
water

Article

Spatiotemporal Variations in Mercury
Bioaccumulation at Fine and Broad Scales for Two
Freshwater Sport Fishes

Shyam M. Thomas 1,*, Stephanie J. Melles 1 and Satyendra P. Bhavsar 2

1 Department of Chemistry & Biology, Ryerson University, Toronto, ON M5B 2K3, Canada;
stephanie.melles@ryerson.ca

2 Ontario Ministry of the Environment, Conservation and Parks, Toronto, ON M9P 3V6, Canada;
satyendra.bhavsar@ontario.ca

* Correspondence: shyam.thomas@ryerson.ca

Received: 11 September 2018; Accepted: 6 November 2018; Published: 11 November 2018 ����������
�������

Abstract: Bioaccumulation of mercury in sport fish is a complex process that varies in space and time.
Both large-scale climatic as well as fine-scale environmental factors are drivers of these space-time
variations. In this study, we avail a long-running monitoring program from Ontario, Canada
to better understand spatiotemporal variations in fish mercury bioaccumulation at two distinct
scales. Focusing on two common large-bodied sport fishes (Walleye and Northern Pike), the data
were analyzed at fine- and broad-scales, where fine-scale implies variations in bioaccumulation
at waterbody- and year-level and broad-scale captures variations across 3 latitudinal zones (~5◦

each) and eight time periods (~5-year each). A series of linear mixed-effects models (LMEMs) were
employed to capture the spatial, temporal and spatiotemporal variations in mercury bioaccumulation.
Fine-scale models were overall better fit than broad-scale models suggesting environmental factors
operating at the waterbody-level and annual climatic conditions matter most. Moreover, for both
scales, the space time interaction explained most of the variation. The random slopes from the
best-fitting broad-scale model were used to define a bioaccumulation index that captures trends
within a climate change context. The broad-scale trends suggests of multiple and potentially
conflicting climate-driven mechanisms. Interestingly, broad-scale temporal trends showed contrasting
bioaccumulation patterns—increasing in Northern Pike and decreasing in Walleye, thus suggesting
species-specific ecological differences also matter. Overall, by taking a scale-specific approach,
the study highlights the overwhelming influence of fine-scale variations and their interactions on
mercury bioaccumulation; while at broad-scale the mercury bioaccumulation trends are summarized
within a climate change context.

Keywords: fish growth rates; mixed-effects models; Northern Pike; Ontario; spatiotemporal trends;
temperature effects; Walleye

1. Introduction

Mercury pollution captured global attention during the tragic Minamata poisoning in Japan,
which highlighted the fatal neurotoxic effects of consuming mercury tainted fish [1,2]. Canada has
its own ongoing mercury tragedy in Grassy Narrows and areas downstream of a Dryden pulp and
paper Mill, where more than 9000 kg of mercury were released into the English-Wabigoon River
between 1963 and 1970. First Nations communities downstream were affected when they unknowingly
ate mercury contaminated fish and multiple generations have suffered the neurotoxic, social and
economic consequences that decimated a once thriving First Nation’s fishing and tourism economy [3].
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Despite concerted global efforts to reduce mercury emissions, mercury as an anthropogenic pollutant
remains a matter of grave concern, especially given that elemental mercury is highly mobile and often
ends up in aquatic and terrestrial ecosystems far from the emission source [4–7]. In aquatic ecosystems
the impact of mercury pollution is mainly associated with organic methylmercury (MeHg) [4,5].
MeHg is particularly detrimental as it can bioaccumulate and biomagnify such that older large-sized
fishes at the apex of aquatic food chains have disproportionately higher amounts of mercury [4,5,8–14].
Thus, large-bodied fishes at the top of food chains are good indicators of mercury levels and when
consumed by humans can have adverse long-term effects on human health and well-being [8–12].
In addition to the adverse impact on human health, mercury pollution has detrimental effects on
wildlife, especially large predatory birds and mammals at the apex of food chains [15].

Both the United States and Canada have established monitoring programs at state and provincial
levels to study fish mercury dynamics. Analyses of these large-scale databases typically show a
declining trend in fish mercury levels between 1970 and 2000 [8–10]. However, there is substantial
geographic variation in these long-term trends [8,9,11]. Most importantly, many regions are
experiencing increasing mercury levels in several key sport fishes in recent years and this may have
severe implications for human health if the trend continues [10,12]. Climate change, particularly the
warming climatic conditions experienced by lakes in temperate regions is thought to be one of the
likely reasons for the recent surge in mercury levels [10,12,13]. This is not surprising as climate is
recognized as one of the key drivers of broad-scale variation in methylmercury concentration within
aquatic systems [12,13]. However, the eventual effect of changing climate on fish mercury levels is a
complex multi-scale process, which remains poorly understood to date. At the relatively fine scale of
lake and watershed levels, warming conditions are known to increase net methylation rates and thus
increase the overall amount of bioavailable methylmercury in a lake [16,17]. Warmer temperatures
also affect mercury levels within waterbodies, by altering trophic position, food-chain length and
productivity [18,19]. However, these community-level impacts are highly variable and are contingent
on the species of fish and species composition [17]. Besides temperature, precipitation also impacts
mercury availability in aquatic systems, especially via wet atmospheric deposition and surface
run-offs [14,20]. Overall, broad-scale climatic conditions and fine-scale environmental factors at
the waterbody and watershed scale together determine the amount of bioavailable MeHg, thus setting
the exposure baseline for fishes.

The amount of mercury in a fish is eventually determined by consumption of mercury
contaminated food. The final amount retained by an individual fish is a complex function of
consumption, growth and metabolism. Fish with better growth efficiency (i.e., ratio of growth rate to
consumption rate) tend to accumulate less mercury, while increased metabolism may demand higher
rates of consumption thus increasing accumulation of mercury [14,21,22]. Fast growing fish with
greater growth efficiency are hypothesized to accumulate less mercury since the net amount of biomass
added is much greater for every unit of mercury gained, and this is referred to as growth dilution.
Studies suggest that growth dilution is most likely in situations where fast growth rate is accompanied
by low metabolic costs or high quality food (low in mercury contamination) [21,22]. In this context,
rising temperatures are expected to increase fish growth rates and lead to growth dilution assuming
metabolic costs remain below species threshold levels. These processes could potentially reduce overall
fish mercury levels. In different circumstances, warmer temperatures may increase metabolic costs
offsetting any reduction in fish mercury levels achieved via increased growth rates. And as mentioned
earlier, a warming climate can also affect fish mercury levels by altering the amount of MeHg generated
within waterbodies. Put together, climate as a broad-scale driver can directly and indirectly affect fish
mercury bioaccumulation.

