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Abstract We measured the total mercury (THg)
concentration in the muscle of northern pike (Esox
lucius L.) from 12 boreal headwater lakes once per
decade during the 1980s to 2010s. Relations of pike
THg to regional environmental changes, such as
reduction of acid deposition and increase in water
colour (i.e. browning), were examined as well as the
effects of local lake-specific changes caused by intro-
duced beavers (Castor canadensis) and intensive
fishing of pike. No consistent decrease in pike THg
took place during 1983-2013 despite the reductions
in mercury emissions from European sources since
the 1990s and the associated decreased mercury
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deposition in Finland. In most of the lakes, individ-
ual pike exceeded the recommended limit for human
consumption (1 mg kg~!, wet weight). The highest
THg levels were recorded in 2002 following inten-
sive browning of the lakes in the 1990s in connec-
tion with decreased sulphate deposition. The effects
of acid deposition were only seen as the highest pike
THg in the two most acidic lakes in the early 1980s.
After taking length effects into account, pike THg had
a negative relationship with growth (i.e. growth dilu-
tion), but a positive relationship with water colour,
iron, nutrients and maximum lake depth. Females
grew faster and had lower THg than males. Pike THg
was elevated in beaver-impacted lakes. Experimental
removal of pike from three study lakes during 2005—
2013 resulted in a decrease of pike THg. These find-
ings emphasize the significance of local abiotic and
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biotic drivers when interpreting the regional long-
term trends in pike THg.

Keywords THg - Pike growth - Browning of lakes -
Beaver - Intensive fishing

1 Introduction

Mercury (Hg) is a toxic metal occurring naturally in
the environment. Since the beginning of the industrial
revolution, mercury has been widely released into
the environment due to human activities like min-
ing, industrial point sources, agriculture and atmos-
pheric deposition from burning of fossil fuels, espe-
cially coal (e.g. Streets et al., 2017). Mercury occurs
in various forms in nature: elemental mercury (Hg0),
inorganic mercury salts (Hgl and Hgll) and organic
mercury compounds, especially toxic methylmercury
(MeHg). The symptoms of acute mercury poisoning
are connected to disturbances in the central nervous
system. Because of the risk to human health, upper
limits for the mercury content of edible fish have been
set widely (EU, 2006). More recently, the Minamata
Convention on Mercury entered into force in August
2017 (Wang et al., 2019). This treaty obligates the
signed countries to control Hg emissions and the
release of Hg to ambient air, water bodies and soil. It
addresses several aspects necessary to reduce Hg use
globally and to protect human health and the environ-
ment from the adverse effects of mercury.

Fish accounts for most of the mercury intake by
humans from daily food, and over 95 % of the Hg
contained in adult predatory fish muscle is MeHg
(Bloom, 1992; but see Lescord et al., 2018) that bio-
accumulates in organisms and biomagnifies in aquatic
food web (e.g. Lavoie et al., 2013). High fish mercury
concentrations, exceeding the recommended limits
for human consumption (1 mg kg~!), were meas-
ured in Nordic lakes during the 1960s and 1970s
(Hasdnen and Sjoblom, 1968; Lindestrom, 2001).
Since then, a general decreasing trend, although fluc-
tuating, has been reported (;\kerblom et al., 2014;
Braaten et al., 2019). This is due to the restrictions
of use of Hg in industrial processes (Lodenius, 1991;
Lindestrom, 2001) and due to the decrease of mer-
cury emissions from European sources since the early
1990s (Travnikov et al., 2012) followed by decreased
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mercury deposition (Wingberg et al., 2010; Ruoho-
Airola et al., 2014).

In headwater lakes, where mercury mainly origi-
nates from atmospheric deposition to the catch-
ment and directly to the lake surface, high and even
increasing fish Hg levels were reported in recent stud-
ies (Wyn et al., 2010; Braaten et al., 2014; Rask et al.,
2021). This is connected to long-term environmental
changes, such as recovery of lakes from acidifica-
tion after reduced sulphate deposition (Keller et al.,
2007; Rask et al.,, 2021), subsequent browning of
lake waters due to increased load of dissolved organic
carbon (DOC) compounds (Vuorenmaa et al., 2006;
Monteith et al., 2007; Arvola et al., 2010; Blanchet
et al., 2022) and different effects of climate change
(Gandhi et al., 2014; Ahonen et al., 2018; Eagles-
Smith et al., 2018; de Wit et al., 2021). As a conse-
quence of these changes, legacy mercury load from
catchments to lakes has increased due to complexa-
tion reactions between DOC and Hg compounds. This
has often resulted in increased mercury concentration
of fish (Hongve et al., 2012; Braaten et al., 2018;
Moslemi-Aqdam et al., 2023).

Besides the large-scale atmospheric deposition
and climatic effects, DOC and Hg dynamics can be
affected locally via beaver activities and by forestry
(e.g. Blanchet et al., 2022). The effects of beavers are
typically strongest during the first 3 years of flooding
(Vehkaoja et al., 2015; Nummi et al., 2018). Increas-
ing DOC flux from riparian areas brings bound
mercury and subsequently lowers growth rate and
elevate mercury levels in food webs especially in
top predatory fish, such as northern pike Esox lucius
L. (Moslemi-Aqdam et al., 2021, Moslemi-Aqdam
et al., 2022). Forest harvesting as an important form
of land use in countries of boreal region can increase
the DOC and mercury load to lakes and bioaccumula-
tion of mercury to fish (Rask et al., 1994; Garcia &
Carignan, 2000; Porvari et al., 2003; Wu et al., 2018;
Ahonen et al., 2018; Eklof et al., 2018).

Pike is one of the most common fish species in
the boreal lakes of the Nordic countries (Tammi
et al., 2003). As a top predator of food chains in
boreal lakes, pike often show the highest fish mer-
cury concentrations (Hisidnen and Sjoblom, 1968;
Gothberg, 1983; Heiskary and Helwig, 1986; Verta,
1990; Porvari, 1998; Lindestrom, 2001; Kozak et al.,
2021). Available prey resources will directly affect
the growth rate of predatory fish, which is generally
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inversely correlated with the total mercury (THg)
content, and is often referred to as mercury growth
dilution, as described for many different species
(Keva et al., 2017; Rask et al., 2021; Moslemi-Aqdam
et al., 2022). Fish growth is dependent on both envi-
ronmental and biotic factors, where intensive fishing
of the fish community including predatory fish has
often led to reduction of the mercury content of top
predator fish such as pike (Gothberg, 1983; Verta,
1990; Sharma et al., 2008).

Considering the Hg dynamics of the entire food
web of a lake ecosystem, the bioaccumulation of
MeHg in organisms at the base of the food chain is
an important controller of Hg concentrations in taxa
at higher trophic levels (Yu et al., 2011; Painter et al.,
2015; Kahilainen et al., 2017; Kozak et al., 2021).
Habitat- and species-specific differences in Hg bio-
availability are affecting the fish Hg levels, and the
dominance of pelagic energy sources is often related
to a higher mercury content in fish (Karimi et al.,
2016; Kahilainen et al., 2016; Arcagni et al., 2018;
Moslemi-Aqdam et al., 2022). Microbial communi-
ties in stratified lakes with anoxic hypolimnion are
also important (Verta et al., 2010; Rask et al., 2010;
Karhunen et al., 2013) because sulphate-reducing
bacteria under anoxic conditions are mainly responsi-
ble for the methylation of inorganic mercury to MeHg
in freshwater ecosystems (Ullrich et al., 2001; Eckley
et al., 2005; Bravo et al., 2017).

