural
Resources and Forestry (MNRF) during late summer or early fall using a
variety of methods, including gill netting, trap netting, electrofishing,
and angling. Total length, wet weight and sex (if possible) were re-
corded for each fish. Skinless boneless dorsal fillets were taken and
stored at − 20 °C. Total mercury analysis using MOECC protocols were
performed, including acid digestion and cold vapour flameless atomic
absorption spectroscopy as described by Bhavsar et al. (2010) and Neff
et al. (2012). We considered top predator fish because they often ex-
hibit higher Hg levels than lower trophic level fish due to biomagnifi-
cation (Kamman et al., 2005). Mercury data for four sport fish—WE,
NP, SMB, and LMB—were screened for further analysis as detailed in
the following section. We chose to include several predator species as
different species experience Hg dynamics in distinct ways. By including
more than one species we were able to infer fish biology differences
inherent in food webs and gain a better understanding of the temporal
trends in predator fish Hg levels (Bhavsar et al., 2010). For this study,
Hg measurements for only natural inland lakes (excluding the Great
Lakes) were retained, while reservoir, river, creek, and stream data
were omitted. The final Hg dataset before further screening consisted of
36,639 WE measurements from 1232 locations; 25,978 NP measure-
ments from 1313 locations; 11,879 SMB measurements from 652 lo-
cations; and 3340 LMB measurements from 217 locations sampled be-
tween 1970 and 2014.

It is well-known that fish Hg concentrations increase with fish size
(Gewurtz et al., 2011). To reliably assess changes in fish Hg con-
centrations over time, Hg levels were first standardized at medium
lengths for each species, using power series regressions (Supplementary
Table A.1; Gandhi et al., 2014). A total of 6159 power series regres-
sions, one for every combination of fish species, watershed, and year,
were conducted (2033 WE, 1901 NP, 972 SMB and 300 LMB). Standard
total lengths representing medium sizes were selected for each fish
species based on previous literature (Scott and Crossman, 1998;
Gewurtz et al., 2011; Gandhi et al., 2014). To avoid using over-extra-
polated concentrations of Hg at the standard lengths, only fish sampled
within 15 cm of the maximum and minimum medium lengths were
considered. For example, to calculate the Hg concentration for a 40 cm
WE at each location and year, only sampling events with the smallest
WE length being no greater than 55 cm and the largest WE length no
less than 25 cm were retained (Table S1). The final standard length
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dataset for analysis consisted of 5272 Hg concentration data points for
all species/length/location/year, for only medium sized fish (50 cm for
WE, 60 cm for NP, and 30 cm for SMB and LMB).

Climate and emissions variables were obtained from multiple open
access data sources (Table S2). Predictor variables were split into three
main categories: (1) local weather, (2) large-scale climate drivers, and
(3) Hg emissions. Local weather variables included mean monthly
precipitation (Precip) and average daily temperature (Temp) from 1970
to 2013 and were obtained from the Climatic Research Unit (CRU, see
http://www.cru.uea.ac.uk/). CRU provides monthly weather and pre-
cipitation data since 1900 at a spatial resolution of 0.5° latitude × 0.5°
longitude interpolating over 4800 meteorological stations around the
world (Harris et al., 2014). A total of 9 large-scale climate driver indices
were also obtained: El Nino Southern Oscillation index (ENSO), North-
Atlantic Oscillation index (NAO), North Pacific Oscillation index (NPO),
Pacific Decadal Oscillation index (PDO), Polar/Eurasian pattern (PE),
total Sunspot number (SunTOT), group Sunspot number (SunGN),
Tropical/ Northern Hemisphere pattern (TNH), and West Pacific pat-
tern (WP) from various sources (such as NOAA; see Table A2). These
climate drivers were chosen for their predicted impact on the tem-
perature, precipitation, air circulation, etc. within Ontario watersheds
(Bonsal and Shabbar, 2011). Lastly, global and Canadian Hg emissions
were acquired from Muntean et al. (2014), the European Monitoring
and Evaluation Programme (EMEP, 2015) and Environment and Cli-
mate Change Canada (Environment Canada, 2015). Further details of
climate variables can be found in the supplementary table (Table A2).

The purpose of our study was to examine the spatio-temporal re-
lationships between climate and fish Hg levels at a landscape scale
across all years between 1970 and 2013. Many previous studies have
focused on fish Hg levels at the local scale, yet with the potential in-
creasing influence of global emissions and the decline of point sources,
assessing trends at broader spatial scales is necessary (Temme et al.,
2007; Pacyna et al., 2010;). To justify this approach, non-parametric
Kruskal-Wallis (KW) tests were performed in order to assess if fish Hg
concentrations were significantly different among lakes within the same
secondary watershed (see Fig. 1). The KW tests were conducted among
standard length fish Hg levels of the same species within a 5-year time
period (e.g., lakes in secondary watershed A from 1970 to 1974). If fish Hg
concentrations were not statistically different at a significance level of p
= 0.05, they were merged to obtain watershed-specific standard length
fish Hg concentrations to identify spatial and temporal trends. Only
those cases with were more than 2 observations for each fish species/
size/time period were considered. We found that for each species and
standard length, fish Hg levels within a secondary watershed and 5-year
time period were not significantly different (p> 0.05). As such, we
determined it appropriate to conduct fish Hg trend analysis at the
secondary watershed level. Data for the Ontario watersheds were ob-
tained from the MNRF metadata website (see www.ontario.ca/data).

2.2. Data analysis

2.2.1. Temporal trend analysis
A nonparametric Sen's slope estimate assessed linear fish Hg trends

for the historical (1970–1992) and recent (1993–2014) time periods for
each secondary watershed. Sen's slope estimator is a conservative, non-
parametric approach to estimating trends as it represents the median of
the slopes calculated between each pair of points (Sen, 1968). These
time periods were chosen because they capture the historical and recent
years of fish Hg change in the Laurentian Great Lakes region and for
Ontario's inland lakes; particularly in light of changes in policy re-
garding Hg point source pollution from industry. Further, these time
periods were guided by results from Gandhi et al. (2014), in which they
found significant increases in fish Hg levels between 1995 and 2012 for
two Ontario predatory fish species. The recent time period encapsulates
changes in fish Hg levels not associated to historical emission sources or
point-pollution. The first time period (1970–1992) includes years

where this policy was newly implemented, while recent years
(1993–2015) represents a time that should have greatly reduced point
sources contributing to fish Hg levels (Bhavsar et al., 2010; Gandhi
et al., 2014). Sen's slopes were calculated using the MAKESENS (Mann-
Kendall test for trend and Sen's slope estimates) Microsoft Excel Tem-
plate (Salmi et al., 2002).

2.3. Correlation analysis with climate and emissions variables

Spearman's rank correlations were used to quantify the relationship
between fish Hg levels and all climate and Hg emission variables for the
historical, recent and 1-year lag time-periods for each species and wa-
tershed. We included a lag of 1 year for all weather, climate, and
emissions variables as it has been suggested that bioaccumulation of Hg
to reach top predator fish ranges from 1 to 3 years (Harris et al., 2007).
Additional time lags up to 3 years were tested, but the effects were not
significant (Chen, 2015). To ensure that correlations between fish Hg
and climate variables were not masked by trends in the local climate
data, residuals of fish Hg and local climate variables (mean daily
temperature and monthly precipitation) were used. A Holm-corrected
Sequential Bonferroni (Holm, 1979) procedure was also conducted to
control for family wide statistical error. Altogether, over 1400 corre-
lation analyses were conducted between predictor variables and fish Hg
levels for each species in each watershed per time period and lag.

2.4. Modelling Ontario fish Hg levels with climate and emissions variables

Multiple linear regression models for each fish species were devel-
oped across Ontario secondary watersheds. As the literature suggests a
lag time in the bioaccumulation of Hg in top predator fish, we used 1-
year lagged fish Hg concentrations in the regressions (Harris et al.,
2007). Fish Hg concentrations were assessed for normality using a
Shapiro-Wilks test (p< 0.05) and log-transformed to meet the as-
sumptions of normality before developing multiple linear regressions.
Fish Hg and local climate variables were detrended and residuals were
used in place of raw data to develop the regression. A forward selection
procedure with a dual-criterion, such that to be included in the model,
predictor variables were significant at α = 0.05 and explained sig-
nificant additional variation (R2

adj), was used to identify significant
weather, climate, and emissions predictor variables for fish Hg levels in
WE, NP, SMB and LMB (Blanchet et al., 2008). There was no limit on
the number of predictor variables to include in the model.