Studies also show a high degree of variation in fish mercury levels at the lake/waterbody scale
independent of climate [23,24]. This fine-scale variation in fish mercury levels is attributed to drivers
operating at the waterbody-level such as prey quality, competition, activity in the sediment microbial
community and water chemistry variability as these factors are known to influence both the amount
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of bioavailable MeHg as well as fish growth and metabolism. However, very few studies take into
consideration large-scale variation in MeHg availability or fish growth rates at the waterbody-scale in
the context of mercury bioaccumulation, since data on both MeHg content in sediments and fish age
are scarce.

In this study, we make use of a long running fish mercury monitoring program spanning 15
latitudinal degrees and 45 years (see Section 2) to characterize spatiotemporal variations in mercury
bioaccumulation for two common freshwater sport fishes at two distinct scales. We also make use of the
Ontario Ministry of Natural Resources and Forestry (OMNRF), Broadscale Monitoring (BSM) Program
database, by combining fish mercury data from the Ontario Ministry of Environment, Conservation
and Parks (OMECP) with fish age data from the Provincial BSM database for the first time. Using the
full range of variation in fish size and mercury concentration, a series of mixed-effects models were
used to capture: (i) fine-scale variations in mercury bioaccumulation at the individual waterbody- and
year-level and (ii) broad-scale variation across three latitudinal zones (~5 decimal degrees each) and
eight time periods (~5-year each). The broad-scale variation in fish mercury bioaccumulation were
used to define a bioaccumulation index that summarizes mercury trends in space and time. We then
explore the broad-scale spatiotemporal trends in mercury bioaccumulation within a climate change
context. The BSM database has a comparable spatial scope and resolution to the contaminants database
but focuses on ecosystem assessment of the health of fisheries and related taxa and includes fish age
information rather than contaminants. The BSM program monitors lake ecosystems using a random
sampling approach stratified by fisheries management zones. Using the linked databases, we evaluate
fine-scale (i.e., waterbody-level) variation in fish growth rates for each species and we assess if there
is any discernible latitudinal trend in the growth rate estimates. We then make use of the quantified
growth rate variation at the waterbody level and the derived latitudinal trends to address the mercury
bioaccumulation patterns.

2. Methods

2.1. Fish Mercury Data

We used one of the world’s largest known fish monitoring databases compiled by the OMECP, in
partnership with OMNRF, to track pollutant loads in several key sport fishes. Department of Fisheries
and Oceans at the Canada Centre of Inland Waters also conduct limited monitoring of fish mercury in
Ontario inland waterbodies. But to keep the dataset consistent, we focused on extensive monitoring
data collected by Government of Ontario. The Ontario-wide monitoring program began in 1970, that
is, a temporal scope of more than 45 years (1970 onwards) and covers a broad climatic range with
a latitudinal breadth of nearly 15 degrees (41.5◦ to 56.5◦). Each data record provides fish species
identity, length, body mass, sex and amount of mercury alongside information on lake or waterbody
identity/name and geo-coordinates of the location where the fish was sampled. With multiple
fish samples often taken at a given time and location and a total of 126,652 records from nearly
2700 lakes, the database provides a comprehensive picture of fish mercury levels and several key
fish-level attributes.

2.2. Data Selection & Focal Species

In order to develop a bioaccumulation index that captures variation in mercury levels across a
broad range of climatic conditions, we chose species with the most widespread distribution across
Ontario. Walleye (Sander vitreus) and Northern Pike (Esox lucius) were the best candidate species in
this respect; their broad nearly identical distribution patterns that span most of Ontario (Figure 1).
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Figure 1. Long-term distribution of fish mercury samples for (a) Walleye and (b) Northern Pike ranging
from 1975–2015 gathered by Ontario Ministry of Environment, Conservation and Parks (OMECP).

Walleye is a native cool-water predatory fish that is common in most lakes of Canada and northern
United States. Walleye, like many shoaling fishes, prefers large open waters and its large eyes enable
it to hunt effectively in low light conditions, particularly at dusk and at night [25]. Northern Pike
is an equally common cool-water predatory fish with a broad pan-artic distribution that includes
Europe, Russia, Canada and northern United States. Unlike Walleye, Northern Pike is a large ambush
predator that prefers to hunt during the day and like most ambush predators they need cover in the
form of dense vegetation or submerged logs [26]. Also notable is the difference in body size with
Walleye typically being smaller in size than Northern Pike. In Ontario, Northern Pike are known to
attain an average size of 45–75 cm, whereas Walleye typically range between 35–58 cm. Walleye and
Northern Pike are consumers at the top of aquatic food-chains that co-occur in several lakes and
freshwater bodies in Ontario, however their ecology, feeding habits and growth differ substantially,
making this pair of sport fishes particularly interesting to detect species-specific differences in mercury
bioaccumulation. In a final data selection process, fish samples collected during the first 5 years (i.e.,
1970–1974) were not included as they were selectively collected from locations within close proximity
to known sources of mercury pollution and hence had disproportionately higher mercury levels.
In summary, records between 1975 and 2015 of Walleye and Northern Pike were analyzed to develop
the bioaccumulation index.

2.3. Mercury Bioaccumulation at Fine & Broad Scales

We analyzed fish mercury-body size relationships based on all possible combinations of spatial
and temporal categories at two distinct scales. In other words, spatial, temporal and spatiotemporal
variations in fish mercury bioaccumulation were analyzed first at a fine scale and later at a broad-scale
resolution. For the fine-scale analysis, each individual waterbody and year were identified as spatial
and temporal categories, respectively. This included a broad range of lakes and waterbodies, varying in
both size (0.5 km2 to 900 km2) and depth (1 m to 213 m). Whereas for the broad-scale analysis, the data
for each species were divided into 8 temporal periods (1975–1979, 1980–1984, 1985–1990, 1990–1994,
1995–1999, 2000–2004, 2005–2009, 2010–2015) and 3 latitudinal zones (south: 40◦ N—46◦ N, mid: 46◦

N—50◦ N and north: >50◦ N). It is important to note that in addition to climate, the broadly defined
latitudinal zones differ in lake sediment mercury levels such that north and mid zones are estimated to
have greater loads of sedimental mercury relative to south zone [27]. Thus, in the broad-scale approach
temporal categories were 5-year periods (except for the ‘2010–2015’ period) and spatial categories are
5◦-wide latitudinal zones. The rationale behind analyzing mercury bioaccumulation at both fine and
broad scales were twofold: (i) the fine-scale analyses captures the importance of lake-level limnological
factors and annual climatic variations affecting mercury bioaccumulation, (ii) but given the haphazard
nature of lake sampling through time (with very few lakes sampled consistently during the entire
41-year time period), a broad-scale approach was necessary wherein sparser data was grouped based
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on latitudinal zones and temporal periods. Such a broad-scale approach not only captures patterns in
fish mercury at larger spatio-temporal scales but also effectively summarizes the more complex and
intractable ecological variation that arises from processes operating at finer scales (i.e., the waterbody
scale in our study) [28].