We measured pike THg content in 12 small head-
water lakes in the Evo forest area, southern Finland,
during 1983-2013. During these four decades, sul-
phate and Hg deposition decreased (Vuorenmaa,
2004; Wiangberg et al., 2010; Ruoho-Airola et al.,
2014), and browning of lakes took place, especially
in the 1990s (Vuorenmaa et al., 2006, Arvola et al.,
2010; Arzel et al., 2020). Questions related to the
potential effects of these long-term environmental
changes include the following: (1) did the pike mer-
cury decrease due to lower Hg deposition (Ruoho-
Airola et al., 2014) or due to reduced methylation
activity of sulphate-reducing bacteria after decreased
sulphate deposition (Hrabik & Watras, 2002; Braaten
et al., 2020)? Or (2) did pike mercury concentra-
tions increase in the course of lake browning due
to increased dissolved organic matter load from
catchments to the lakes accompanied by increased
load of historical mercury (Hongve et al., 2012;
Braaten et al., 2018; Moslemi-Aqdam et al., 2022)?

In addition, some of our study lakes have been sub-
ject to two important local changes that could affect
the overall Hg dynamics of lakes. First, beavers have
occupied several lakes over the years (Vehkaoja et al.,
2015) with a subsequent increase in DOC fluxes and
availability of mercury in the ecosystem (Painter
et al., 2015; Ecke et al., 2017). We here address the
question, (3) did beaver floods increase pike mer-
cury in these lakes? Second, in a lake-scale experi-
mental research on sustainable fishery management
(Lehtonen et al., 2017), some lakes were subject
to effective fishing and here the question is, (4) did
intensive pike removal decrease pike mercury due to
growth dilution (cf. Lavigne et al., 2010; Moslemi-
Aqdam et al., 2022)?

2 Material and Methods
2.1 Study Lakes

We sampled pike from 12 natural headwater lakes for
THg analyses at circa 10-year intervals between 1983
and 2013. The lakes are located in the Evo forest
area, southern Finland (Fig. 1), which is part of the
Lammi Long-Term Ecological Research area (LTER,
Rask et al., 2014a). The catchment areas of the lakes
are 0.04-62 km? and mainly covered by coniferous
boreal forest on peatland, sandy or rocky landscape.
The lakes are small with surface area between 1 and
45 ha, maximum depth 6-14 m, and altitude 126-156
m above sea level (Table 1). All 12 lakes are inhab-
ited by pike and perch (Perca fluviatilis L.) and 10
of them also by roach (Rutilus rutilus L.). Other spe-
cies like ruffe (Gymnocephalus cernuus L.), bream
(Abramis brama L.) and bleak (Alburnus alburnus L.)
were present to a lesser extent (Olin et al., 2017a). A
diet study on three of the lakes indicated that perch
and roach clearly dominated the diet of pike (Tiainen,
2017). Water quality data for 1983 were from Arvola
et al. (1990) and Rask and Metsild (1991), and for
the years 1993, 2002 and 2013 from the databases of
the Lammi Biological Station, University of Helsinki
(for details, see Arvola et al., 2010). Briefly, the lakes
were acidic with a pH range 4.9-6.7 and alkalinity
from 0 to 0.25 mmol L~!. Water colour ranged from
very clear to highly humic (7—495 mg Pt L™!), and
the nutrient levels of lakes varied from oligotrophic to
eutrophic (tot P 2-73 pg L™! and tot N 218-1107 pg
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Fig. 1 The location of the 12 study lakes in southern Finland and in the Evo area. The lake numbers are as given in Table 1; chain

lakes 1-6 and headwater lakes 7—12

L~!). Ca ranged between 0.7 and 6.6 mg L~! and iron
from 0.1 to 1.6 mg L~! (Table 1).

Half of the lakes (numbers 1-6 in Table 1) belong
to the main lake chain of the Evo area and are subse-
quently referred to as “chain lakes”, whereas the rest
(lakes 7—-12) are seepage lakes or uppermost drainage
lakes with an outlet, but no inlet, and designated as
“headwater lakes”. The chain lakes are larger (1245
ha) than the headwater lakes (0.9—4.2 ha) and are
therefore less vulnerable to lake-specific changes due
to direct human (forestry, fishing) or beaver (flood-
ing) activities in their catchments. Most of the lakes
are mainly fed by surface runoff, but two of them (L.
Syrjénalunen and L. Iso Valkjérvi) are groundwater
lakes with clear water. The headwater lakes L. Iso
Valkjéarvi and L. Valkea-Kotinen acidified to pH lev-
els of <5 during the 1980s (Rask & Metsild, 1991)
but have recovered from the acidification since the
early 1990s.

Introduced beavers (Castor canadensis) are com-
mon in the lakes of the study area (Vehkaoja et al.,
2015; Kivinen et al., 2020) and have temporar-
ily caused floods on the shores of certain lakes (L.
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Haarajérvi, L. Haukijérvi, L. Majajdrvi, L. Huhmari),
potentially affecting the Hg dynamics in the lake-
catchment systems. During 2005-2013, three lakes
in the present study (L. Haarajarvi, L. Haukijarvi, L.
Majajarvi) were included in the project “Ecologically
sustainable fishing” (Lehtonen et al., 2017). This
project offered an opportunity to assess the effect of
intensive pike fishing (Tiainen et al., 2017) on mer-
cury concentration.

2.2 Sampling of Fish

Fish for mercury analyses were caught in May—Sep-
tember 1983/1984, 1993, 2002 and 2013 with wire
traps, fyke nets and hook and line (5-21 pike per lake
and per year, 26 to 60 per lake in total and 490 in the
whole study, Table 2). Samples from the years 1983
(n = 108) and 1984 (n = 45) were pooled together to
represent the pike THg level of the early 1980s. For
2002, missing samples from L. Valkea-Kotinen were
replaced with those taken in 1999. No samples from
L. Huhmari were available in 2013.
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Table 2 Lake-specific mean total length, weight, age, growth, length at age 5 years and measured THg concentration of pike

Lake Length (cm) Weight (g) Age (yr)  Growth Lof5yr(cm) THg measured (mg N pike
(emyr™) kg™
(Mean)  (Range) Average  Range
Haarajérvi 50.5 23.0-97.0 915 59 8.5 34.5 0.85 0.73-2.87 45
Sorsajdrvi 52.2 12.0-86.2 1231 6.4 7.8 39.5 0.92 0.36-1.83 37
Savijdrvi 41.8 14.0-54.6 473 55 8.4 40.4 0.81 0.18-1.57 36
Rahtijérvi 46.3 22.0-84.5 739 6.1 7.4 389 0.81 0.27-1.40 40
Pitkdniemenjidrvi  44.6 31.0-79.3 641 6.9 6.7 34.6 0.71 0.33-2.01 36
Alinen Rautjarvi ~ 45.6 28.0-74.3 595 53 9.4 433 0.58 0.21-1.26 35
Syrjénalunen 37.1 18.0-70.7 488 5.1 7.8 39.1 0.19 0.05-0.46 43
Huhmari 40.2 20.0-64.0 500 53 7.9 41.0 0.54 0.19-1.02 26
Iso Valkjarvi 34.0 16.0-70.0 413 54 7.3 35.0 0.50 0.12-1.40 64
Valkea-Kotinen 45.5 22.5-78.0 777 7.4 n.d. n.d. 0.60 0.20-1.74 40
Haukijdrvi 50.6 20.0-99.5 1102 6.1 8.2 41.2 1.13 0.15-2.67 38
Majajérvi 40.4 27.0-70.3 576 59 7.7 36.5 1.15 0.67-1.95 49

Total length and weight were measured with
an accuracy of 1 cm and 1 g for each fish, and sex
was determined when possible (117 females and 95
males). Samples for mercury analyses were taken
from dorsal white muscle and frozen (—20 °C) until
analysed. Cleithrum bones of fish were taken for
age determination (age data available for 93 females
and 77 males) and back-calculation of growth (Cas-
selman, 1996). As fish growth rate is known to affect
mercury bioaccumulation (Gothberg, 1983; Verta,
1990), a simple proxy of pike growth for each lake
was calculated by dividing the length of sampled fish
by their age (mean annual length increment, Table 2).