We conducted a Redundancy Analysis (RDA) to identify associations
between average fish Hg levels and local weather, large-scale climate
drivers, and anthropogenic Hg emissions predictor variables in one
south-east watershed of Ontario where all fish species were present.
Though we were only able to develop an RDA for one watershed, results
from the RDA would help to guide linear model building. Only 15 years
of Hg data for all four fish from within the watershed were included in
the RDA because of missing Hg data. Average fish Hg data for WE, NP,
SMB, and LMB were included as the response variables for the RDA
(represented by points). Local weather, large-scale climate driver, and
emissions, in addition to year (represented by arrows) were the ex-
planatory variables used to describe the variation in fish Hg levels in a
south-western Ontario secondary watershed. Analyses were performed
in Microsoft Excel (Microsoft Office, 2010, Version 14.0), using the glm,
forward.sel, and rda functions in the MASS, packfor and vegan packages
in the R-language environment (R Development Core Team, 2015;
version 3.2.1, MASS package) and mapped using ArcGIS software
(ESRI, 2015). The data acquisition and analysis framework is sum-
marized in Fig. 1.
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3. Results

3.1. Historical and recent fish Hg trends

Comparing fish Hg levels across Ontario secondary watersheds, we
find that a majority of watersheds do not have significant changes in
fish Hg concentrations. However, we have identified watersheds in
Ontario that have significantly decreased in fish Hg historically, and
now increased in recent time periods. Fish Hg levels for two cool water
predators (WE and NP) largely decreased during the historical period
(Fig. 2a,c), but mostly increased in recent decades (Fig. 2b, d). For WE,
between 1970 and 1992, 68% of the secondary watersheds experienced
declines in fish Hg. Hg levels in WE in south-western Ontario decreased
significantly (p< 0.05) at rates of 0.20–0.70 µg/g/decade (Fig. 2a). In
contrast, for the recent time period (1993–2014), 57% of the secondary
watersheds experienced increases in fish Hg. Recent Hg levels in
northwestern Ontario WE increased at rates of 0.20–0.40 µg/g/decade,
whereas historically Hg levels were significantly decreasing at a rate of
0.20–0.70 µg/g/decade. Between the time periods, 26% of the water-
sheds switched from decreasing to increasing Hg levels, whereas 4% of
watersheds switched from increasing to decreasing.

Similarly, NP Hg historically declined in 71% of the watersheds
with non-significant (p< 0.05) declines in northern, western, and east-
central Ontario at rates of 0.10–0.70 µg/g/decade (Fig. 2c). In the re-
cent time period, 52% of the secondary watersheds showed increasing
NP Hg levels, with NP Hg levels in western Ontario increasing at
0.20–0.30 µg/g/decade. About 32% of the watersheds switched from
historically decreasing to recently increasing NP Hg levels and only 8%
of watersheds changed from increasing to decreasing.

The warm water predatory fishes (SMB and LMB) are currently re-
stricted to southern and south-central Ontario (Fig. 2e,g), but have been
expanding their range northwards during the time period of this study
in response to warming temperatures (Alofs et al., 2014). Historically,

SMB Hg concentrations either remain unchanged or decreased (at the
rate as high as 0.20 µg/g/decade), whereas LMB Hg levels generally
increased, albeit insignificantly (as much as 0.10 µg/g/decade; Fig. 2g).
Between 1993 and 2014, SMB Hg levels increased in 53% of the wa-
tersheds at up to 0.20 µg/g/decade (Fig. 2f). Similarly, LMB Hg levels
increased in 50% of the watersheds at up to 0.20 µg/g/decade (Fig. 2h).
For SMB and LMB Hg levels in the recent time period, approximately
38% and 30% of the watersheds switched from decreasing to in-
creasing, and 7% and 25% of watersheds switched from increasing to
decreasing, respectively.

3.2. Correlations for 1-year lag fish Hg and climate/emission variables

Spearman correlations of fish Hg and climate and emission variables
at a lag of 1-year suggested that a single variable acting alone has not
been primarily responsible for the patterns in fish Hg levels, but rather a
complex interplay among local weather, large-scale climate drivers, and
emissions is driving the fish Hg levels (Fig. 3). Cross-correlations for
each fish species across watersheds revealed that generally large-scale
climate indices have weak, non-significant correlations (r =±0.1)
over time. After controlling for family wide statistical error from mul-
tiple comparisons, correlations remained insignificant. However, cor-
relations against local weather, large-scale climate, and emissions cor-
relations data did vary for each fish species.

For example, historical WE Hg levels (Fig. 3a) were correlated with
ENSO (r = 0.3), global (r = − 0.3) and Canadian Hg emissions (r =
0.3), although in recent decades these relationships are closer to zero.
The strongest correlations historically for NP Hg concentrations
(Fig. 3b) were with TNH patterns (r = − 0.4), global (r = − 0.3) and
Canadian Hg emissions (r = 0.3); while in recent time periods, average
monthly precipitation (r = 0.3) held the strongest median correlation
among variables. Historical SMB Hg levels (Fig. 3c) were correlated
with global (r = − 0.4) and Canadian Hg emissions (r = 0.45); while

Fig. 1. Method framework. Grey boxes indicate data or datasets; black boxes indicate data screening or analyses; and white boxes provide detail on the data analysis. Refer the Methods
section for details.
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global emissions (r = 0.3) and average daily temperature (r = − 0.3)
were most correlated against recent SMB Hg levels. Lastly, historical
LMB Hg levels (Fig. 3d) had the strongest correlations with average
monthly precipitation (r = 0.45), average daily temperature (r = −
0.5), and ENSO (r = 0.4). Recent LMB Hg levels correlated the most
with average monthly precipitation (r = 0.3).

3.3. Explanatory models for lag 1-year fish Hg levels

Eighty-eight percent of the variation in the fish Hg levels of a south-
western Ontario secondary watershed where all fish species in this
study are present, can be explained by local weather, large-scale cli-
mate drivers, and anthropogenic Hg emissions variables, based on an
RDA. The ordination suggests that WE Hg levels are higher in warm

years and positive phases of NAO. NP Hg levels appear to be higher
during positive phases of NP and negative phases of PDO. For SMB,
higher Hg levels are associated with wetter and, surprisingly, cooler
temperatures. Lastly, LMB Hg levels are higher in positive phases of
ENSO and negative phases of PE (Fig. 4).

Multiple linear regressions for historical and recent periods were
developed to investigate the relationship between fish Hg levels in the
four top predator freshwater fishes and climate/emission variables.
Generally, recent fish Hg levels have increased with positive phases of
large-scale climate drivers, and greater precipitation (Table 1).

Historically for WE, Hg levels increased during the positive phase of
ENSO and explained 9% of the variation. In recent decades, WE Hg
levels increased during the positive phases of NPO and WP, which ex-
plained 42% of the variation (Table 1). There were no significant

Fig. 2. Fish Hg trends for walleye (a, b), northern
pike (c, d), smallmouth bass (e, f), and large-
mouth bass (g, h) in each secondary watershed
for the historical (1970–1992) and recent
(1993–2014) periods estimated using Sen's Slope.
The number for each watershed represents the
number of lakes. Extreme values are binned into the
upper and lower ends of the scale so the variation is
not lost. White watersheds indicate insufficient data
for the trend analysis.
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variables explaining NP Hg levels historically or recently (Table 1).
ENSO was the most important predictor of SMB Hg concentrations

historically and explained 11% of the variation. Precipitation explained
31% of the variation in SMB Hg levels in recent decades. Lastly, mean
air temperatures explained 41% of the variation in the historical LMB
Hg levels, whereas mean precipitation explained 10% of the variation
in recent LMB Hg levels (Table 1).

4. Discussion

4.1. Trends

By examining fish Hg changes at the broader spatial scale of sec-
ondary watersheds, our study corroborated previous reports that Hg
levels in Ontario's predatory fishes appear to have mostly decreased
during the historic period of 1970–1992 and increased in the past two

decades, although trends were not statistically significant. Further data
collection and effort would be required to obtain statistically significant
trends, however the overall direction of fish Hg trends between the two
time periods are evident.