Mercury levels in fish typically follow an allometric relationship with body size [29]:

Z = aXb (1)

where Z is the amount of mercury (µg/g), X is fish body length (cm), a is a proportionality constant
and b is a scaling exponent. When log-transformed, the allometric relationship takes the form of a
linear model (shown below; Equation (2)), which was used in all the analyses.

log(Z) = log(a) + b× log(X)⇒ log(Z) = β0 + β1 log(X) (2)

However, there is substantial variability in mercury sampling in both space and time. Out of the
2948 Walleye lakes sampled during the 41-year period, 43 lakes were sampled only once while the
average sample size per lake was 16. Similarly, 88 lakes out of 2642 lakes were sampled only once in the
41-year period for Northern Pike, with an overall average of 12 samples per lake. In order to account
for the uneven sampling in space and time, we used linear mixed-effects modeling (LMEM) approach.
Mixed-effects models are ideal for such unbalanced data since group-level parameters are estimated by
partial-pooling of data from other groups that make up the database [30,31]. In other words, partial
pooling ensures that parameter estimates for a poorly sampled group ‘shrinks’ towards the global
estimate by borrowing parameter estimates from well-sampled groups [31,32]. Hence, we used the
above log-linear model (2) within a linear mixed-effects modeling framework with the spatial and
temporal categories (as defined in previous paragraph) as crossed random effects of both intercepts and
slopes to quantify the effect of space, time and space-time interactions [30]. At the fine scale of analysis,
spatial effects are captured by individual waterbodies (WB) as random (grouping) factor, temporal
effects are captured by treating each year (YR) as random factor and spatiotemporal interaction effects
are captured by treating all unique waterbody-year combination (WB:YR) as a random factor. And at
the broad scale, spatial effects are captured by considering each latitudinal zone (LZ) as a random
grouping factor, temporal effects are captured by incorporating time period (TP) as the random
factor and spatiotemporal interaction effects are captured by treating all latitudinal zone-time period
combination (LZ:TP) as the random grouping factor. Put together, the mixed-models return random
slope estimates, which are essentially size-standardized measures of mercury bioaccumulation for that
spatial (lake or latitudinal zone), temporal category (year or 5-year period) or spatiotemporal category.
In total, four distinct LMEM’s were separately fit at each scale of analyses for each species (i.e., Walleye
and Northern Pike) to capture species-specific variations in mercury bioaccumulation at a given scale
(Table 1).

Finally, for each species and scale the best mixed-effects model was identified using the
information theoretic method—Akaike Information Criterion (AIC), where lower AIC values imply
better model fit. And for the best model identified, the amount of variance accounted by each random
factor was noted. All LMEMs were fit using lme4 package [33] and further analyzed with merTools
package [34] in R [35].

For the broad-scale analysis, the best fit model was further evaluated to capture mercury
bioaccumulation trends in space and time. To do so, the random slope coefficients from the
best-fitting broad-scale model was compiled together to form a ‘bioaccumulation index’ based on
all the random-effect groups involved. In summary, for each fish species the bioaccumulation index
derived from the best-fitting LMEM at the broad-scale describes variation in the magnitude of mercury
bioaccumulation across either latitudinal zones, temporal periods, or a combination of latitudinal
zones and temporal periods. Overall, the broad-scale bioaccumulation index summarizes variations
operating at finer-scales (at waterbody and annual space-time scales) across larger areas and longer
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time periods, such that the resulting bioaccumulation trends in space and time can be explored further
in the context of changing climate conditions.

Table 1. Description of the LMEM’s used to capture spatial, temporal and spatiotemporal variation
in mercury bioaccumulation at two distinct scales of analyses for Walleye and Northern Pike.
Both response (Z, mercury concentration) and fixed-effect covariate (X, fish length) are log-transformed
throughout but is not shown explicitly in the model formulae.

Scale of Analysis Linear Mixed-Effect Models Model Formula

Fine scale

Spatial effects Ziw = β0 + WB0w + (β1 + WB1w) Xi + εil

Temporal effects Ziy = β0 + YR0y + (β1 + YR1y) Xi + εiy

Spatial & temporal effects Ziwy = β0 + WB0w + (β1 + WB1w) Xi + YR0y + (β1 + YR1y) Xi + εiwy

Full model (spatial, temporal, &
spatiotemporal interaction effects)

Ziwy = β0 + WB0w + (β1 + WB1w) Xi + YR0y + (β1 + YR1y) Xi +
WB0w ∗YR0y + (β1 + WB1w)Xi ∗ (β1 + YR1y)Xi + εiwy

Broad scale

Spatial effects Zil = β0+ LZ0l + (β1 + LZ1l) Xi + εil

Temporal effects Zit = β0+ TP0t + (β1 + TP1t) Xi + εit

Spatial & temporal effects Zilt = β0+ LZ0l + (β1 + LZ1l) Xi + TP0t + (β1 + TP1t) Xi + εilt

Full model (spatial, temporal, &
spatiotemporal interaction effects)

Zilt = β0+ LZ0l + (β1 + LZ1l) Xi + TP0t + (β1 + TP1t) Xi
+LZ0l ∗ TP0t + (β1 + LZ1l)Xi ∗ (β1 + TP1t)Xi + εilt

Abbreviations: Ziw = mercury concentration in fish, i, collected from waterbody, w; Ziy = mercury concentration
in fish, i, collected in year, y; Ziwy = mercury concentration in fish, i, collected from waterbody, w, during the year,
y; Zil = mercury concentration in fish, i, collected from latitudinal zone, l; Zit = mercury concentration in fish, i,
collected during time period, t; Zilt = mercury concentration in fish, i, collected from latitudinal zone, l, during
time period, t; Xi = length of fish, i, β0 = overall model intercept; β1 = overalll model slope; WB0w = waterbody
intercepts; WB1w = waterbody slopes; YR0y = year intercepts; YR1y = year slopes; LZ0l = latitudinal zone intercepts;
LZ1l = latitudinal zone slopes; TP0t = time period intercepts; TP1t = time period slopes; ε = residual term of the
respective models. See Section 2 for more details on how latitudinal zones and time periods are defined.