2.3 Mercury Analyses

The mercury content of pike samples was determined
in the Department of Biological and Environmen-
tal Sciences, University of Helsinki. In 19832002,
a cold vapour atomic absorption spectrophotometric
technique and a PerkinElmer/Bacharac Coleman 50b
MAS analyser (detection limit 0.01 pg Hg g~') was
used. Prior to and after the analyses, the calibration of
the instrument was checked with a mercury standard
solution, and acid-permanganate solution was used as
blank samples during the analyses (Rask & Metsiil4,
1991; Rask et al., 2007). Duplicate samples (0.1-0.25
g, ww) from each fish were analysed, and the mean
content of duplicates was used in subsequent analy-
ses. The values of fish mercury concentrations are
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given as THg, mg kg™! of fresh muscle tissue (wet
weight, ww). For ascertaining the quality of analyses,
two common reference materials were used: dogfish
muscle (National Research Council Canada, Certified
Reference Material DORM-1, mercury content 0.794
+ 0.074 mg kg™!) and cod muscle (European Com-
mission Community Bureau of Reference, BCR-422,
mercury content 0.559 + 0.016 mg kg™).

In 2013, an atom absorption spectrometer direct
mercury analyser (Milestone DMA-80, Sori-
sole, Italy) was used. Certified reference materials
DORM-4 fish protein (National Research Council,
Canada, mercury concentration 0.410 + 0.055 mg
kg™!) and cod muscle (European Commission Com-
munity Bureau of Reference, BCR-422, mercury con-
tent 0.559 + 0.016 mg kg~!) were used for quality
assurance of the analyses at the beginning and end of
each run.

2.4 Statistical Analyses

The effects of year (1983, 1993, 2002 and 2013), lake
(12 lakes), fish sex, fish length (covariate) and their
interactions on THg concentration was analysed with
a general linear mixed model (GLMM).

The study design is a four-timepoint (year)
repeated measurement structure. Within each time-
point, 4-21 THg measurements from random samples
of pike of different sizes (12—100 cm, n = 490) were
obtained from 12 lakes. The fish length was regarded
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as a continuous variable, and therefore, the data were
analysed with a random slope model in which a sepa-
rate slope was fitted for each year and lake. A general
linear mixed model was fitted using a normal distribu-
tion (identity link) (Stroup, 2013), and the Kenward-
Roger approximation was used for analysis of degrees
of freedom. The distribution of pike THg values was
right skewed and therefore In-transformation was
applied. All analyses were conducted in log scale, and
the results were back transformed with an exponential
function and presented in the original scale.

The symmetricity of residual distribution and
model fit was checked from the shape of Pearson
residuals and from the observed vs predicted plots.
The effect of outliers was checked by reanalysing
datasets in which observations with Pearson residual
> |2.5] were excluded. Results were not changed, and
therefore, the original dataset was used for analysis.
The modelling was performed by the GLIMMIX pro-
cedure of the SAS/STAT software (version 9.4, SAS
Institute, 2018).

The THg model structure for lake and year effects
is:

log(THg) = year(F)

+ lake(F)

+ year X lake(F) + length(C)
+ length(R slope)

where F stands for fixed effect, C for covariate and
R for random effect. Because the fish for each lake
and year were random samples from the fish popula-
tion, the data were analysed with a random slope (fish
length) model in which a separate slope was fitted for
each year and lake.

To estimate the effects of sex, growth (mean
annual length increment) and environmental variables
(lake depth, water colour, alkalinity, total phosphorus,

total nitrogen, Fe and Ca) on pike THg, the param-
eters were separately added to the linear model as
an additional covariate. Inter-correlation among the
environmental variables (Table 3) was not taken into
account.

The model-fitted year THg estimates are covar-
iate-adjusted, and they answer to the question about
association between pollution, climate and natural
factors and THg concentration. The slope estimates
of covariates show the direction (decrease, increase)
and strength of the effect. The association cannot be
directly seen because of different age and size dis-
tributions of fish in different lakes but needs to be
modelled.

In total, 10 different THg models were fitted and
are presented in Table 4 (models 1-10). For year and
lake comparisons (Table 4, model 1), the model-esti-
mated averages were obtained from contrast specifi-
cation which consists of model effects (year, lake,
length) and G-side random effects (length) and their
coefficients (ESTIMATE statement in SAS PROC
GLIMMIX). The pairwise comparisons of years and
years within lakes were calculated with linear con-
trasts including fixed effects, covariates and random
slope effects (ESTIMATE statement). Due to multi-
ple statistical tests, p-values and confidence intervals
in each test set were adjusted by using a simulation-
based correction in a step-down fashion (Westfall,
1997, SAS 9.4 documentation: PROC GLIMMIX,
ESTIMATE statement). This is a less conservative
approach compared to the Bonferroni method. Con-
clusions from statistical comparisons are based on
adjusted p-values and confidence intervals when
applicable.

For year, lake and sex comparisons (Table 4,
models 1 and 2), the fish length was adjusted to
54.0 cm, which corresponds to a 1-kg fish (Rask &
Metsild, 1991). With the rest of the THg models

Table 3 Pearson

. . Depth Alk Colour Ntot Ptot Ca Fe

correlation coefficients for

environmental variables; Depth 1 0.12 0.36 —0.02 —0.06 0.06 0.33

;‘irc‘lmcam correlations in Alk 0.12 1 ~0.08 ~0.20 ~0.14  0.84 0.28
Colour 0.36 -0.08 1 0.28 0.39 0.29 0.71
Ntot -0.02 -0.20 0.28 1 0.64 —0.04 -0.02
Ptot -0.06 -0.14 0.39 0.64 1 -0.05 0.28
Ca 0.06 0.84 0.29 —0.04 -0.05 1 0.39
Fe 0.33 0.28 0.71 -0.02 0.28 0.39 1
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Table 4 General linear mixed model structure for all statistical models; the target variable describes the main interest for each
model, and the target describes the model outcome from which the conclusions are drawn (UN unstructured, Ve variance component)

Model Response variable Fixed variable Covariate Random variable Subject Covari- Target variable Target
ance
structure
1 In(Hg) Year, lake Length Length Lake x year Vc Year, lake Averages
Year X lake Year X lake Differences
2 log(Hg) Year, sex Length Intercept Lake x year UN Sex Averages
Length Difference
3 log(Hg) Year Growth Intercept Lake x year UN Growth Trend
Length Length
Growth
4 log(Hg) Year Depth Intercept Lake x year UN Depth Trend
Length Length
5 log(Hg) Year Alkalinity, Intercept Lake x year UN Alkalinity Trend
Length Length
6 log(Hg) Year Colour Intercept Lake x year UN Colour Trend
Length Length
7 log(Hg) Year tot N Intercept Lake x year UN tot N Trend
Length Length
8 log(Hg) Year tot P Intercept Lake x year UN tot P Trend
Length Length
9 log(Hg) Year Ca Intercept Lake x year UN Ca Trend
Length Length
10 log(Hg) Year Fe Intercept Lake x year UN Fe Trend
Length Length
11 Growth Year, sex Length Intercept Lake x year UN Year, sex Averages
Year X sex Length Year X sex Differences
12 Growth Year, sex Age Intercept Lake x year UN Year, sex Averages
Year X sex Age Year X sex Differences
(Table 4), the adjustment was done for a 43.9-cm 3 Results

length (data average). For details of the THg model
calculations, see the supplementary information
(Tables SI 1 and SI 2).

The effects of year (1983 and 2013), lake (12 lakes),
fish sex, fish length or age (covariate) and their inter-
actions on growth were analysed with a GLMM in the
same manner as above. Two different growth models
were fitted (Table SI 3), and statistical models are pre-
sented in Table 4 (models 11 and 12).