These changes in fish Hg levels over time also do not appear to be
homogenous across the landscape of Ontario. For example, north-
western Ontario has shown more extensive decreases in fish Hg level
historically compared to other regions. This is in response to the highly
polluted conditions of lakes found in this watershed, including
Wabigoon Lake, Clay Lake, Tetu Lake, Ball Lake, and Separation Lake
(Neff et al., 2012), prior to the implementation of stricter policies on
industrial emissions. From the late 1800s to early 1900s, small local
gold mines near Dryden and Kenora may have contributed to elevated
levels of Hg found in this area until 1920, in which mercury amalga-
mation was phased-out (Bruce, 1925; Pirrone et al., 1998). In later
decades (60 s and 70 s), a chlor-alkali plant in Dryden Ontario

Fig. 3. Boxplots of correlations between 1-year lag fish Hg
levels and climate/emission variables for the historical
(1970–1992; grey) and recent (1993–2014; white) periods for
(a) ye (572 correlations), (b) northern pike (598 correla-
tions), (c) smallmouth bass (286 correlations) and (d) large-
mouth bass (130 correlations). Precip: average monthly pre-
cipitation; Temp: mean daily temperature; ENSO: El Nino
Southern Oscillation index; TNH: Tropical/ Northern Hemisphere
pattern; PE: Polar/Eurasian pattern; WP: West Pacific pattern;
SunTOT: total Sunspot number; SumGN: group Sunspot number;
NAO: North Atlantic Oscillation index; PDO: Pacific Decadal
Oscillation index; NPO: North Pacific Oscillation index; Glo.em:
Global Hg Emissions; Can.em: Canadian Hg Emissions.
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(Armstrong and Hamilton, 1973) was an important source of Hg
emissions resulting in a highly Hg contaminated area. Regionally, large-
scale industrial emissions from the Great Lakes area may be linked to
the level of Hg contamination in northwestern lake sediments (Wiklund
et al., 2017; Pirrone et al., 1998). Anthropogenic Hg in lake sediment
reached a maximum during the 1950s for lakes in the northwestern
area, likely a reflection of the acute increases in Hg emission in the
Great Lakes region and an increase in total North American emissions in
the decade earlier (Wiklund et al., 2017). The decreasing trends in
northwestern Ontario are more prominent between 1970 and 1993 as
local and regional emissions were reduced during this time and the
impact of this change was greater than in other watersheds.

4.2. Weather and climate

We found that changes in both local weather and large-scale climate
may be contributing to recent increases in Hg levels in coolwater and
warmwater predators. Between 1993 and 2014, fish Hg levels have
increased at rates as high as 0.2 μg/g/decade for secondary watersheds

in Ontario. These results are consistent with other studies on this topic
(e.g., Monson et al., 2011; Tang et al., 2013; Gandhi et al., 2014).
Gandhi et al. (2014) reported that Ontario NP and WE Hg levels in-
creased by 0.01–0.27 µg/g/decade between 1995 and 2012. For boreal
shield lakes in northern Ontario, Tang et al. (2013) found significant
increases in rates of Hg bioaccumulation for WE and mean Hg con-
centration for NP between historical (1974–1981) and recent
(2005–2010) time periods. Studies conducted for WE, LMB and NP in
the Great Lakes regions demonstrated nonlinear Hg trends, with
shifting upward Hg patterns in the early 1990s (Monson et al., 2011).
These studies often attribute the increasing fish Hg trends to factors,
such as rising global Hg emissions and climate change. Our study fur-
ther investigates these claims to identify the role of weather, climate,
and Hg emissions in driving fish Hg patterns over broad spatial and
temporal scales.

Our analysis suggests that climate factors have become more in-
fluential on fish Hg levels in recent years. In historical time periods,
climate variables (ENSO and mean daily temperature) were significant
predictors of fish Hg levels. Similarly, within recent time periods, large-
scale climate drivers (NPO and WP) and local climate (mean monthly
precipitation) remained important predictors of fish Hg levels, but held
greater explanatory power than historically. These models were in-
formed by examining the associations depicted in ordination space. The
clustering of fish Hg levels and explanatory variables in the RDA re-
vealed some interesting associations, although the analysis was con-
ducted on only one watershed over 15 years. Even with a smaller subset
of data however, we found supporting evidence for the associations
between large-scale climate drivers and WE, NP and LMB; and local
weather variables for SMB.

4.3. Local weather conditions

Local weather was significant for both historical and recent fish Hg
models, particularly for LMB and SMB. Interestingly, we observed a
negative relationship between temperature and historical LMB Hg
concentrations. This was also evident as a negative correlation with
SMB and LMB Hg levels in recent time periods. We expected a positive
correlation as freshwater fishes subjected to warmer waters often have
increased metabolism (Bodaly et al., 1993; Canário et al., 2007; Pörtner
and Knust, 2007; Wang and Overgaard, 2007; Stern et al., 2012) and
several studies have shown that the increase in dietary intake can lead
to increased fish Hg levels (MacCrimmon et al., 1983; Simoneau et al.,
2005; Karimi et al., 2007). Since Hg is bioaccumulative, fish size and
age are typically positively correlated with Hg level (Gewurtz et al.,
2011). However, the negative relationship between temperature and
fish Hg concentrations found in this study may be possibly attributed to
growth dilution where at a given age, faster growing fish have generally
lower Hg concentrations (Simoneau et al., 2005; Karimi et al., 2007).

It is also possible that a direct correlation of the individual variables
with “net” trend may not be very informative and not fully encompass
the effect of temperature on fish Hg concentrations. One possibility is
that the magnitude of these correlations between temperature and fish
Hg may be less negative than the correlations in the absence of a
warming climate. In addition, the effect of temperature may have been
positive, but large historical declines in the regional emissions were
pulling the overall trend downward. Therefore, the negative relation-
ship between temperature and fish Hg concentrations may be a product
of using “net” trends to describe the relationship.

In addition to temperature, higher mean monthly precipitation
translated to increased Hg levels in SMB and LMB models for recent
time periods. This relationship was supported by our predictions based
on the literature. Increased precipitation can facilitate increased Hg
loading to aquatic environments through (1) re-mobilization via greater
runoff from a watershed as a result of soil erosion, and (2) direct de-
position (Risch et al., 2012; Wiener et al., 2012). Therefore, with a
greater amount of Hg entering aquatic ecosystems due to increases in

Fig. 4. Redundancy analysis (RDA) describing the association between fish Hg levels and
weather, climate, and emission variables in a south-east Ontario secondary watershed
where all fishes are present. Fish species are represented by points. Local weather, large-
scale climate drivers, anthropogenic Hg emission variables, and years, are represented by
arrows. The length of the arrow represents the strength of the relationship and the angle
between arrows depicts the correlation between predictor variables. When a fish point is
oriented close to the pointed end of an arrow, it suggests that fish Hg levels are associated
to high values of that predictor variable. When the fish point is found 180° opposite of an
arrow, it suggests that the fish Hg levels are associated to low values of that predictor
variable. Weather, climate, and emission predictor variables describe 88% of the varia-
tion in fish mercury levels in a southern Ontario watershed (R2 = 0.88).

Table 1
Multiple linear regression models relating 1-year lag Hg levels in four top predator
freshwater fish and climate variables in historical (1970–1992) and recent
(1993–2014) time periods. Walleye (WE) and northern pike (NP) represent cool-water
predators, while smallmouth bass (SMB) and largemouth bass (LMB) represent warm-
water predators. Local climate, emissions and large-scale climate indices are significant (p
≤ 0.05) in predicting fish Hg levels.

Species Time period Predictor variables Coefficient R2adj p-value

WE Historical ENSO 0.006 0.09 0.1
NP Historical No variables
SMB Historical ENSO 0.007 0.11 0.08
LMB Historical Mean air temperature − 0.11 0.41 0.004
WE Recent NPO 0.03 0.16 0.04

WP 0.1 0.26 0.08
NP Recent No variables
SMB Recent Mean precipitation 0.01 0.31 0.01
LMB Recent Mean precipitation 0.005 0.1 0.1
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precipitation, Hg concentrations in the food web and ultimately in top
predator fish are also expected to increase.

4.4. Large-scale climate drivers

Fish Hg levels were higher typically during the positive phases of
global climate drivers for the historical period. These climate indices
are important in regulating local weather patterns, and thereby the
environmental conditions to which fish are exposed (Forchhammer and
Post, 2004; Shabbar, 2006; Bonsal and Shabbar, 2011). In this study,
coolwater WE and warmwater SMB Hg levels were positively related
with the ENSO Index. ENSO is one of the greatest drivers of inter-annual
variation in Canadian climate (Bonsal and Shabbar, 2011). ENSO is
known to influence the winter temperatures and total precipitation in
Ontario, particularly the Great Lakes regions, with positive phases (La
Niña) associated with above average precipitation and cooler tem-
peratures (Shabbar and Khandekar, 1996; Bonsal and Shabbar, 2011;
Yu et al., 2015). For example, French et al. (2006) identified that os-
cillations of total Hg concentrations in chinook salmon from the Bay of
Quinte were associated with cooling La Niña trajectories and thus
summer air temperatures.