2.4. Summarizing 45 Years of Climate Change

To provide a climatic context for the broad-scale bioaccumulation trends, climatic conditions
in Ontario were summarized for 45 years (1970–2015) using temperature, growing degree-days and
precipitation measures because we were interested in understanding how climatic conditions can
potentially influence fish mercury bioaccumulation at broad-scales. The climate data were sourced from
Environment Canada’s historical climate data website (http://climate.weather.gc.ca/index_e.html).
The website provides climate information for each station at daily, monthly and annual intervals.
In line with the broad-scale analysis of mercury bioaccumulation trends, climate trends were captured
across 5-year periods for each of the three latitudinal zones. A total of 9 temporal periods were
examined, with the earliest being 1970–1975 and ending at 2010–2015. Within each latitudinal zone,
stations with complete climate data were used to characterize the climate trends. However, for many
stations complete climate data spanning the entire 45-year period were not available, which resulted in
the selection of very few compatible stations. Thus, three weather stations each were selected for south
(Trenton, Ottawa and Glasgow) and mid (Chalk, Sudbury and Kenora) latitudinal zones, whereas in
the north, only two weather stations were available (Sioux and Moosonee). In summary, average daily
temperature and precipitation were estimated for each 5-year period and latitudinal zones, whereas
number of growing degree days were estimated as the cumulative number of days when average daily
temperature was above 5 ◦C.

2.5. Variation in Fish Growth Rate at Waterbody-Level

Besides climate, fish-level factors, particularly fish growth rate variation at the waterbody-scale
can explain the observed fine-scale mercury bioaccumulation patterns. Variation among waterbodies
in abiotic and biotic conditions leads to variation in fish growth rates at the waterbody-level and
this fine-scale variation in growth rate is one of the key drivers (besides variation in the amount of
bio-available methylmercury generated) of fine-scale mercury bioaccumulation. Furthermore, if the
variation in estimated fish growth rates reveals a latitudinal trend, it can shed light on the observed

http://climate.weather.gc.ca/index_e.html
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broad-scale mercury bioaccumulation patterns in space and time. To do so, we leveraged another
more recent (2008–2012) dataset of similar scope collected by the OMNRF (Figure 2). The OMNRF data
collection follows a more systematic randomly stratified sampling approach such that waterbodies are
sampled consistently over a time period and most importantly the dataset contains the much-needed
fish age information [36].

Water 2018, 10, x FOR PEER REVIEW  7 of 18 

 

variation in estimated fish growth rates reveals a latitudinal trend, it can shed light on the observed 

broad-scale mercury bioaccumulation patterns in space and time. To do so, we leveraged another 

more recent (2008–2012) dataset of similar scope collected by the OMNRF (Figure 2). The OMNRF 

data collection follows a more systematic randomly stratified sampling approach such that 

waterbodies are sampled consistently over a time period and most importantly the dataset contains 

the much-needed fish age information [36]. 

 

Figure 2. Distribution of (a) Walleye and (b) Northern Pike samples across the three defined 

latitudinal zones in Ontario obtained from the Broad Scale Monitoring program’s first sampling cycle 

between 2008 and 2012. 

To estimate fish growth rate, change in fish body mass was captured as a function of fish age 

using a log-linear model similar to Equation (2) where � is now fish body mass (in grams) and � is 

fish age (in years). Like in the mercury monitoring database, the fish age-size database showed 

substantial sampling variability. Overall, the mid latitudes were more heavily sampled relative 

southern and northern latitudes (Figure 2a,b). Furthermore, out of 291 Walleye sampled lakes, 17 had 

only one sample, the average was 11 fish samples per lake and a maximum of 33 fish samples in a 

given lake. For Northern Pike, 38 out of 240 lakes had only one fish sample, an average of 7 samples 

per lake and a maximum of 22 samples in a lake. Thus, fine-scale variation in growth rates were 

estimated using linear mixed-effects models (LMEMs) with each individual waterbody as random 

effects, such that in this case, the random slopes are waterbody-specific estimates of fish growth rate 

(i.e., age standardized measure of fish weight for each waterbody). More specifically stated, the 

following LMEM was fitted to both Walleye and Northern Pike data to capture their growth rate. 

log	(���)= ��+ ����+(��+����)log	(��)+��� (3) 

where, ���represents mass of fish, i collected at waterbody, w, ��(age of fish, i) is the fixed-effect 

variable in the growth model and �� represents all unique waterbody as random effects. Finally, 

to test for latitudinal variation in growth rate, estimates of growth rates (i.e., random slopes in the 

LMEM defined above) were regressed against the latitude associated with each individual 

waterbody. It may be noted that unlike the LMEMs of mercury bioaccumulation (Table 1) where fish 

length was used to capture trends in space and time, fish mass is used here in the analysis of growth 

dilution. We maintain this distinction for three reasons: (1) mercury levels in fish are typically 

reported using fish length as the primary covariate and most studies on mercury bioaccumulation 

trends are based on standard fish length, (2) growth rates are sensitive to fish length as a predictor, 

especially when comparing growth rates and consequent growth dilution between fish species (i.e., 

Walleye & Northern Pike) with distinct body forms (Tom Johnston personal communication) and (3) 

fish length and mass are highly correlated with R2 > 0.9 for both species (Supplementary Figure S1), 

thus effectively allowing either to be used as a proxy for the other. 

3. Results 

(a) (b) 

Figure 2. Distribution of (a) Walleye and (b) Northern Pike samples across the three defined latitudinal
zones in Ontario obtained from the Broad Scale Monitoring program’s first sampling cycle between
2008 and 2012.