@ Springer

3.1 No Consistent Change in the Mean Pike THg
During 1983-2013

The model-estimated annual average pike THg
of all 12 lakes, length-corrected to 54 cm, was
0.72-0.88 mg kg~! (ww) during 1983-2013. The
highest concentrations occurred in 2002 and were
significantly higher than those in 1983 (GLMM, ¢
=441, p < 0.0001) and 2013 (GLMM, ¢ = 2.86, p
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Fig. 2 Average (£95 % CI) model-estimated and length-cor-
rected (54 cm) pike THg a of all study lakes in the four sam-
pling campaigns and b in single lakes over the study period of

< 0.0231, Fig. 2a, Table SI 1). Average estimated
THg concentrations of different lakes over the
four-decade study period varied between 0.26 and
1.33 mg kg_1 (ww) (Fig. 2b, Table SI 1), and con-
centrations measured from individual pike ranged
from 0.05 to 2.87 mg kg™! (Table 2). The lake, year
and pike length (Fig. 2c) statistically significantly
affected the pike THg concentration (GLMM,
Table SI 2). Length was always the most important
variable in all GLMM.

There was a statistically significant difference in
the model-estimated average pike THg between the
sexes (GLMM, r = —2.94, p < 0.0038), the concen-
trations (mean + 95% CI) being higher in males, 0.66
(n = 95, 0.48-0.90) mg kg~! (ww) than in females
0.59 (n =117, 0.43-0.81) mg kg~ (Table SI 1).

The growth of pike was slow, with the mean total
length of 5-year-old fish ranging between 34.5 and
43.5 cm among the different lakes (Table 2). Nev-
ertheless, the growth, given as the average annual

161
1.4 1 %
1.2 ]

1.0 - {_
0.8 -
0.6 -
0.4 1
0.2 1 I_}‘

oo Lt LI IE ]

1 2 3 4 5 6 7 8 9 1011 12
Lake number

20
Annual length increment of pike (cm)

four decades, with lake numbers as in Table 1 and Fig. 1, and
the relation of pike THg to ¢ fish length and d growth (=aver-
age annual length increment) of pike

length increment (Fig. 2d), still had a negative effect
on the THg concentration of pike (GLMM, F =
32.35, p < 0.0001, Table SI 2), with a 4.7 % (95 %
cl 3.1-6.3) decrease per 1-cm increase in the annual
growth of pike. The average growth was significantly
higher for females than males, 8.1 and 7.5 cm per
year, respectively (GLMM, ¢ = 3.07, p = 0.0025, fish
age as a covariate (Table SI 3)).

3.2 Pike THg and Lake Characteristics

Lake depth statistically significantly (GLMM, F
= 7.01, p < 0.0116) affected the pike THg, with
an average increase of 0.05 mg kg~! (ww) THg
per 1-m increase in the maximum depth of lakes
(Fig. 3a, Tables 5 and SI 2). Among water qual-
ity parameters, pike THg concentrations increased
significantly with increases in DOC-related water
colour (GLMM, F = 26091, p < 0.0001, Fig. 3b),
total phosphorus, total nitrogen and iron (Tables 5
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Fig. 3 The relation of pike THg concentration to a the maxi-
mum lake depth, b lake water colour and ¢ lake alkalinity

and SI 2). Pike THg was not significantly related
to the acidification-related parameters alkalinity
(GLMM, F = 2.50, p = 0.123, Fig. 3c) and cal-
cium (Tables 5 and S2).

3.3 Lake-Specific Responses in Pike THg

The model-estimated average pike THg in the chain
lakes (lakes 1-6 in Table 1 and Fig. 1) was 0.56-0.84
mg kg~! in the first sampling campaign of 19831984
(Fig. 4a). In all chain lakes, the highest average pike
THg occurred in 2002, with the highest levels of
1.41 mg kg~! (ww) in L. Savijirvi and the lowest in
L. Alinen Rautjirvi (0.82 mg kg~! ww). In 2013 the
average pike THg of chain lakes was 0.80-1.01 mg
kg~! (ww). The pattern of pike THg was fairly simi-
lar throughout the lake chain (Figure 4a), and statisti-
cally significant differences in pairwise comparisons
of decades were found in each lake (Table 6).

In the headwater lakes, the variation in pike THg
was wider than that in the chain lakes (Fig. 4b),
from measured concentrations of 0.05-0.46 mg kg™
(ww) in the clear groundwater lake L. Syrjdnalunen
to 0.15-2.67 mg kg™ (ww) and 0.67-1.95 mg kg™
(ww) in the brown water lakes L. Haukijarvi and L.
Majajdrvi, respectively (Table 2).

In the acidified lakes L. Iso Valkjiarvi and L.
Valkea-Kotinen, significantly higher pike THg con-
centrations were measured in 1983 (1.19 and 0.81
mg kg~!, respectively) than in the following sampling
campaigns (GLMM, p < 0.001, Table 6), coinciding
with the years of lowest pH and alkalinity of the lakes
(Table 1). Since then, the pike THg in these lakes
varied between 0.51 and 0.77 mg kg™ (ww), with a
slight decrease in the clear water lake L. Iso Valkjirvi
and with an increasing trend in the brown water lake
L. Valkea-Kotinen (Fig. 4b).

The outlets of the chain lake Haarajdrvi and the
headwater lakes Huhmari, Haukijiarvi and Majajérvi
were dammed by beavers temporarily in the 1980s,
resulting in rises of floodwater into the surrounding

Table 5 GLMM results to test the effects of lake characteristics on pike THg concentrations; significant effects in bold

Effect Logscale  Std. err. DF tvalue  Pr>li 95% Conf. int. Data scale change/effect unit
Estimate Lower Upper Estimator ~ Lower Upper
Max. depth 0.069 0.026 39.19 2.65 0.0116 0.016 0.122 1.072 1.016 1.130
Alk -1.892 1.197 4047  -1.58 0.1218 -4.311 0.527 0.151 0.013 1.694
Colour 0.0028 0.00054  38.27 5.19 <.0001 0.0017  0.0039  1.0028 1.0017 1.0039
Ntot 0.0021 0.00067  37.12 3.10 0.0037 0.00072 0.0034  1.0021 1.00072  1.0034
Ptot 0.024 0.0073 36.88 3.22 0.0026 0.0088  0.038 1.024 1.0088 1.039
Ca —0.035 0.061 3198  —0.57 0.5732 -0.159 0.090 0.966 0.853 1.094
Fe 0.566 0.154 32.27 3.67 0.0009 0.252 0.879 1.760 1.286 2.409
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Fig. 4 Length-corrected (54 cm) pike THg (geometric mean
+ 95 % CI) in a chain lakes and b headwater lakes during the
sampling campaigns of four decades from the 1980s to the
2010s

riparian forest and wetland. The beaver floods were
followed by high variation in the pike THg of these
lakes (Fig. 4b). The clearest example of beaver effect
was L. Huhmari, where the first beaver flood took
place in 1990 and doubled the pike THg content from
0.50 mg kg~! (ww) in 1983 to 1.05 mg kg~! (ww) in
1993 (GLMM, p = 0.0001). After disappearance of
beavers, the pike THg dropped again, to 0.56 mg kg™
(ww) in 2002 (GLMM, p = 0.0027 (Tables 6 and SI
1).

In the three lakes (L. Haarajirvi, L. Haukijérvi,
L. Majajirvi) targeted for intensive pike fishing dur-
ing 2008-2012, the pike THg decreased from 2002
to 2013 more than in any other study lake, excluding
L. Savijarvi (Fig. 4). In L. Haarajérvi, the uppermost
lake of the lake chain, the decrease in pike THg from
2002 to 2013 was 0.44 mg kg™' (ww) whereas the
decrease was 0.02-0.26 mg kg~! in other chain lakes
except L. Savijirvi with a 0.52 mg kg™! (ww) drop. In
the headwater lakes L. Haukijédrvi and L. Majajérvi,
the decrease in pike THg from 2002 to 2013 was 0.68
and 0.70 mg kg~! (ww), respectively. The three fish-
manipulated lakes, L. Haarajdrvi, L. Haukijdrvi and
L. Majajarvi, together with L. Savijiarvi, were the
only ones with a statistically significant decrease of
pike THg from 2002 to 2013 (GLMM, p = 0.0019,
0.0007, 0.0007 and 0.0095, respectively, Tables 6 and
SI1).