In the recent time period, WE Hg levels increased with climate in-
dices, NPO and WP. The positive phase of both the NPO and WP indices
are associated with higher winter surface air temperatures in south-
central regions of Canada including across the province of Ontario
(Linkin and Nigam, 2008). Warmer winter temperatures can induce
earlier ice break-up, decrease ice coverage and possibly result in the
premature onset of lake stratification (Assel and Robertson, 1995;
Hodgkins et al., 2002; Austin and Colman, 2007). These changes could
subsequently lead to higher surface water temperatures, thus increases
in methylation rates and decreases in demethylation rates (Hecky et al.,
1991; Austin and Colman, 2007). The influence of large-scale climate
drivers on local weather, such as increasing precipitation and tem-
perature, generally positively impacts fish Hg trends in coolwater and
warmwater predatory fishes.

Interestingly, for WE and SMB, our models suggested that large-
scale climate indices were important predictors of fish Hg over local
temperature and precipitation. Large-scale indices of climate are con-
sidered excellent predictors of ecological variation—even out-
performing local weather variables because they can capture informa-
tion on temperature, precipitation, and wind speed together and
therefore represent a kind of “catch-all” climate variables for large
scales (Hallett et al., 2004; French et al., 2006; Evans et al., 2013). For
example, the NAO index encompasses anomalies in temperature and
precipitation and also accounts for the changes in the strength of the
westerlies. Changes in magnitude of the westerlies can affect winter
storm frequency and severity (Rogers, 1984; Otterson et al., 2001) and
possibly influence long-range transport of atmospheric Hg. For some
indices, deviations of temperature and precipitation values during the
same phase may not occur in the same direction. This is observed for
ENSO in which the positive phase results in increases precipitation and
decreases in temperature compared to average values (Shabbar and
Khandekar, 1996; Bonsal and Shabbar, 2011; Yu et al., 2015). Fur-
thermore, some climate indices may be associated with others affecting
the strength of the phases and the magnitude of climate anomalies re-
lated to phases (ex. Barnston et al., 1991; Mo and Livezy, 1986).
Therefore, indices incorporate many complexities that are not en-
compassed in local air temperature and precipitation and may be more
suitable predictors of Hg in fish since the relationship between atmo-
spheric Hg and fish Hg levels is also highly complex.

4.5. Anthropogenic Hg emissions

Over the last few decades, the U.S., Canadian and Ontario Hg
emissions have declined due to stricter government regulations
(Environment Canada, 2015). Although these regulations were

expected to continue fish Hg declines, fish Hg levels appear to be mostly
increasing in our study during the recent time period. The recent
slowdown or reversal of decreasing fish Hg trends has been attributed
to increases in global Hg emissions previously estimated (e.g., Gandhi
et al., 2014; Pacyna et al., 2010). Surprisingly, our results suggest that
anthropogenic Hg emissions did not provide any significant explanatory
power within the fish Hg models. A recent study suggested that actions
taken over the last two decades have resulted in lower global anthro-
pogenic mercury emissions as well as deposition (Zhang et al., 2016).
This may indicate that at the watershed scale, climatic variables may
have a larger impact on fish Hg level than the current emissions
themselves, and may be contributing to re-emission of past Hg pollu-
tion.

Beginning with Industrialization, Ontario's Hg problem was attrib-
uted to historically elevated emissions during the last 100–150 years.
Historical emissions would have resulted in elevated deposition in the
past. Today, the watershed repository is likely a more important con-
tributor than the current emissions contributing to the present day
deposition, since only 27% of global Hg deposition are from present
human activities, while 13% are from natural source and 60% from re-
emission of previously emitted and deposited mercury, also known as
“legacy” Hg (Amos et al., 2013; Obrist et al., 2017). This re-cycling of
previous mercury pollution may be exacerbated by changes in climate
and may explain why our results indicate that Canadian and global Hg
emissions are not prominent drivers of fish Hg levels. Therefore, despite
decreasing Hg emissions from industry, if climate variables are driving
increased Hg availability in lakes, it would be reflected in increasing
fish Hg levels.

4.6. Landscape and local watershed characteristics

In addition to local weather and larger-scale climate drivers, re-
gional landscape characteristics have also been shown to influence fish
Hg levels. This may account for the variation in fish Hg trends in dif-
ferent watersheds as well as explain why certain watersheds were in-
fluenced by specific large-scale climate drivers and others were not.
Land cover could possibly also help exacerbate or ameliorate the effects
of climate change on fish Hg levels. In forested watersheds, the canopy
effectively collects atmospheric Hg and via litterfall or throughfall can
elevate the quantity of Hg transported to waterbodies (Rea et al., 1996;
Graydon et al., 2008; Drenner et al., 2013), which can be enhanced by
increases in precipitation. Specifically, Drenner et al. (2013) found that
the percentage of coniferous forest coverage explained the most var-
iation in largemouth bass and equivalent species (LMBE). LMBE Hg
concentrations in 9 different ecoregions varied as much as 2-fold de-
spite receiving similar amounts of wet deposition in which higher
concentrations of Hg in fish were associated with greater coniferous
forest coverage (Drenner et al., 2013). Furthermore, wetlands provide
abundant organic matter and anoxic sediment for microbial methyla-
tion of Hg to form Me (Wiener et al., 2006; St. Louis et al., 1994).
Through surface runoff or connected tributaries elevated MeHg levels
[CH3Hg+] can be transported from watershed wetlands to nearby wa-
terbodies and result in an increase in fish Hg levels. Agricultural lands
may have the reverse effect on fish Hg levels compared to forests and
wetlands. Phosphorus loading associated with agricultural activities
can lead to algal bloom dilution and decrease the bioaccumulation of
Hg in the food web (Pickhardt et al., 2002). In addition, this increased
productivity can result in faster fish growth rates and reduce the
bioaccumulation of Hg in fish known as growth dilution (Essington and
Houser, 2003).

Implications of climate change on fish Hg levels may also go beyond
changing precipitation patterns or climate drivers. A recent synthesis
from the International Conference on Mercury as a Global Pollutant
(ICMGP) focused on the key roles of extrinsic and intrinsic drivers that
affect the exposure to and toxicity of Hg to humans and other animals.
They named drivers such as climate change and invasive species
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(Eagles-Smith et al., 2017), which are predicted to impact bioaccu-
mulation of Hg, by altering food web structure and pathways of energy/
biomass flow. Warming climate may facilitate northern invasions of
warmwater fishes, including SMB and LMB. The introduction of an
invasive species may alter trophic structure and lengthen the food
chain, thereby impacting the levels of Hg in top predators (Hrabik et al.,
1998; MacIssac, 1996; Vander Zanden and Rasmussen, 1996). The
lengthening of food chains has been positively correlated with in-
creased bioaccumulation of toxic contaminants in fish (Cabana et al.,
1994; Vander Zanden and Rasmussen, 1996). For example, Rennie et al.
(2010) proposed that the establishment of an invasive invertebrate
predator species Bythotrephes in Ontario inland lakes lengthens aquatic
food chains and thus increased fish Hg concentrations. Other than
trophic position, variation in Hg levels between species has been at-
tributed to diet and mobility (Harris and Bodaly, 1998; Kannan et al.,
1998; Chumchal and Hambright, 2009). Predator consumption of pe-
lagic prey particularly has found to increase levels of Hg in fish (Cabana
et al., 1994; Power et al., 2002; Kidd et al., 2003). Thus with the in-
troduction of SMB and LMB in novel environments in response to cli-
mate change, and the subsequent shift of native predators to depen-
dence on pelagic food resources, Hg levels of SMB may potentially
increase (Vander Zanden et al., 2004).

5. Future directions

Fish mercury concentrations have been increasing in recent years
and the factors driving these positive trends such as changes in climate
may continue over the next few decades. Though global emissions of Hg
may increase in the future, there is a possibility of decreasing emissions
with implementation of advanced emission control technologies espe-
cially in developing countries (Streets et al., 2009; Pacyna et al., 2010).
Temperatures are projected to become warmer with less precipitation
in Ontario (Bruce et al., 2003; Lemmen et al., 2008). Less precipitation
may result in a decline in the wet deposition or the transport of Hg via
runoff to aquatic ecosystems and increases in temperatures can result in
growth dilution (Karimi et al., 2007; Risch et al., 2012; Wiener et al.,
2012). However, it is likely that warmer temperatures may also in-
crease methylation rates and invasion of warmwater species potentially
leading to greater bioaccumulation of Hg in top predator fish (Hrabik
et al., 1998; Bodaly et al., 1993; Stern et al., 2012). If global emissions
and temperatures continue to increase this may lead to a continuation
of the increases in fish Hg levels, which can have serious implications
for the health of fish and people consuming these fish (Gandhi et al.,
2015).