To estimate fish growth rate, change in fish body mass was captured as a function of fish age
using a log-linear model similar to Equation (2) where Z is now fish body mass (in grams) and X is fish
age (in years). Like in the mercury monitoring database, the fish age-size database showed substantial
sampling variability. Overall, the mid latitudes were more heavily sampled relative southern and
northern latitudes (Figure 2a,b). Furthermore, out of 291 Walleye sampled lakes, 17 had only one
sample, the average was 11 fish samples per lake and a maximum of 33 fish samples in a given lake.
For Northern Pike, 38 out of 240 lakes had only one fish sample, an average of 7 samples per lake and
a maximum of 22 samples in a lake. Thus, fine-scale variation in growth rates were estimated using
linear mixed-effects models (LMEMs) with each individual waterbody as random effects, such that in
this case, the random slopes are waterbody-specific estimates of fish growth rate (i.e., age standardized
measure of fish weight for each waterbody). More specifically stated, the following LMEM was fitted
to both Walleye and Northern Pike data to capture their growth rate.

log(Ziw)= β0+WB0w+(β1+WB1w) log(Xi)+εiw (3)

where, Ziw represents mass of fish, i collected at waterbody, w, Xi(age of fish, i) is the fixed-effect
variable in the growth model and WB represents all unique waterbody as random effects. Finally, to
test for latitudinal variation in growth rate, estimates of growth rates (i.e., random slopes in the LMEM
defined above) were regressed against the latitude associated with each individual waterbody. It may
be noted that unlike the LMEMs of mercury bioaccumulation (Table 1) where fish length was used to
capture trends in space and time, fish mass is used here in the analysis of growth dilution. We maintain
this distinction for three reasons: (1) mercury levels in fish are typically reported using fish length as
the primary covariate and most studies on mercury bioaccumulation trends are based on standard fish
length, (2) growth rates are sensitive to fish length as a predictor, especially when comparing growth
rates and consequent growth dilution between fish species (i.e., Walleye & Northern Pike) with distinct
body forms (Tom Johnston personal communication) and (3) fish length and mass are highly correlated
with R2 > 0.9 for both species (Supplementary Figure S1), thus effectively allowing either to be used as
a proxy for the other.
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3. Results

3.1. Mercury Bioaccumulation at Fine & Broad Scale

Overall, the data spans 41 years (1975–2015) resulting in 49,690 Walleye samples from 1636
different waterbodies and 32,636 Northern Pike samples from 1677 waterbodies. Among the four
different models of mercury bioaccumulation analyzed separately at fine and broad scales, the full
model that combined spatial, temporal and spatiotemporal interactions was the best fit with lowest
AIC values for both Walleye and Northern Pike (Table 2).

Table 2. Summary of model fit for Walleye and Northern pike across all the four pre-defined LMEMs
(See Table 1 for details on model structure) that capture the effects of space and time at fine and broad
scale of analysis. The best-fitting model with lowest AIC and highest R2 values in each category is
highlighted in bold.

Spatial
Model

Temporal
Model

Spatial +
Temporal Model

Full model (with
spatiotemporal interaction)

Walleye
Fine scale

R2 0.815 0.298 0.829 0.872
AIC 50,827.24 107,024.87 47,410.42 39,368.93

Broad scale
R2 0.316 0.269 0.358 0.381

AIC 105,392.35 108,774.404 102,283.67 100,658.54

Northern
Pike

Fine scale
R2 0.799 0.325 0.816 0.852

AIC 37,929.84 68,871.05 35,540.65 32,036.93

Broad scale
R2 0.293 0.272 0.330 0.354

AIC 70,055.64 71,066.28 68,379.02 67,310.08

Stated differently, standalone spatial and temporal models had relatively poor fits with higher
AIC values and model fit improved when both spatial and temporal effects were combined, thus
(Table 2) suggesting fish mercury levels are the affected by both variation in geographic conditions and
temporal events. Interestingly, fine-scale models of fish mercury that take into consideration individual
waterbody and year-by-year variations consistently fit better than their broad-scale counterparts.
Most importantly, at both fine- and broad-scales of analysis, much of the variation in mercury
bioaccumulation was captured by the random factor representing space-time interaction effects. This is
evident from the relatively larger variance estimates of both random intercepts (τ00, SPATIAL:TEMPORAL

in Tables 3 and 4) and slopes (τ11,SPATIAL:TEMPORAL in Tables 3 and 4) for Walleye (fine scale: 3.07 & 0.20;
broad scale: 1.65 & 0.11) and Northern Pike (fine scale: 3.68 & 0.217; broad scale: 1.95 & 0.106). It is
worth noting here that random slopes show much lesser variation than random intercepts throughout,
which is indicative of the strong positive influence of fish length (the fixed-effect predictor) on mercury
levels when the full range of variation in fish length is included. Besides space-time interaction
effects, the spatial component of the best-fitting fine-scale model of mercury bioaccumulation explains
substantial amount of variation in addition to the space-time interaction effect (Table 3—Walleye:
τ00,SPATIAL = 2.95, τ11,SPATIAL = 0.14; Table 4—Northern Pike: τ00,SPATIAL = 1.57, τ11,SPATIAL = 0.095).
This pattern is evident again at the fine-scale of analysis as standalone spatial models that consider
waterbodies as the only random-effects are substantially better models with high R-square values
(Table 2; Walleye R2 = 0.81, Northern Pike R2 = 0.79) than purely temporal model (Table 2; Walleye
R2 = 0.29, Northern Pike R2 = 0.32). In other words, at fine spatial scales, variation in mercury level
is better captured by differences among waterbody conditions than by temporal factors, such as
warming climate.
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Table 3. Summary of the best-fitting LMEM for Walleye at fine and broad scale of analysis,
where mercury concentration is predicted as a function of fish length with spatial, temporal and
spatio-temporal interactions as random effects. (Note: numbers in parenthesis show 95% confidence
interval; subscripts ‘spatial’ and ‘temporal’ in the random parts are different for the fine and broad scale
of analysis: spatial (fine-scale)—waterbodies; temporal (fine-scale)—year; spatial (broad-scale)—5

◦

latitudinal zones; temporal (broad-scale)—5-year time period).

Walleye log[mercury]
Fine Scale

log[mercury]
Broad Scale

Fixed Parts
β0 −7.85 (−8.06–−7.63) −6.80 (−7.47–−6.13)

β1 log[fish length] 1.87 (1.82–1.92) 1.60 (1.45–1.74)

Random Parts
σ2 0.100 0.442

τ00,SPATIAL:TEMPORAL 3.073 1.648
τ11, SPATIAL:TEMPORAL 0.202 0.11

τ00,SPATIAL 2.954 0.133
τ11, SPATIAL 0.14 0.00

τ00,TEMPORAL 0.281 0.019
τ11,TEMPORAL 0.015 0.006

ρ01 −0.992 −0.996
NSPATIAL:TEMPORAL 2948 24

NSPATIAL 1636 3
NTEMPORAL 41 8

Observations 49,690 49,690
R2 0.872 0.381

Table 4. Summary of the best-fitting LMEM for Northern Pike at fine and broad scale of analysis.
The subscripts ‘spatial’ and ‘temporal’ associated with the random parts are different for the fine
and broad scale of analysis: spatial (fine-scale)—waterbodies; temporal (fine-scale)—year; spatial
(broad-scale)—5

◦
latitudinal zones; temporal (broad-scale)—5-year time period.