Table 6 Statistical significance of between-year differences in pike THg concentrations in the study lakes with p-values adjusted for
multiple comparisons within lake level (significant differences in bold); detailed results in Table SI 1

Lake 1983-1993 1983 vs 2002 1983 vs 2013 1993 vs 2002 1993 vs 2013 2002 vs 2013
Haarajirvi 0.2200 <.0001 0.4789 <.0001 0.0898 0.0019
Sorsajérvi 0.0015 <.0001 0.0188 0.8078 0.3066 0.1448
Savijarvi 0.0158 0.0002 0.3839 0.5380 0.1483 0.0095
Rahtijirvi 0.4860 0.0250 0.3443 0.0063 0.1068 0.4860
Pitkdniemenjérvi 0.3026 0.1929 0.4608 0.0126 0.0940 0.3179
Alinen Rautjdrvi 0.9200 0.0519 0.0394 0.1129 0.1129 0.9200
Syrjdnalunen 0.0406 0.8049 0.2513 0.0005 0.2513 0.0822
Huhmari® 0.0001 0.6900 0.0027

Iso Valkjérvi <.0001 <.0001 <.0001 0.5140 0.0931 0.5140
Valkea-Kotinen 0.0059 0.0007 0.9150 0.9280 0.0453 0.0218
Haukijdrvi 0.0269 0.2753 0.0051 0.0038 0.7635 0.0007
Majajirvi 0.0243 0.0013 0.7432 0.7592 0.0114 0.0007

 Year 2013 missing
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4 Discussion

Our study clearly demonstrates that mercury con-
centrations of pike in small boreal headwater lakes
of southern Finland have remained high despite the
ca. 50 % decrease of mercury concentration in dep-
osition from 11 pg L' in the late 1980s (Iverfeldt,
1991) to levels 4-6 pg L™" in the 2000s (Wingberg
et al., 2010; Ruoho-Airola et al., 2014). Pike THg
was strongly linked to biological characteristics like
length, growth and sex of fish as observed in many
earlier studies (e.g. Madenjian et al., 2014; Moslemi-
Aqdam et al., 2022). Among environmental factors,
water colour was important, as in most lakes the high-
est pike THg concentrations were recorded in 2002
after consistent browning of lakes during the 1990s
due to decreased sulphate deposition (Arvola et al.,
2010; Arzel et al., 2020), suggesting a dominant role
of DOC in the lake water Hg dynamics.

Furthermore, the model-estimated average mer-
cury concentrations exceeded the EU recommended
health limit (1.0 mg kg™!, ww) for human consump-
tion of pike (EU, 2006) at least in one sampling cam-
paign in 9 out of the 12 lakes. These concentrations
are higher than those measured from large lakes and
coastal brackish waters of Baltic Sea, from where the
majority of pike for human consumption are caught
(Ahonen et al., 2018; Airaksinen et al., 2018; Braaten
et al., 2019).

4.1 Browning of Lakes

Pike THg content was significantly affected by water
colour, emphasizing the importance of increased
organic carbon load to mercury dynamics in catch-
ment-lake systems (Porvari, 1998; Braaten et al.,
2020; Moslemi-Aqdam et al., 2022). The occurrence
of the highest pike THg levels during the 2002 sam-
pling campaigns followed the most intensive period
of browning of the lakes in the study area which took
place during the 1990s (Arvola et al., 2010; Arzel
et al., 2020; Moslemi-Aqdam et al., 2022). Signifi-
cant positive relations of total P, total N and iron to
the pike THg in the lakes of the present study were
probably caused by their coupling with the humic
substances as well (Kortelainen et al., 1986; Kozak
et al, 2023). An increasing DOC concentration
shifts lakes from phytoplankton primary production
towards heterotrophic bacterial production (Forsstrom

@ Springer

et al., 2013) that may also promote both within-lake
methylation processes and more efficient Hg transfer
in the food chain (Moslemi-Aqgdam et al., 2023). The
rise of DOC concentrations in lakes has also been
considered to be the major reason for recent increases
in mercury concentrations in the fish of lakes recov-
ered from acidification (Wyn et al., 2010; Hongve
et al., 2012;), but in some cases, the growth dilution
phenomenon has been shown to be more important
(Keva et al., 2017; Moslemi-Aqdam et al., 2021; Rask
et al., 2021).

4.2 Acidified Lakes

In our study, the two lakes with pH < 5.0 during the
1980s, L. Iso Valkjirvi and L. Valkea-Kotinen (Rask
& Metsild, 1991), were the only ones with the high-
est pike THg measured during the first sampling
campaign. This supports the role of acidification
as a reason for high pike THg concentrations in the
1980s during the years of the highest sulphate dep-
osition (Verta et al., 1990; Rask et al., 2021). In L.
Iso Valkjérvi, liming in the early 1990s (Rask et al.,
1996) enhanced the decrease of pike THg in the lake
but a decrease also took place in the control basin of
the lake (Rask et al., 2007). Later, during 2007-2012,
intensive fishing of perch (Olin et al., 2017b) may
have contributed to the mercury dynamics and con-
tinuous decrease of pike THg in the lake, as happened
also with the perch (Rask et al., 2007). In L. Valkea-
Kotinen, the significant increase of pike THg up to
the last sampling campaign in 2013 is apparently
related to the browning of the lake (Vuorenmaa et al.,
2014; Rask et al., 2021).

4.3 Beavers

Beaver floods affect the water chemistry and biota
of small headwater lakes (Vehkaoja et al., 2015;
Nummi et al., 2018; Nummi et al., 2021). The
results of Vehkaoja et al. (2015) showed that water
colour increased especially during the first three
beaver-impoundment years, while concentrations
of dissolved oxygen simultaneously decreased. In
the beaver lakes, increased leaching of mercury
from riparian areas and low oxygen concentra-
tion in the hypolimnion of the lakes associated
with the flooding may increase within-lake meth-
ylation processes (Eckley et al., 2005), jointly
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promoting mercury biomagnification through the
food web and culminates as increased pike THg
(Moslemi-Aqdam et al., 2023). Our observations
are in line with those by Painter et al. (2015), who
showed that beaver impoundments can increase
the availability and subsequent uptake of MeHg
by basal food web organisms in beaver ponds. It
has also been found that, during the comeback of
beavers after extirpation, the pioneer inundation
caused elevated MeHg concentrations in the sys-
tem, but later re-floodings produced only negligi-
ble increases (Levanoni et al., 2015). Moreover,
young beaver ponds, but not the old ones, tend
to be a source of methylmercury in water (Ecke
et al., 2017). In our study, the first beaver flood in
L. Huhmari took place in 1990 and resulted in a
sharp increase of pike THg.

4.4 Intensive Fishing

Fish removal has been suggested as a method to
promote fish growth and hence decrease the Hg
levels in remaining fish, and the risk to humans of
fish consumption (Gothberg, 1983; Verta, 1990,
Sharma et al., 2008). Three of our study lakes,
L. Haarajarvi, L. Haukijirvi and L. Majajarvi,
were targeted for effective pike removal dur-
ing 2008-2012, with 30-50 % of pike biomass
removed annually (Tiainen et al., 2017). An
increase in the growth of pike was recorded in
all lakes, especially in L. Haarajirvi, where the
increase was statistically significant in all age
groups (Tiainen, 2017). Thus, the growth dilution
apparently had a role in explaining the decrease
of pike THg in these lakes from 2002 to 2013.
Apparently, this was also the reason for the dif-
ference in THg concentration between the sexes in
our study, as female pike grew significantly faster
than males (see also Casselman, 1996). The three
pike manipulation lakes were also inhabited by
beavers in certain years (Vehkaoja et al., 2015),
but during the “Ecologically sustainable fishing”
project 2005-2013, beaver floods took place only
in L. Haukijirvi. The decrease of pike THg also
in this lake from 2002 to 2013 emphasizes the
importance of pike population for the mercury
dynamics of the lakes (see Sharma et al., 2008).