Our study showed that recent fish Hg levels in coolwater and
warmwater predators have increased in a majority of secondary wa-
tersheds and changes in climate may be an important driver in Ontario
freshwater ecosystems. This investigation is one of few studies con-
ducted on a large subset of the Ontario quarter million inland lakes.
With rising temperatures, altered precipitation events, changing global
climate indices and possible increases in global Hg emissions, pre-
dicting how and why fish Hg will change in the next few decades will be
both vital and challenging. This is particularly demanding because fish
Hg across a region may respond variably. In the Laurentian Great Lakes,
for example, fish Hg levels have been decreasing in Lakes Ontario and
Huron but increasing in Lake Erie due to factors such as recycling of
historical releases and changes in food web structures (Bhavsar et al.,
2010). For inland lakes, Hg levels in Ontario top predator fish have
been increasing in recent years (Gandhi et al., 2014), particularly in
northern Ontario. Gandhi et al. (2014) discussed how factors, such as
Hg emissions from Asian countries, climate change, invasive species,
and acidity of a lake, could be contributing to such fish Hg increases.
With all these variables contributing to Hg levels, we need further
understanding of (1) how Hg concentrations vary with Hg deposition,
methylation, and uptake by living organisms; (2) the relationship be-
tween methylation rates and climatic factors; and (3) the key processes

related to cycling of Hg and global transport (UNEP, 2013). To help
assess temporal and spatial patterns associated with fish Hg levels, it is
necessary to consider the concentration of atmospheric oxidants as they
can affect the residency time and lead to changes in the deposition of
Hg (Gustin et al., 2016). In addition, continued improvement and
standardization of data collection and management and the im-
plementation of biomonitoring procedures tailored to specific taxa is
necessary to lessen the uncertainty of models and establish effective
policies (Gustin et al., 2016). By acquiring improved data on Hg dis-
tribution and concentrations internationally, modelling capabilities
under various climate models also advances (UNEP, 2013; Gandhi
et al., 2015). As international efforts continue to limit and reduce
current atmospheric Hg releases (UNEP, 2013), fish consumption of
both wildlife and humans may be improved if greenhouse gas emissions
are mitigated.

Acknowledgements

We thank MOECC for fish Hg data, Samantha Stefanoff, Thomas Van
Zuiden, Katrina Gaibisels, Bailey Hewitt and Saudia Khan of York
University for help in drafting the manuscript, Alessandro Filazzola for
assisting with graphic design, Sogee Spinner for support in R-code de-
velopment, in addition to 3 anonymous reviewers and Dr. Jose
Domingo whose reviews greatly improved the manuscript. Funding for
this study was provided from a Natural Science and Engineering
Research Council Discovery Grant to SS.

Appendix A. Supplementary material

Supplementary data associated with this article can be found in the
online version at http://dx.doi.org/10.1016/j.envres.2017.12.018.

References

Adrian, R., O’Reilly, C.M., Zagarese, H., Winder, M., 2009. Lakes as sentinels of climate
change. Limnol. Oceanogr. 54 (6,2), 2283–2297.

Alofs, K.M., Jackson, D.A., Lester, N.P., 2014. Ontario freshwater fishes demonstrate
differing range‐boundary shifts in a warming climate. Divers. Distrib. 20 (2),
123–136.

Amos, H.M., Jacob, D.J., Streets, D.G., Sunderland, E.M., 2013. Legacy impacts of all‐time
anthropogenic emissions on the global mercury cycle. Glob. Biogeochem. Cycles 27
(2), 410–421.

Armstrong, F.A.J., Hamilton, A.L., 1973. In: Singer, P.C. (Ed.), Trace Metals and Metal-
Organic Interactions in Natural Waters. Ann Arbor Science Publishers, Ann Arbor, pp.
131–156.

Assel, R.A., Robertson, D.M., 1995. Changes in winter air temperatures near Lake
Michigan, 1851–1993, as determined from regional lake-ice records. Limnol.
Oceanogr. 40 (1), 165–176.

Austin, J.A., Colman, S.M., 2007. Lake Superior summer water temperatures are in-
creasing more rapidly than regional air temperatures: a positive ice‐albedo feedback.
Geophys. Res. Lett. 34 (6), L06604.

Avramescu, M.L., Yumvihoze, E., Hintelmann, H., Ridal, J., Fortin, D., Lean, D.R., 2011.
Biogeochemical factors influencing net mercury methylation in contaminated fresh-
water sediments from the St. Lawrence River in Cornwall, Ontario, Canada. Sci. Total
Environ. 409 (5), 968–978.

Barnston, A.G., Livezey, R.E., Halpert, M.S., 1991. Modulation of Southern Oscillation-
Northern Hemisphere mid-winter climate relationships by the QBO. J. Clim. 4 (2),
203–217.

Bhavsar, S.P., Gewurtz, S.B., McGoldrick, D.J., Keir, M.J., Backus, S.M., 2010. Changes in
mercury levels in great lakes fish between 1970s and 2007. Environ. Sci. Technol. 44
(9), 3273–3279.

Blanchet, F.G., Legendre, P., Borcard, D., 2008. Forward selection of explanatory vari-
ables. Ecology 89 (9), 2623–2632.

Bloom, N.S., 1992. On the chemical form of mercury in edible fish and marine in-
vertebrate tissue. Can. J. Fish. Aquat. Sci. 49 (5), 1010–1017.

Bodaly, R.A., Rudd, J.W.M., Fudge, R.J.P., Kelly, C.A., 1993. Mercury concentrations in
fish related to size of remote Canadian Shield lakes. Can. J. Fish. Aquat. Sci. 50 (5),
980–987.

Bonsal, B., Shabbar, A., 2011. Large-scale Climate Oscillations Influencing Canada.
Canadian Councils of Resource Ministers, pp. 1900–2008.

Bruce, E.L., 1925. Gold Deposits of Kenora and Rainy River Districts. Thirty-Fourth
Annual Report of the Ontario Department of Mines Being. XXXIV. pp. 1–42.

Bruce, J.P., Martin, H., Colucci, P., McBean, G., McDougall, J., Shrubsole, D., Whalley, J.,
Halliday, R., Alden, M., Mortsch, L., Mills, B. (2003). Climate change impacts on
boundary and transboundary water management. A Climate Change Action Fund

M.M. Chen et al. Environmental Research 162 (2018) 63–73

71

http://dx.doi.org/10.1016/j.envres.2017.12.018
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref1
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref1
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref2
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref2
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref2
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref3
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref3
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref3
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref4
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref4
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref4
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref5
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref5
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref5
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref6
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref6
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref6
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref7
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref7
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref7
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref7
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref8
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref8
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref8
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref9
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref9
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref9
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref10
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref10
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref11
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref11
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref12
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref12
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref12
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref13
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref13
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref14
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref14


Project–Natural Resources Canada (Project A458/402).
Cabana, G., Tremblay, A., Kalff, J., Rasmussen, J.B., 1994. Pelagic food chain structure in

Ontario lakes: a determinant of mercury levels in lake trout (Salvelinus namaycush).
Can. J. Fish. Aquat. Sci. 51 (2), 381–389.

Cain, A., Disch, S., Twaroski, C., Reindl, J., Case, C.R., 2007. Substance flow analysis of
mercury intentionally used in products in the United States. J. Ind. Ecol. 11 (3),
61–75.

Canário, J., Branco, V., Vale, C., 2007. Seasonal variation of monomethylmercury con-
centrations in surface sediments of the Tagus Estuary (Portugal). Environ. Pollut. 148
(1), 380–383.

Chen, M., 2015. Global Stressors, Regional Impacts: How Will Climate Change Influence
Future Cisco (Coregonus artedii) Distributions in Ontario? Are Sport Fish Mercury
Levels Affected by Climate? (Master's Thesis). York University Toronto.

Chumchal, M.M., Hambright, K.D., 2009. Ecological factors regulating mercury con-
tamination of fish from Caddo Lake, Texas, USA. Environ. Toxicol. Chem. 28 (5),
962–972.

Coelho, J.P., Mieiro, C.L., Pereira, E., Duarte, A.C., Pardal, M.A., 2013. Mercury bio-
magnification in a contaminated estuary food web: effects of age and trophic position
using stable isotope analyses. Mar. Pollut. Bull. 69 (1), 110–115.

Dijkstra, J.A., Buckman, K.L., Ward, D., Evans, D.W., Dionne, M., Chen, C.Y., 2013.
Experimental and natural warming elevates mercury concentrations in estuarine fish.
PLoS One 8 (3), e58401.