Northern Pike log[mercury]
Fine Scale

log[mercury]
Broad Scale

Fixed Parts
β0 −8.64 (−8.92–−8.35) −7.63 (−8.37–−6.9)

β1 log[fish length] 1.91 (1.84–1.98) 1.68 (1.5–1.87)

Random Parts
σ2 0.117 0.458

τ00, SPATIAL:TEMPORAL 3.684 1.95
τ11, SPATIAL:TEMPORAL 0.217 0.106

τ00, SPATIAL 1.576 0.075
τ11, SPATIAL 0.095 -

τ00, TEMPORAL 0.576 0.45
τ11, TEMPORAL 0.031 0.21

ρ01 −0.992 −0.996
NSPATIAL:TEMPORAL 2642 24

NSPATIAL 1677 3
NTEMPORAL 41 8

Observations 32,636 32,636
R2 0.852 0.354

Abbreviations and Symbols: β0 = overall intercept; β1 = overall slope of fixed-effect variable, log(fish length);
σ2 = residual (within-group) variance; τ00 = variance of intercepts for spatial, temporal and spatiotemporal
(random-effect) groups; τ11 = variance of slopes for spatial, temporal and spatiotemporal (random-effect) groups;
ρ01 = correlation between all random slopes and random intercepts; N = number of unique groups associated with
spatial, temporal and spatiotemporal random effects; Observations = total number of samples; R2 = model r-square.
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3.2. Broad-Scale Mercury Bioaccumulation in the Context of Climate Change

Random slopes of space-time interaction effect (τ11, SPATIAL:TEMPORAL) from the best-fitting full
model at broad-scale, signifying magnitude of bioaccumulation (i.e., bioaccumulation index in
Figure 3a–c) across 5◦ latitudinal zones and 5-year time periods, showed spatiotemporal patterns
that were overall consistent for both Walleye and Northern Pike (Figure 3a,b). In Walleye, the south
latitudinal zone showed strong decline in bioaccumulation with time (β = −0.026; R2 = 0.81), whereas
the mid zone showed a relatively weak positive trend (β = 0.0083; R2 = 0.35) and the north latitude
showed a very weak positive trend (β = 0.0045; R2 = 0.05). For Northern Pike, bioaccumulation
increased strongly with time in north latitudes (β = 0.033; R2 = 0.74), while mid latitudes showed
a subtle increase (β = 0.0056; R2 = 0.18) and south latitudes showed a general decline with time
(β = −0.008; R2 = 0.19). Overall, both species seem to be bioaccumulating mercury at an increasing
rate in the relatively colder latitudinal zones of mid and north, while in the warmer southern latitudes,
the rate of bioaccumulation seems to be decreasing. However, it is worth noting that the magnitude
of change (slope) was different for these two species, particularly at the extreme latitudes (north
and south). Walleye bioaccumulate less mercury much more quickly through time in the southern
parts of Ontario, whereas Northern Pike bioaccumulate much more quickly through time in the
northern parts of Ontario. We believe these differences have to do with varying species responses
to climate change as a result of difference in species biology, which we discuss in more detail below.
Unlike spatiotemporal trends that appear similar overall for both Walleye and Northern Pike, a purely
temporal perspective (i.e., time as the only random factor; τ11,TEMPORAL) highlights an interesting
dissimilarity with contrasting trends in bioaccumulation: rate of bioaccumulation declined in Walleye
over time, whereas Northern Pike showed a strong increase (Figure 3c).Water 2018, 10, x FOR PEER REVIEW  11 of 18 
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Figure 3. Spatiotemporal trends of mercury bioaccumulation in (a) Walleye and (b) Northern Pike as
predicted by the random slopes of the full model with time period and latitudinal zone interactions as
random effects. Temporal trends in bioaccumulation for both Walleye and Northern Pike are shown
in (c) as the predicted random slopes of the full model with time period alone as the random effect.
Error bars indicate ± 1SD. Change in climatic conditions are shown as spatiotemporal trends in (d)
temperature, (e) growing degree days and (f) precipitation based on average measures at Environment
Canada sampling stations, estimated from aggregated 5-year time periods.

Climate variables showed an overall increasing trend (Figure 3d–f) and this was particularly
consistent in the case of average daily temperature (R2 = 0.96) and growing degree-days (R2 = 0.83).
As expected, the overall average (i.e., the intercept) of annual mean temperatures and growing
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degree-days decreased with increase in latitude. However, it is worth noting that the rate of
increase (i.e., the slope) was greatest in northern latitudes (βtemp = 0.06; βgdd = 7.3) followed by mid
(βtemp = 0.04; βgdd = 5.9) and southern latitudes (βtemp = 0.034; βgdd = 5.6), suggesting that northern
latitudes are warming at a faster rate than southern latitudes, as numerous authors have found [37,38].
Average daily precipitation, like temperature and growing degree-days, showed a generally increasing
trend with time, with northern latitudes recording highest rates of increase. However, there was
substantial variation during the 45-year time period as evident from the generally lower R2 values
of precipitation compared to those of temperature and growing degree-days. Also, average daily
precipitation was generally greater in southern Ontario relative to mid and northern regions.

3.3. Fine-Scale Variation and Broad-Scale Latitudinal Trends in Fish Growth Rate

The BSM data with age information overall comprised 3159 individual Walleye from 291
waterbodies and 1699 Northern Pike samples from 240 waterbodies across Ontario with latitudes
ranging from 44.5◦ N to 55◦ N. LMEMs testing for fine-scale differences in Walleye growth rates
showed substantial variation associated with waterbody as the random effect (τ11,WB = 0.196; Table 5).
In the case of Northern Pike, variation associated with waterbody as random effect were relatively
lesser (τ11,WB = 0.053; Table 5). Put together, fine scale waterbody-specific conditions affect both
Walleye and Northern Pike growth rates and it is particularly evident in Walleye.