4.5 Forest Management

Although the sampling programme for our study did
not offer sufficient context for detailed assessment of
the impacts of forest harvesting on pike THg, the for-
estry in the lake catchments likely has increased DOC
and mercury load to the lakes and overall variation in
the pike THg concentrations (Moslemi-Aqdam et al.,
2022; Moslemi-Agdam et al., 2023). An earlier study
showed that catchment deforestation (46 % of the
catchment area) and associated burning of logging
remains resulted in changes in water quality, increases
in algal primary production and decomposition of
organic matter in one small uppermost lake in our
study area (Rask et al., 1993). This was accompanied
by an increase in THg in cladoceran zooplankton and
fish (Rask et al., 1994). A Canadian study (Garcia &
Carignan, 2000) reported an effect of forest clearcut-
ting on fish THg, with Hg levels of northern pike in
logged lakes twice as high as those in reference lakes.
A Swedish study (Wu et al., 2018) reported an average
increase of 26 % in Hg concentrations of large perch
from lakes after clearcutting of their catchments.

4.6 Climate Change

Effects of climate change in our study area have
been recorded as a statistically significant increase
in annual and spring mean air temperature, thinning
of annual mean snow depth and shortening of the
lake-ice season (Jylhi et al., 2014). Dissolved organic
carbon concentrations in lakes have increased, partly
due to decreasing sulphate deposition and partly by
climate change—induced hydrological changes with
increasing runoff and leaching of substances from
catchments to lakes (Arvola et al., 2010; Vuorenmaa
et al., 2014). The consequent browning of lake waters
has led to stronger stratification and lowered oxygen
concentration (Vuorenmaa et al., 2014; Couture et al.,
2015), which may elevate the mercury concentration
of perch and pike (Rask et al., 2010; Ahonen et al.,
2018; Kozak et al., 2021). The higher pike THg con-
centrations in our deeper study lakes may have been
due to the relatively larger volume of anoxic hypolim-
netic water in the deeper lakes. In L. Valkea-Kotinen,
the primary production decreased during the 20-year
period 1990-2009 mainly due to climatic forcing and
consequent hydrological changes and increased DOC
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loading (Arvola et al., 2014). The decrease of general
productivity of the lake resulted in slower growth of
perch (Rask et al. 2014b), which may have contrib-
uted to the increase in perch THg (Rask et al., 2010;
2021) and also explains the increase of pike THg
(Moslemi-Aqdam et al., 2021) as recorded in the pre-
sent study.

4.7 Concluding Remarks

The results of the present study indicated high pike
mercury levels in pristine boreal headwater lakes
from the 1980s to 2010s. The ca. 50 % decrease of
mercury deposition during this period did not result
in generally lower pike THg levels. The reasons for
this, and even increased pike THg until the shift of
the millennium, were most probably connected to the
regional effects of decreased atmospheric SO, depo-
sition on increased DOC mobility and leaching and
on mercury dynamics in lakes and their catchments,
together with the complex effects of climate change.
Thus, the answer to our original study question 1 is
no, as no regular decrease in pike THg took place
over decades. The answer to question 2 is yes, as
pike THg concentrations increased during the course
of lake browning. The answer to questions 3 and 4
on local effects is yes, as beaver floods resulted in
increases of pike THg, while intensive pike removal
decreased pike THg. Taking into account deposition
(mercury and other elements), environmental (lake
and catchment) and biotic (size, sex, age and growth
of fish) variables is thus crucial for disentangling the
most important factors behind decadal trends in fish
mercury.

Acknowledgements The authors thank all persons involved
in collecting fish samples and analysing mercury over the
years. The facilities for this long-term study were provided by
the Lammi Biological Station and the Department of Biologi-
cal and Environmental Sciences of the University of Helsinki,
the Finnish Environment Institute and the Finnish Game and
Fisheries Research Institute (now part of the Natural Resources
Institute Finland). Jussi Huotari worked on the map for Fig. 1,
and Roger Jones kindly checked the English language of the
manuscript.

Author Contribution Martti Rask — conceptualization,
study design, data acquisition, data analysis, lead writing, edit-
ing, supervision

Tommi Malinen — conceptualization, data acquisition,
writing, review

@ Springer

Kari Nyberg — conceptualization, data acquisition, writing,
review

Mikko Olin — conceptualization, data acquisition, data
analysis, writing, review

Mika Kurkilahti — conceptualization, data analysis, writ-
ing, review

Tarja-Riitta Blauberg — conceptualization, data acquisi-
tion, writing, review

Maiju Salonen — conceptualization, data acquisition, writ-
ing, review

Sami Vesala — conceptualization, data acquisition, writing,
review

Jukka Ruuhijirvi — conceptualization, data acquisition,
writing, review

Joni Tiainen — conceptualization, data acquisition, writing,
review

Jussi Vuorenmaa — conceptualization, writing, review

Martin Lodenius — conceptualization, data analysis, writ-
ing, review

Celine Arzel — conceptualization, writing, review

Petri Nummi — conceptualization, writing, review

Kimmo K. Kahilainen — conceptualization, writing, review

Matti Verta — conceptualization, data acquisition, writing,
review

Lauri Arvola — conceptualization, data acquisition, writ-
ing, editing, review

Funding Open Access funding provided by University of
Helsinki (including Helsinki University Central Hospital).
No specific funding was obtained for this study, but the work
was done as a part of various research projects in the Lammi
Biological Station and the Department of Biological and Envi-
ronmental Sciences of the University of Helsinki, the Finn-
ish Environment Institute and the Natural Resources Institute
Finland.

Data Availability The datasets generated and analysed dur-
ing the current study are available from the corresponding
author on reasonable request.

Declarations

Conflict of Interest The authors declare no competing inter-
ests.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/

Water Air Soil Pollut (2024) 235:85

Page 150f 18 85

References

Ahonen, S. A., Hayden, B., Leppénen, J. J., & Kahilainen, K.
K. (2018). Climate and productivity affect total mercury
concentration and bioaccumulation rate of fish along a
spatial gradient of subarctic lakes. Science of the Total
Environment, 637-638, 1586—-1596.

Airaksinen, R., Jestoi, M., Keindnen, M., Kiviranta, H.,
Koponen, J., Mannio, J., Myllyld, T., Nieminen, J., Rait-
aniemi, J., Rantakokko, P., Ruokojérvi, P., Venildinen,
E.-R. & Vuorinen, PJ. (2018). Changes in the levels of
environmental contaminants of Finnish wild caught fish.
Publications of the Government’s analysis, assessment
and research activities 51/2018, 71 p. (In Finnish).

Arcagni, M., Juncos, R., Rizzo, A., Pavlin, M., Fajon, V.,
Arribere, M. A., Horvat, M., & Guevara, S. R. (2018).
Species- and habitat-specific bioaccumulation of total
mercury and methylmercury in the food web of a deep
oligotrophic lake. Science of the Total Environment, 612,
1311-1319.

Arvola, L., Metsild, T.-R., Simild, A., & Rask, M. (1990). Sea-
sonal fluctuations in the chemistry of small forest lakes in
southern Finland with special reference to acidity. Aqua
Fennica, 20, 71-79.

Arvola, L., Rask, M., Ruuhijarvi, J., Tulonen, T., Vuorenmaa,
J., Ruoho-Airola, T., & Tulonen, J. (2010). Long-term pat-
terns in pH and colour in small acidic boreal lakes of vary-
ing hydrological and landscape settings. Biogeochemistry,
101, 269-279. https://doi.org/10.1007/s10533-010-9473-y

Arvola, L., Salonen, K., Keskitalo, J., Tulonen, T., Jarvinen, M.
& Huotari, J. (2014). Plankton metabolism and sedimen-
tation in a small boreal lake — A long-term perspective.
Boreal Environment Research 19 (Supplement A), 83-96.