Downs, S.G., MacLeod, C.A., Lester, J.N., 1998. Mercuty in precipitation and its relation
to bioaccumulation in fish: a literature review. Water Air, Soil Pollut. 108 (1–2),
149–187.

Drenner, R.W., Chumchal, M.M., Jones, C.M., Lehmann, C.M.B., 2013. Effects of mercury
deposition and coniferous forests on the mercury contamination of fish in south
central United States. Environ. Sci. Technol. 47 (3), 1274–1279.

Eagles-Smith, C.A., Silbergeld, E.K., Basu, N., Bustamante, P., Diaz-Barriga, F., Hopkins,
W.A., Kidd, K.A., Nyland, J.F., 2017. Modulators of mercury risk to wildlife and
humans in the context of rapid global change. In: Proceedings of the 13th
International Conference on Mercury as a Global Pollutant (ICMGP). Providence,
Rhode Island.

Engstrom, D.R., 2007. Fish respond when the mercury rises. Proc. Natl. Acad. Sci. USA
104 (42), 16394–16395.

Environment Canada, 2015. Health Canada Risk Management Strategy for Mercury
Highlights. Available at: 〈http://www.ec.gc.ca/mercuremercury/default.asp?Lang
= En&n = 26BC75F2-1&edit = off〉.

ESRI, 2015. ArcGIS Desktop: Release 10. Environmental Systems Research Institute,
Redlands, California.

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

European Monitoring and Evaluation Programme (EMEP), 2015. Convention on Long-
range Transboundary Air Pollution. Available at: 〈http://www.emep.int/〉.

Evans, M., Muir, D., Brua, R.B., Keating, J., Wang, X., 2013. Mercury trends in predatory
fish in Great Slave Lake: the influence of temperature and other climate drivers.
Environ. Sci. Technol. 47 (22), 12793–12801.

Forchhammer, M.C., Post, E., 2004. Using large-scale climate indices in climate change
ecology studies. Popul. Ecol. 46 (1), 1–12.

French, T.D., Campbell, L.M., Jackson, D.A., Casselman, J.M., Scheider, W.A., Hayton, A.,
2006. Long-term changes in legacy trace organic contaminants and mercury in Lake
Ontario salmon in relation to source controls, trophodynamics, and climatic varia-
bility. Limnol. Oceanogr. 51 (6), 2794–2807.

Gandhi, N., Tang, R.W., Bhavsar, S.P., Arhonditsis, G.B., 2014. Fish mercury levels appear
to be increasing lately: a report from 40 years of monitoring in the province of
Ontario, Canada. Environ. Sci. Technol. 48 (10), 5404–5414.

Gandhi, N., Bhavsar, S.P., Tang, R.W., Arhonditsis, G.B., 2015. Projecting fish mercury
levels in the province of Ontario, Canada and the implications for fish and human
health. Environ. Sci. Technol. 49 (24), 14494–14502.

George, D.G., Talling, J.F., Rigg, E., 2000. Factors influencing the temporal coherence of
five lakes in the English Lake District. Freshw. Biol. 43 (3).

Gewurtz, S.B., Bhavsar, S.P., Fletcher, R., 2011. Influence of fish size and sex on mercury/
PCB concentration: importance for fish consumption advisories. Environ. Int. 37 (2),
425–434.

Graydon, J.A., St. Louis, V.L., Hintelmann, H., Lindberg, S.E., Sandilands, K.A., Rudd,
J.W.M., Kelly, C.A., Hall, B.D., Mowat, L.D., 2008. Long-term wet and dry deposition
of total and methylmercury in the remote boreal ecoregion of Canada. Environ. Sci.
Technol. 42 (22), 8345–8351.

Grimalt, J.O., Catalan, J., Fernandez, P., Piña, B., Munthe, J., 2010. Distribution of per-
sistent organic pollutants and mercury in freshwater ecosystems under changing
climate conditions. Clim. Change Impacts Freshw. Ecosyst. 180–202.

Gustin, M.S., Evers, D.C., Bank, M.S., Hammerschmidt, C.R., Pierce, A., Basu, N., Blum, J.,
Bustamante, P., Chen, C., Driscoll, C.T., Horvat, M., 2016. Importance of Integration
and Implementation of Emerging and Future Mercury Research into the Minamata
Convention.

Hallett, T.B., Coulson, T., Pilkington, J.G., Clutton-Brock, T.H., Pemberton, J.M., Grenfell,
B.T., 2004. Why large-scale climate indices seem to predict ecological processes
better than local weather. Nature 430 (6995), 71–75.

Harris, I., Jones, P.D., Osborn, T.J., Lister, D.H., 2014. Updated high-resolution grids of
monthly climatic observations - the CRU TS3.10 Dataset. Int. J. Climatol. 34,
623–642.

Harris, R.C., Bodaly, R.A., 1998. Temperature, growth and dietary effects on fish mercury
dynamics in two Ontario lakes. Biogeochemistry 40 (2), 175–187.

Harris, R.C., Rudd, J.W., Amyot, M., Babiarz, C.L., Beaty, K.G., Blanchfield, P.J., Bodaly,
R.A., Branfireun, B.A., Gilmour, C.C., Graydon, J.A., Heyes, A., 2007. Whole-eco-
system study shows rapid fish-mercury response to changes in mercury deposition.

Proc. Natl. Acad. Sci. USA 104 (42), 16586–16591.
Hecky, R.E., Ramsey, D.J., Bodaly, R.A., Strange, N.E., 1991. Increased methylmercury

contamination in fish in newly formed freshwater reservoirs. Adv. Mercury Toxicol.
33–52.

Hodgkins, G.A., James, I.C., Huntington, T.G., 2002. Historical changes in lake ice‐out
dates as indicators of climate change in New England, 1850–2000. Int. J. Climatol. 22
(15), 1819–1827.

Holm, S., 1979. A simple sequential rejective method procedure. Scand. J. Stat. 6, 65–70.
Hrabik, T.R., Magnuson, J.J., McLain, A.S., 1998. Predicting the effects of rainbow smelt

on native fishes in small lakes: evidence from long-term research on two lakes. Can. J.
Fish. Aquat. Sci. 55 (6), 1364–1371.

IPCC (Intergovernmental Panel on Climate Change), 2013. Fifth Assessment Report.
(2013). Climate Change 2013: The Physical Science Basis. . Available at: 〈http://
www.ipcc.ch/〉.

Jankowski, T., Livingstone, D.M., Bührer, H., Forster, R., Niederhauser, P., 2006.
Consequences of the 2003 European heat wave for lakes: implications for a warmer
world. Limnol. Oceanogr. 51 (2), 815–819.

Johnson, B.M., Lepak, J.M., Wolff, B.A., 2015. Effects of prey assemblage on mercury
bioaccumulation in a piscivorous sport fish. Sci. Total Environ. 506, 330–337.

Kannan, K., Smith Jr, R.G., Lee, R.F., Windom, H.L., Heitmuller, P.T., Macauley, J.M.,
Summers, J.K., 1998. Distribution of total mercury and methyl mercury in water,
sediment, and fish from south Florida estuaries. Arch. Environ. Contam. Toxicol. 34
(2), 109–118.

Kamman, N.C., Burgess, N.M., Driscoll, C.T., Simonin, H.A., Goodale, W., Linehan, J.,
Estabrook, R., Hutcheson, M., Major, A., Scheuhammer, A.M., Scruton, D.A., 2005.
Mercury in freshwater fish of northeast North America–a geographic perspective
based on fish tissue monitoring databases. Ecotoxicology 14 (1-2), 163-18.

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

Karimi, R., Frisk, M., Fisher, N.S., 2013. Contrasting food web factor and body size re-
lationships with Hg and Se concentrations in marine biota. PLoS One 8 (9), e74695.

Kidd, K.A., Bootsma, H.A., Hesslein, R.H., Lockhart, W.L., Hecky, R.E., 2003. Mercury
concentrations in the food web of Lake Malawi, East Africa. J. Gt. Lakes Res. 29,
258–266.

Krabbenhoft, D.P., Sunderland, E.M., 2013. Global change and mercury. Science 341
(6153), 1457–1458.

Lamborg, C.H., Fitzgerald, W.F., Damman, A.W.H., Benoit, J.M., Balcom, P.H., Engstrom,
D.R., 2002. Modern and historic atmospheric mercury fluxes in both hemispheres:
global and regional mercury cycling implications. Glob. Biogeochem. Cycles 16 (4).