Table 5. Summary statistics of LMEMs describing fine-scale (waterbody-level) variation in body mass
as a function of age with each unique waterbody sampled treated as a random effect for Walleye and
Northern Pike. (Note: numbers in parenthesis show 95% confidence interval).

log[weight]
Walleye

log[weight]
Northern Pike

Fixed Parts
β0 4.05 (3.92–4.18) 5.44 (5.36–5.53)

β1 log(age) 1.34 (1.27–1.40) 1.05 (1.00–1.09)

Random Parts
σ2 0.092 0.087
τ00 0.882 0.215
τ11 0.196 0.053
ρ01 −0.896 −0.771
N 291 240

Observations 3159 1699
R2 0.874 0.847

Abbreviations and Symbols: β0 = overall intercept; β1 = overall slope of the fixed-effect, log(age); σ2 = residual
(within-group) variance; τ00 = variance of intercepts for waterbody as random effect; τ11 = variance of slopes (growth
rates) for waterbody as random effect; ρ01 = correlation between random slopes and random intercepts; N = number
of unique groups (waterbodies) as the random effect; Observations = total number of samples; R2 = model r-square.

Regressing waterbody-specific growth rate estimates (i.e., τ11, random slope coefficients) against
waterbody latitude revealed weak broad-scale trends (Walleye: p-value = 0.0012 and R2 = 0.065;
Northern Pike: p-value = 0.051 and R2 = 0.015). However, a comparison of these regression results
indicates interesting species-specific differences. Stated specifically, the broad-scale trend between
growth rate and latitude showed a significant negative relationship in Walleye, suggesting growth
rate decreased with latitude overall (Figure 4a), though this relationship may be better captured
by a curvilinear fit for Walleye where mid latitudes may be more ‘optimal.’ Even so, the bulk of
data for Walleye come from mid and north latitude waterbodies that show decreasing growth rates
with increasing latitude, which is consistent with findings in the literature that suggest there is a
negative relationship between Walleye growth rates and latitude [39,40]. Northern Pike, on the other
hand, showed a barely significant positive relationship between latitude and growth rate (Figure 4b).
Also worth noting is the difference in the range of growth rate estimates between the two species;
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Walleye growth rates ranged from 0.5 to 2.1, while Northern Pike growth rates had relatively narrow
range between 0.69 and 1.5. Overall, Walleye growth rates not only showed strong variation across
waterbodies but also a discernible latitudinal trend, while Northern Pike growth rates varied relatively
less and showed no clear broad-scale latitudinal trend.
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Finally, it needs to be stressed that our assessment of magnitude of mercury bioaccumulation (at
both fine and broad scales) and fish growth rate (at fine scale only) is based on random-slope estimates
of the respective mixed-models. One of the drawbacks of using such estimates is that extreme
imbalance in sample sizes across the random-effect groups can potentially lead to an unstable model
and biased random-effect estimates [31]. However, large sample size at the individual (fish)-level of
the hierarchy can effectively minimize this problem, especially in mixed-models that consider both
random intercepts and slopes [32,41]. Hence, we are confident that given the overall large sample
size at the fish-level for both mercury bioaccumulation models (49,690 Walleye samples and 32,636
Northern Pike samples) and growth rate models (3159 Walleye samples and 1699 Northern Pike
samples), our random group-level estimates are fairly robust.

4. Discussion

In our analyses of fish mercury levels using LMEMs at fine and broad scales, fine-scale models
consistently explained more variation than their broad-scale counterparts in both Walleye and
Northern Pike, suggesting that environmental factors operating at the individual waterbody level
and annual climatic conditions matter more. The best fitting model at both fine- and broad-scales
was comprised of spatial, temporal and spatiotemporal interactions as random effects; and among
these factors, spatiotemporal interactions captured maximum variation. It is thus evident that
mercury bioaccumulation in both Walleye and Northern Pike not only varies spatially across Ontario’s
freshwater lakes but this spatial variation interacts with yearly variability and related climatic
conditions, such that some lakes or latitudinal zones had much greater fish mercury bioaccumulation
rates depending on the year or time period.

In the best-fitting fine-scale model, the spatial component captured variation among waterbodies
and had a strong influence on mercury bioaccumulation in addition to space-time interaction
effects. The results suggests that mercury bioaccumulation is largely driven by differences in
waterbody-specific environmental conditions as they influence both methylmercury generation and
fish growth [14]. In this context, it is worth noting that estimated fish growth rates showed similar
variations for both Walleye and Northern Pike in models with waterbody as the only random factor
(τ11 in Table 5). Previous studies on Walleye and Northern Pike have reported on growth rate
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variation across lakes due to differences in water chemistry, prey mercury contamination and land
use/ disturbances in surrounding catchment areas and these lake-specific growth rate variations
modulate fish mercury levels at the population level [42,43]. Thus, it is possible that observed
fine-scale variation in mercury bioaccumulation is partly due to variation in fish growth rates at the
waterbody-level. From the perspective of managing fish mercury levels, our findings reveal that
focusing on waterbody-level conditions that affect fish growth and methyl-mercury generation is
critical. Finally and most importantly, the results highlight the overwhelming influence of space-time
interactions at fine-scale, which implies annual climate conditions can interact with lake-specific
drivers such as water chemistry variables to further modulate methylmercury generation and its
uptake by fish. Climate change studies on aquatic ecosystems have reported such potentially complex
interactions between climate and hydroecological properties including water chemistry [17,44,45].
The complex nature of these space-time interactions renders long-term projections of fish mercury
levels challenging as the effect of both waterbody-specific factors and annual climatic variations needs
to be considered simultaneously.

The broad-scale analyses revealed a fairly complex yet tractable spatiotemporal patterns across
the 41-year time period and three latitudinal zones for both Walleye and Northern Pike. There were
some interesting similarities between species wherein both species showed an overall increasing
bioaccumulation trend for north and mid latitudes; whereas south latitudes revealed a decreasing
trend (Figure 3a,b). Unlike previous studies, which generally show a declining (or unchanging) trend
in both north and south latitudes [8–10], our findings showed increasing trends in north latitudes,
as was the case for Northern Pike and in mid latitudes, as was the case with Walleye. The reason
for this difference in fish mercury trends is perhaps because our definition of bioaccumulation index
differs from previous studies that typically measure the rate of change in mercury levels over time.
Our measure provides an estimate of the magnitude of bioaccumulation given both latitudinal zone
of lake location and temporal period. Moreover, in our analyses bioaccumulation index was based
on the full range of fish size to mercury concentration covariation. Like several other long-term
studies [8,10,46,47], our results also showed an increase in mercury bioaccumulation for the most
recent time periods, particularly in north and mid latitudinal zones (Figure 3a,b). This increase in
fish mercury levels in recent periods is speculated to be climate change induced [10,48–50]. However,
as we shall soon discuss, bioaccumulation trends in the context of climate change suggests complex
dynamics that are not easy to generalize. Interestingly, the temporal trends estimated using time period
as the only random effect showed contrasting species-specific patterns (Figure 3c), highlighting the
importance of considering species-specific responses. Studies on biological indicator species point to
the limitations in capturing the complexity of ecosystem responses to various anthropogenic stressors
using a single indicator species [51,52].