Arzel, C., Nummi, P., Arvola, L., Poysd, H., Davranche, A.,
Rask, M., Olin, M., Holopainen, S., Viitala, R., Einola,
E., & Manninen-Johansen, S. (2020). Invertebrates are
declining in boreal aquatic habitat: The effect of browni-
fication? Science of the Total Environment, 724, 138199.
https://doi.org/10.1016/j.scitotenv.2020.1381990048-9697

Blanchet, C. C., Arzel, C., Davranche, A., Kahilainen, K. K.,
Secondi, J., Taipale, S., Lindberg, H., Loehr, J., Man-
ninen-Johansen, S., Sundell, J., Maanan, M., & Nummi, P.
(2022). Ecology and extent of freshwater browning - What
we know and what should be studied next in the context
of global change. Science of The Total Environment, 812,
15240. https://doi.org/10.1016/j.scitotenv.2021.152420

Bloom, N. S. (1992). On the chemical form of mercury in edi-
ble fish and marine invertebrate tissue. Canadian Journal
of Fisheries and Aquatic Sciences, 49, 1010-1017.

Braaten, H. F. V., deWit, H. A., Fjeld, E., Rognerud, S., Lyd-
ersen, E., & Larssen, T. (2014). Environmental fac-
tors influencing mercury speciation in subarctic and
boreal lakes. Science of the Total Environment, 467-477,
336-345.

Braaten, H. F. V., de Wit, H. A., Larssen, T., & Poste, A. E.
(2018). Mercury in fish from Norwegian lakes: The com-
plex influence of aqueous organic carbon. Science of the
Total Environment, 627, 341-348.

Braaten, H. F. V., Akerblom, S., Kahilainen, K. K., Rask, M.,
Vuorenmaa, J., Mannio, J., Malinen, T., Lydersen, E.,

Poste, A. E., Amundsen, P.-A., Kashulin, N., Kashulina,
T., Terentyev, P., Christensen, G., & de Wit, H. A. (2019).
Improved environmental status: 50 years of declining fish
mercury levels in boreal and subarctic Fennoscandia.
Environmental Science and Technology, 53, 1834-1843.
https://doi.org/10.1021/acs.est.8b06399

Braaten, H. F. V., Lindholm, M., & de Wit, H. A. (2020). Five
decades if declining methylmercury concentrations in
boreal food webs suggest pivotal role for sulphate deposi-
tion. Science of the Total Environment, 714, 136774.

Bravo, A. G., Bouchet, S., Tolu, J., Bjorn, E., Mateos-Rivera,
A., & Bertilsson, S. (2017). Molecular composition of
organic matter controls methylmercury formation in
boreal lakes. Nature Communications, 8, 14255. https://
doi.org/10.1038/ncomms 14255

Casselman, J. M. (1996). Age, growth and environmental
requirements of pike. In J. F. Craig (Ed.), Pike: Biology
and exploitation (pp. 69-101). Chapman & Hall.

Couture, R.-M., de Wit, H., Tominaga, K., Kiuru, P., & Mar-
kelov, I. (2015). Oxygen dynamics in a boreal lake
responds to long-term changes in climate, ice phenology,
and DOC inputs. Journal of Geophysical Research: Bio-
geosciences, 120, 2441-2456.

de Wit, H. A., Stoddard, J. L., Monteith, D. T., Sample, J. E.,
Austnes, K., Couture, S., Folster, J., Higgins, S. N., Houle,
D., Hruska, J., Kram, P., Kopacek, J., Paterson, A. M.,
Salar, V., Van Dam, H., Vuorenmaa, J., & Evans, C. D.
(2021). Cleaner air reveals growing influence of climate
on dissolved organic carbon trends in northern headwa-
ters. Environmental Research Letters, 16, 104009.

Eagles-Smith, C. A., Silbergeld, E. K., Basu, N., Bustamante,
P., Diaz-Barriga, F., Hopkins, W. A., Kidd, K. A, &
Nyland, J. F. (2018). Modulators of mercury risk to wild-
life and humans in the context of rapid global change.
Ambio, 47, 170-197.

Ecke, F., Levanoni, O., Audet, J., Carlson, P., Eklof, K., Hart-
man, G., McKie, B., Ledesma, J., Segersten, J., Truchy,
A., & Futter, M. (2017). Meta-analysis of environmental
effects of beaver in relation to artificial dams. Environ-
mental Research Letters, 12, 113002.

Eckley, C. S., Watras, C. J., Hintelmann, H., Morrison, K.,
Kent, A. D., & Regnell, O. (2005). Mercury methyla-
tion in the hypolimnetic waters of lakes with and without
connection to wetlands in northern Wisconsin. Canadian
Journal of Fisheries and Aquatic Sciences, 62,400—411.

Eklof, K., Bishop, K., Bertilsson, S., Bjorn, E., Buck, M., Sky-
llberg, U., et al. (2018). Formation of mercury methyla-
tion hotspots as a consequence of forestry operations. Sci-
ence of the Total Environment, 613—-614, 1069-1078.

EU (2006). Setting maximum levels for certain contaminants in
foodstuffs. Commission Regulation No 1881/2006.

Forsstrom, L., Roiha, T., & Rautio, M. (2013). Responses of
microbial food web to increased allochthonous DOM in
an oligotrophic subarctic lake. Aquatic Microbial Ecology,
68, 171-184. https://doi.org/10.3354/ame01614

Gandhi, N., Tang, R. W. K., Bhavsar, S. P, & Arhonditsis,
G. B. (2014). Fish mercury levels appear to be increas-
ing lately: A report from 40 years of monitoring in the
province of Ontario, Canada. Environmental Science and
Technology, 48, 5404-5414.

@ Springer


https://doi.org/10.1007/s10533-010-9473-y
https://doi.org/10.1016/j.scitotenv.2020.1381990048-9697
https://doi.org/10.1016/j.scitotenv.2021.152420
https://doi.org/10.1021/acs.est.8b06399
https://doi.org/10.1038/ncomms14255
https://doi.org/10.1038/ncomms14255
https://doi.org/10.3354/ame01614

85 Page 16 of 18

Water Air Soil Pollut (2024) 235:85

Garcia, E., & Carignan, R. (2000). Mercury concentrations in
northern pike (Esox lucius) from boreal lakes with logged,
burned, or undisturbed catchments. Canadian Journal of
Fisheries and Aquatic Sciences, 57(Suppl. 2), 129-135.

Gothberg, A. (1983). Intensive fishing - A way to reduce the
mercury level in fish. Ambio, 12,259-261.

Hongve, D., Haaland, S., Riise, G., Blakar, 1., & Norton, S.
(2012). Decline of acid rain enhances mercury concentra-
tions in fish. Environmental Science and Technology, 46,
2490-2491.

Heiskary, S. A., & Helwig, D. D. (1986). Mercury levels in
northern pike, Esox lucius, relative to water chemistry in
northern Minnesota lakes. Lake and Reservoir Manage-
ment, 2, 33-37.

Hrabik, T. R., & Watras, C. J. (2002). Recent declines in mer-
cury concentration in a freshwater fishery isolating the
effects of de-acidification and decreased atmospheric mer-
cury deposition in Little Rock Lake. Science of the Total
Environment, 297, 229-2317.

Hisénen, E. & Sjoblom, V. (1968). Kalojen elohopeapitoisuus
Suomessa vuonna 1967 (Mercury concentrations of fish in
Finland in 1967). Suomen Kalatalous 36, 1-24. (in Finn-
ish, with an English summary).

Iverfeldt, A. (1991). Occurrence and turnover of atmospheric
mercury over the Nordic countries. Water, Air, and Soil
Pollution, 56, 251-265.