Lemmen, D.S., Warren, F.J., Lacroix, J., Bush, E., 2008. From Impacts to Adaptation:
Canada in a Changing Climate. Government of Canada, Ottawa.

Li, Q., Liu, Y., Song, H., Cai, Q., Yang, Y., 2013. Long-term variation of temperature over
North China and its links with large-scale atmospheric circulation. Quat. Int. 283,
11–20.

Linkin, M.E., Nigam, S., 2008. The north pacific oscillation–west pacific teleconnection
pattern: mature-phase structure and winter impacts. J. Clim. 21 (9), 1979–1997.

MacCrimmon, H.R., Wren, C.D., Gots, B.L., 1983. Mercury uptake by lake trout,
Salvelinus namaycush, relative to age, growth, and diet in Tadenac Lake with com-
parative data from other Precambrian shield lakes. Can. J. Fish. Aquat. Sci. 40 (2),
114–120.

MacIsaac, H.J., 1996. Potential abiotic and biotic impacts of zebra mussels on the inland
waters of North America. Am. Zool. 36 (3), 287–299.

Mergler, D., Anderson, H.A., Chan, L.H.M., Mahaffey, K.R., Murray, M., Sakamoto, M.,
Stern, A.H., 2007. Methylmercury exposure and health effects in humans: a world-
wide concern. AMBIO: A J. Human. Environ. 36 (1), 3–11.

Microsoft Office, 2010. Excel. Version 14.0. Microsoft, Redmond, WA; 2010.
Mo, K.C., Livezy, R.E., 1986. Tropical-extratropical geopotential height teleconnections

during the Northern Hemisphere winter. Mon. Weather Rev. 114 (12), 2488–2515.
Monson, B.A., Staples, D.F., Bhavsar, S.P., Holsen, T.M., Schrank, C.S., Moses, S.K.,

McGoldrick, D.J., Backus, S.M., Williams, K.A., 2011. Spatiotemporal trends of
mercury in walleye and largemouth bass from the Laurentian Great Lakes region.
Ecotoxicology 20 (7), 1555–1567.

Mumley, T.E., Abu-Saba, K.E., 2002. The view from downstream: a TMDL strategy to
attain water quality standards for mercury in San Francisco Bay. Proc. Water Environ.
Natl. TMDL Sci. Policy 23, 553–555.

Muntean, M., Janssens-Maenhout, G., Song, S., Selin, N.E., Olivier, J.G., Guizzardi, D.,
Maas, R., Dentener, F., 2014. Trend analysis from 1970 to 2008 and model evaluation
of EDGARv4 global gridded anthropogenic mercury emissions. Sci. Total Environ.
494, 337–350.

Neff, M.R., Bhavsar, S.P., Arhonditsis, G.B., Fletcher, R., Jackson, D.A., 2012. Long-term
changes in fish mercury levels in the historically impacted English-Wabigoon River
system (Canada). J. Environ. Monit. 14 (9), 2327–2337.

Obrist, D., Kirk, J., Zhang, L., Sunderland, E., Jiskra, M., Selin, N.E., 2017. A Review of
global environmental mercury process in response to human and natural perturba-
tion: changes of emissions, climate and land use. In: Proceedings of the 13th
International Conference on Mercury as a Global Pollutant (ICMGP). Providence,
Rhode Island.

Otterson, G., Planque, B., Belgrano, A., Post, E., Reid, P.C., Stenseth, N.C., 2001.
Ecological effects of the North Atlantic Oscillation. Oecologia 128 (1), 1–14.

Outridge, P.M., Macdonald, R.W., Wang, F., Stern, G.A., Dastoor, A.P., 2008. A mass
balance inventory of mercury in the Arctic Ocean. Environ. Chem. 5 (2), 89–111.

Pack, E.C., Kim, C.H., Lee, S.H., Lim, C.H., Sung, D.G., Kim, M.H., Park, K.H., Hong, S.S.,
Lim, K.M., Choi, D.W., Kim, S.W., 2014. Effects of environmental temperature change
on mercury absorption in aquatic organisms with respect to climate warming. J.
Toxicol. Environ. Health Part A 77 (22–24), 1477–1490.

M.M. Chen et al. Environmental Research 162 (2018) 63–73

72

http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref15
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref15
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref15
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref16
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref16
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref16
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref17
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref17
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref17
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref18
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref18
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref18
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref19
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref19
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref19
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref20
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref20
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref20
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref21
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref21
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref21
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref22
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref22
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref22
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref23
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref23
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref23
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref24
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref24
http://www.ec.gc.ca/mercuremercury/default.asp?Lang=En&n=26BC75F2-1&edit=off
http://www.ec.gc.ca/mercuremercury/default.asp?Lang=En&n=26BC75F2-1&edit=off
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref25
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref25
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref26
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref26
http://www.emep.int/
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref27
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref27
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref27
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref28
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref28
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref29
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref29
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref29
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref29
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref30
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref30
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref30
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref31
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref31
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref31
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref32
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref32
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref33
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref33
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref33
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref34
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref34
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref34
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref34
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref35
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref35
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref35
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref36
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref36
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref36
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref37
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref37
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref37
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref38
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref38
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref39
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref39
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref39
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref39
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref40
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref40
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref40
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref41
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref41
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref41
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref42
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref43
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref43
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref43
http://www.ipcc.ch/
http://www.ipcc.ch/
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref45
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref45
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref45
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref46
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref46
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref47
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref47
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref47
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref47
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref48
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref48
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref48
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref48
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref49
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref49
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref49
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref50
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref50
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref51
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref51
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref51
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref52
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref52
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref53
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref53
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref53
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref54
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref54
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref55
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref55
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref55
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref56
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref56
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref57
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref57
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref57
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref57
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref58
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref58
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref59
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref59
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref59
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref60
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref60
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref61
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref61
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref61
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref61
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref62
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref62
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref62
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref63
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref63
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref63
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref63
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref64
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref64
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref64
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref65
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref65
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref66
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref66
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref67
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref67
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref67
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref67


Pacyna, E.G., Pacyna, J.M., Steenhuisen, F., Wilson, S., 2006. Global anthropogenic
mercury emission inventory for 2000. Atmos. Environ. 40 (22), 4048–4063.

Pacyna, E.G., Pacyna, J.M., Sundseth, K., Munthe, J., Kindbom, K., Wilson, S.,
Steenhuisen, F., Maxson, P., 2010. Global emission of mercury to the atmosphere
from anthropogenic sources in 2005 and projections to 2020. Atmos. Environ. 44
(20), 2487–2499.

Pickhardt, P.C., Folt, C.L., Chen, C.Y., Klaue, B., Blum, J.D., 2002. Algal blooms reduce
the uptake of toxic methylmercury in freshwater food webs. Proc. Natl. Acad. Sci.
USA 99 (7), 4419–4423.

Pirrone, N., Allegrini, I., Keeler, G.J., Nriagu, J.O., Rossman, R., Robbins, J.A., 1998.
Historical atmospheric mercury emissions and depositions in North America com-
pared to mercury accumulations in sedimentary records. Atmos. Environ. 32 (5),
929–940.

Pörtner, H.O., Knust, R., 2007. Climate change affects marine fishes through the oxygen
limitation of thermal tolerance. Science 315 (5808), 95–97.

Pouilly, M., Rejas, D., Pérez, T., Duprey, J.L., Molina, C.I., Hubas, C., Guimarães, J.R.D.,
2013. Trophic structure and mercury biomagnification in tropical fish assemblages,
Iténez River, Bolivia. PLoS One 8 (5), e65054.

Power, M., Klein, G.M., Guiguer, K.R.R.A., Kwan, M.K.H., 2002. Mercury accumulation in
the fish community of a sub‐Arctic lake in relation to trophic position and carbon
sources. J. Appl. Ecol. 39 (5), 819–830.

R Development Core Team, 2015. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing, Vienna, Austria. Available at:
〈http://www.R-project.org〉.

Rea, A., Keeler, G., Scherbatskoy, T., 1996. The deposition of mercury in throughfall and
litterfall in the Lake Champlain watershed: a short-term study. Atmos. Environ. 30
(19), 3257–3263.

Rennie, M.D., Sprules, W.G., Vaillancourt, A., 2010. Changes in fish condition and mer-
cury vary by region, not Bythotrephes invasion: a result of climate change?
Ecography 33 (3), 471–482.