From a climate change perspective, temperature and growing degree-days showed consistently
increasing trends across all latitudinal zones over the 45-year period; while in comparison, mercury
bioaccumulation trends varied among latitudinal zones for both Walleye and Northern Pike, with south
zones decreasing and north and mid- latitudinal zones increasing to different degrees (Figure 3a,b).
It may also be noted that estimated rates of warming did not vary significantly among the three
latitudinal zones—though this is perhaps a result of the limited availability of long-term weather
data in mid and north latitudinal zones. In the face of nearly similar rates of warming temperature
conditions, it is surprising that the latitudinal zone trends in mercury bioaccumulation do not show
the same general pattern. This lack of a general pattern suggests that multiple, potentially conflicting,
climate-driven factors are involved. More specifically stated, methylation rates may have increased
lately, especially in northern latitudes, since methylation in cold northern latitudes is known to occur
during the ice-free season when the soil and ground are not frozen [17] and northern latitudes are
experiencing a more prolonged ice-free season compared to southern latitudes as a consequence of
warming climate [53,54]. Thus the observed increasing trends in fish mercury levels in the relatively
colder north and mid latitudes is possibly due to an increase in the rate of methylation in higher
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latitudes. On the other hand, the generally declining bioaccumulation trend observed for southern
latitudes suggests that growth dilution may have an influence in the warm southern temperature
conditions, if one assumes that warmer temperatures boost fish growth rates disproportionately
relative to metabolism. A similar negative relationship was found in largemouth bass between mercury
contamination and temperature in a recent long-term analysis of fish mercury data [13]. The declining
bioaccumulation trend in southern latitude may also be attributed to the recent overall reductions in
anthropogenic mercury pollution in Canada as a result of stricter environmental regulations [55].

Besides temperature, precipitation is known to affect amount of methylmercury in lakes and
waterbodies via surface run-off from surrounding catchment areas [20]. Precipitation in Ontario
showed a clear increasing trend in time for all three latitudinal zones with northern latitudes showing
the greatest rate of increase in time (Figure 3f). Such increased precipitation, especially brief intense
periods of rainfall can result in enhanced methylmercury levels in lakes [56,57]. Thus, the combined
effects of longer ice-free season and increased precipitation suggests that lakes and waterbodies in
northern latitudes are likely to end up with greater amounts of methylmercury, and consequently
higher fish mercury levels over time. Most importantly, when these climate change effects are
juxtaposed with recent findings that suggest permafrost in northern latitudes potentially hold some
of the largest known reservoirs of mercury [58], it is indeed possible that the impact of mercury on
ecosystems and human well-being could be far more severe in the future.

The contrasting temporal trends in bioaccumulation within Ontario’s warming climate setting
is indicative of species-specific ecological differences (Figure 3c). In Walleye, the declining
bioaccumulation temporal trend suggests growth dilution is a potential mechanism provided warming
temperature enhances growth rate more than metabolism. While we have no evidence regarding
the effect of warming temperature on Walleye’s metabolism, it is indeed possible that Walleye
growth rate increases with temperature. This is supported by the weak but discernible negative
latitudinal growth rate (i.e., higher growth rate in waterbodies at warmer latitudes) found in Walleye
(Figure 4a); and also by previous studies that similarly demonstrated a negative relationship between
latitude and growth rates in Walleye [39,40]. The negative relationship between latitude and fish
growth rate is largely the consequence of several temperature-dependent physiological processes
operating at the molecular-level such as enzymatic reaction rates, which eventually affect fish
metabolism and growth [59]. The temperature-driven increase in Walleye metabolism can also
increase consumption rate, which may further interact with waterbody specific factors such as
contaminated prey availability, thus potentially decreasing the net possibility of temperature-driven
growth dilution in Walleye [60]. In Northern Pike, the temporal trend in bioaccumulation showed a
strong and consistent increase with time, whereas growth rate showed no clear correlation with latitude,
which suggests temperature-driven growth dilution is highly unlikely. In a previous broad-scale
analysis of Northern Pike data, growth rate was found to be negatively correlated with latitude [61].
However, Rypel’s meta-analysis considered nearly 30 degrees of latitudinal variation while our study
ranges between 45 and 55 latitudinal degrees, thus potentially capturing much lesser variation in
growth. Rypel also points to the importance of scale when considering the effect of climate change on
growth rate for cool-water species such as Walleye and Northern Pike. In short, the effects of climate
warming on growth rates of cool-water fishes is likely to be highly variable and scale-dependent.
Along these lines, it is worth noting that our results on the correlation between growth rate and
latitude have very low R-square values for both Walleye and Northern Pike, which again suggests
that growth rate is more locally modulated at the waterbody-level. Thus, the low R-square values
imply temperature-driven variation in growth rate does not fully explain the observed temporal
bioaccumulation trends. To that effect, there are other factors besides latitudinal (temperature driven)
variation in growth rate, such as species-specific differences in feeding habits, prey choice and predatory
behavior that might better explain the observed contrasting mercury bioaccumulation trends in time
between Walleye and Northern Pike. Prior research have reported disparities between Walleye and
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Northern Pike in mercury loads as a result of differences in the feeding habits of these two co-occurring
fishes [62,63].

5. Conclusions

Our study provides a detailed scale-specific assessment of mercury bioaccumulation in space and
time for two common freshwater sport fishes. While much of the variation in mercury bioaccumulation
was captured at fine-scale of waterbody- and year-level, the broad-scale analysis summarizes the
fine-scale variations within a climate change context. The study also demonstrates how a simple
bioaccumulation index derived from mixed-effects models can capture broad-scale spatiotemporal
patterns of fish mercury bioaccumulation. A key finding was the significance of spatiotemporal
interactions in determining mercury bioaccumulation at both fine and broad scales of analysis,
which suggests that future studies should consider characterizing and quantifying the many latent
interactions among the various spatial and temporal drivers that affect mercury bioaccumulation
in fishes; such as the effect of annual temperature conditions on lake water chemistry and fish
growth/metabolism and at broad-scales, the generally warming conditions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/10/11/1625/
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