Risch, M.R., Gay, D.A., Fowler, K.K., Keeler, G.J., Backus, S.M., Blanchard, P., Barres,
J.A., Dvonch, J.T., 2012. Spatial patterns and temporal trends in mercury con-
centrations, precipitation depths, and mercury wet deposition in the North American
Great Lakes region, 2002–2008. Environ. Pollut. 161, 261–271.

Rogers, J.C., 1984. The Association Between the North Atlantic Oscillation and the
Southern Oscillation in the Northern Hemisphere 112. American Meteorological
Society, pp. 1999–2015.

Salmi, T., Maatta, A., Anttila, P., Ruoho-Airola, T., Amnell, T., 2002. Detecting Trends of
Annual Values of Atmospheric Pollutants by the Mann-Kendall Test and Sen's Slope
Estimates-the Excel Template Application MAKESENS. Finnish Meteorological
Institute, Helsinki.

Sen, P.K., 1968. Estimates of the regression coefficient based on Kendall's Tau. Journal of
the American Statistical Association 63 (324), 1379–1389.

Scott, W.B., Crossman, E.J., 1998. Freshwater Fishes of Canada. Fisheries Research Board
of Canada, Ottawa, Canada.

Selin, N.E., Jacob, D.J., Park, R.J., Yantosca, R.M., Strode, S., Jaeglé, L., Jaffe, D., 2007.
Chemical cycling and deposition of atmospheric mercury: global constraints from
observations. J. Geophys. Res.: Atmospheres 112 (D2).

Shabbar, A., 2006. The impact of El Niño-Southern Oscillation on the Canadian climate.
Adv. Geosci. 6, 149–153.

Shabbar, A., Khandekar, M., 1996. The impact of el Nino‐Southern oscillation on the
temperature field over Canada: research note. Atmos.-Ocean 34 (2), 401–416.

Simoneau, M., Lucotte, M., Garceau, S., Laliberté, D., 2005. Fish growth rates modulate
mercury concentrations in walleye (Sander vitreus) from eastern Canadian lakes.

Environ. Res. 98 (1), 73–82.
St. Louis, V., Rudd, J., Kelly, C., Beaty, K., Bloom, N., Flett, R., 1994. Importance of

wetlands as sources of methyl mercury to boreal forest ecosystems. Can. J. Fish.
Aquat. Sci. 51 (5), 1065–1076.

Stern, G.A., Macdonald, R.W., Outridge, P.M., Wilson, S., Chetelat, J., Cole, A.,
Hintelmann, H., Loseto, L.L., Steffen, A., Wang, F., Zdanowicz, C., 2012. How does
climate change influence arctic mercury? Sci. Total Environ. 414, 22–42.

Streets, D.G., Zhang, Q., Wu, Y., 2009. Projections of global mercury emissions in 2050.
Environ. Sci. Technol. 43 (8), 2983–2988.

Tang, R.W., Johnston, T.A., Gunn, J.M., Bhavsar, S.P., 2013. Temporal changes in mer-
cury concentrations of large-bodied fishes in the boreal shield ecoregion of northern
Ontario, Canada. Sci. Total Environ. 444, 409–416.

Temme, C., Blanchard, P., Steffen, A., Banic, C., Beauchamp, S., Poissant, L., Tordon, R.,
Wiens, B., 2007. Trend, seasonal and multivariate analysis study of total gaseous
mercury data from the Canadian atmospheric mercury measurement network
(CAMNet). Atmos. Environ. 41 (26), 5423–5441.

UNEP (United Nations Environment Programme), 2013. Global Mercury Assessment
2013: Sources, Emissions, Releases and Environmental Transport. UNEPChemicals
Branch, Geneva, Switzerland.

Vander Zanden, M.J., Rasmussen, J.B., 1996. A trophic position model of pelagic food
webs: impact on contaminant bioaccumulation in lake trout. Ecol. Monogr. 66 (4),
451–477.

Vander Zanden, M.J., Olden, J.D., Thorne, J.H., Mandrak, N.E., 2004. Predicting occur-
rences and impacts of smallmouth bass introductions in north temperate lakes. Ecol.
Appl. 14 (1), 132–148.

Wang, T., Overgaard, J., 2007. The heartbreak of adapting to global warming. Science
315 (5808), 49.

Wängberg, I., Pfaffhuber, K.A., Berg, T., Hakola, H., Kyllönen, K., Munthe, J., Porvari, P.,
Verta, M., 2010. Atmospheric and Catchment Mercury Concentrations and Fluxes in
Fennoscandia. Nordic Council of Ministers.

Wiener, J., Knights, B., Sandheinrich, M., Jeremiason, J., Bringham, M., Engstrom, D.,
Woodruff, L., Cannon, W., Balogh, S., 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.

Wiener, J.G., Evers, D.C., Gay, D.A., Morrison, H.A., Williams, K.A., 2012. Mercury
contamination in the Laurentian Great Lakes region: Introduction and overview.
Environ. Pollut. 161, 243–251.

Wiklund, J.A., Kirk, J.L., Muir, D.C.G., Evans, M., Yang, F., Keating, J., Parsons, M.T.,
2017. Anthropogenic mercury deposition in Flin Flon Manitoba and the experimental
Lakes Area Ontario (Canada): a multi-lake sediment core reconstruction. Sci. Total
Environ. 586, 685–695.

Wren, C.D., Scheider, W.A., Wales, D.L., Muncaster, B.W., Gray, I.M., 1991. Relation
between mercury concentrations in Walleye and Northern Pike in Ontario lakes and
influence of environmental factors. Can. J. Fish. Aquat. Sci. 48, 132–139.

Yu, B., Zhang, X., Lin, H., Yu, J.Y., 2015. Comparison of wintertime North American
climate impacts associated with multiple ENSO indices. Atmos.-Ocean 53 (4),
426–445.

Zhang, Y.X., Jacob, D.J., Horowitz, H.M., Chen, L., Amos, H.M., Krabbenhoft, D.P., Slemr,
F., St Louis, V.L., Sunderland, E.M., 2016. Observed decrease in atmospheric mercury
explained by global decline in anthropogenic emissions. Proc. Natl. Acad. Sci. USA
113, 526–531.

Zhao, H., Higuchi, K., Waller, J., Auld, H., Mote, T., 2013. The impacts of the PNA and
NAO on annual maximum snowpack over southern Canada during 1979–2009. Int. J.
Climatol. 33 (2), 388–395.

M.M. Chen et al. Environmental Research 162 (2018) 63–73

73

http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref68
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref68
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref69
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref69
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref69
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref69
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref70
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref70
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref70
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref71
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref71
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref71
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref71
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref72
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref72
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref73
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref73
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref73
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref74
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref74
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref74
http://www.R-project.org
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref76
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref76
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref76
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref77
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref77
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref77
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref78
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref78
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref78
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref78
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref79
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref79
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref79
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref80
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref80
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref80
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref80
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref81
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref81
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref82
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref82
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref83
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref83
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref83
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref84
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref84
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref85
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref85
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref86
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref86
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref86
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref87
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref87
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref87
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref88
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref88
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref88
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref89
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref89
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref90
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref90
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref90
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref91
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref91
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref91
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref91
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref92
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref92
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref92
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref93
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref93
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref93
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref94
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref94
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref94
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref95
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref95
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref96
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref96
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref96
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref97
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref97
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref97
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref97
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref98
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref98
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref98
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref99
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref99
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref99
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref99
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref100
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref100
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref100
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref101
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref101
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref101
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref102
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref102
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref102
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref102
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref103
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref103
http://refhub.elsevier.com/S0013-9351(17)31755-3/sbref103

	What’s hot about mercury? Examining the influence of climate on mercury levels in Ontario top predator fishes
	Introduction
	Materials and methods
	Data acquisition and screening
	Data analysis
	Temporal trend analysis

	Correlation analysis with climate and emissions variables
	Modelling Ontario fish Hg levels with climate and emissions variables

	Results
	Historical and recent fish Hg trends
	Correlations for 1-year lag fish Hg and climate/emission variables
	Explanatory models for lag 1-year fish Hg levels

	Discussion
	Trends
	Weather and climate
	Local weather conditions
	Large-scale climate drivers
	Anthropogenic Hg emissions
	Landscape and local watershed characteristics

	Future directions
	Acknowledgements
	Supplementary material
	References