Jylhd, K., Laapas, M., Ruosteenoja, K., Arvola, L., Drebs, A.,
Kersalo, J., et al. (2014). Climate variability and trends
in the Valkea-Kotinen region, southern Finland: Com-
parisons between the past, current and projected climates.
Boreal Environment Research, 19(Supplement A), 4-30.

Kahilainen, K. K., Thomas, S. M., Keva, O., Hayden, B.,
Knudsen, R., Eloranta, A. P., et al. (2016). Seasonal die-
tary shift to zooplankton influences stable isotope ratios
and total mercury concentrations in Arctic charr (Salveli-
nus alpinus (L.)). Hydrobiologia, 783, 47-63.

Kahilainen, K. K., Thomas, S. M., Nystedt, E. K. M., Keva,
0., Malinen, T., & Hayden, B. (2017). Ecomorphological
divergence drives differential mercury bioaccumulation in
polymorphic European whitefish (Coregonus lavaretus)
populations of subarctic lakes. Science of the Total Envi-
ronment, 599-600, 1768-1778.

Karhunen, J., Arvola, L., Peura, S., & Tiirola, M. (2013).
Green sulphur bacteria as a component of the photosyn-
thetic plankton community in small dimictic humic lakes
with an anoxic hypolimnion. Aquatic Microbial Ecology,
68, 267-272.

Karimi, R., Chen, C. Y., & Folt, C. L. (2016). Comparing
nearshore benthic and pelagic prey as mercury sources
to lake fish: The importance of prey quality and mercury
content. Science of the Total Environment, 565, 211-221.

Keller, W., Yan, N. D., Gunn, J. M., & Heneberry, J. (2007).
Recovery of acidified lakes: Lessons from Sudbury,
Ontario, Canada. Water, Air, and Soil Pollution: Focus, 7,
317-322.

Keva, O., Hayden, B., Harrod, C., & Kahilainen, K. K. (2017).
Total mercury concentrations in liver and muscle of Euro-
pean whitefish (Coregonus lavaretus (L.)) in a subarctic
lake - Assessing the factors driving year-round variation.
Environmental Pollution, 231, 1518-1528.

@ Springer

Kivinen, S., Nummi, P., & Kumpula, T. (2020). Beaver-induced
spatiotemporal patch dynamics affect landscape-level
environmental heterogeneity. Environmental Research
Letters, 15(9), 094065.

Kortelainen, P., Mannio, J., & Pennanen, V. (1986). Character-
istics of the organic allochthonous matter of Finnish forest
lakes and reservoirs. Publications of the Water Research
Institute, National Board of Waters, Finland, 65, 88-97.

Kozak, N., Ahonen, S. A., Keva, O., @stbye, K., Taipale, S. J.,
Hayden, B., & Kahilainen, K. K. (2021). Environmental
and biological factors are joint drivers of mercury bio-
magnification in subarctic lake food webs along a climate
and productivity gradient. Science of the Total Environ-
ment, 779, 146261. https://doi.org/10.1016/j.scitotenv.
2021.146261

Kozak, N., Kahilainen, K. K., Pakkanen, H. K., Hayden, B.,
@stbye, K., & Taipale, S. J. (2023). Mercury and amino
acid content relations in northern pike (Esox lucius) in
subarctic lakes along a climate-productivity gradient.
Environmental Research, 233, 116511. https://doi.org/10.
1016/j.envres.2023.116511

Lavoie, R. A., Jardine, T. D., Chumchal, M. M., Kidd, K. A., &
Campbell, L. M. (2013). Biomagnification of mercury in
aquatic food webs: A worldwide meta-analysis. Environ-
mental Science & Technology, 47, 13385-13394.

Lavigne, M., Lucotte, M., & Paquet, S. (2010). Relationship
between mercury concentration and growth rates for wall-
eyes, northern pike, and lake trout from Quebec lakes.
North American Journal of Fisheries Management, 5,
1221-1237.

Lehtonen H., Estlander S., Horppila J., Nurminen L., Olin
M., Rask M., Ruuhijarvi J. & Tiainen J. (2017). Preface
to the Special Issue “Ecologically sustainable fishing”:
Project KESKALA background, objectives and conclu-
sions. Boreal Environment Research 22 (Special issue 1),
115-118.

Lescord, G. L., Johnston, T. A., Branfireun, B. A., & Gunn, J.
M. (2018). Percentage of methylmercury in the muscle
tissue of freshwater fish varies with body size and age and
among species. Environmental Toxicology and Chemistry,
37,2682-2691.

Levanoni, O., Bishop, K., Mckie, B. G., Hartman, G., EkIof,
K., & Ecke, F. (2015). Impact of beaver pond coloniza-
tion history on methylmercury concentrations in sur-
face water. Environmental Science and Technology, 49,
12679-12687.

Lindestrom, L. (2001). Mercury in sediment and fish commu-
nities of Lake Vinern, Sweden: Recovery from contami-
nation. Ambio, 30, 538-544.

Lodenius, M. (1991). Mercury concentrations in an aquatic
ecosystem during twenty years following abatement
the pollution source. Water, Air, and Soil Pollution, 56,
323-332.

Madenjian, C. P., Blanchfield, P. J., Hrenchuk, L. E., & van
Walleghem, J. L. A. (2014). Mercury elimination rates for
adult northern pike Esox lucius: Evidence for a sex effect.
Bulletin of Environmental Contamination and Toxicology,
93, 144-148. https://doi.org/10.1007/S00128-014-1256

Monteith, D. T., Stoddard, J. L., Evans, C. D., de Wit, H. A.,
Forsius, M., Hggasen, T., et al. (2007). Dissolved organic


https://doi.org/10.1016/j.scitotenv.2021.146261
https://doi.org/10.1016/j.scitotenv.2021.146261
https://doi.org/10.1016/j.envres.2023.116511
https://doi.org/10.1016/j.envres.2023.116511
https://doi.org/10.1007/S00128-014-1256

Water Air Soil Pollut (2024) 235:85

Page 17 0f 18 85

carbon trends resulting from changes in atmospheric dep-
osition chemistry. Nature, 450, 537-540.

Moslemi-Aqdam, M., Low, G., Low, M., Branfireun, B. A.,
& Swanson, H. K. (2021). Catchments affect growth rate
of northern pike, Esox lucius, in subarctic lakes. Aquatic
Sciences, 83, 1-14. https://doi.org/10.1007/S00027-021-
00817-4/FIGURES/5

Moslemi-Aqdam, M., Baker, L., Baltzer, J., Branfireun, B.,
Evans, M., Laird, B., Low, G., Low, M., & Swanson,
H. K. (2022). Understanding among-lake variability of
mercury concentrations in northern pike (Esox lucius):
A whole-ecosystem study in subarctic lakes. Science of
the Total Environment, 822, 153430. https://doi.org/10.
1016/J.SCITOTENV.2022.153430

Moslemi-Aqdam, M., Low, G., Low, M., Laird, B. D., Bran-
fireun, B. A., & Swanson, H. K. (2023). Estimates, spatial
variability, and environmental drivers of mercury biomag-
nification rates through lake food webs in the Canadian
subarctic. Environmental Research, 217, 114835. https:/
doi.org/10.1016/j.envres.2022.114835

Nummi, P., Vehkaoja, M., Pumpanen, J., & Ojala, A. (2018).
Beavers affect carbon biogeochemistry: Both short-term
and long-term processes are involved. Mammal Review,
48,298-311.

Nummi, P., Liao, W., van der Schoor, J., & Loehr, J. (2021).
Beaver creates early successional hotspots for water bee-
tles. Biodiversity and Conservation, 30, 2655-2670.

Olin, M., Rask, M., Estlander, S., Horppila, J., Nurminen, L.,
Tiainen, J., Vinni, M., & Lehtonen, H. (2017). Roach
(Rutilus rutilus) populations respond to varying environ-
ment by altering size structure and growth rate. Boreal
Environment Research, 22(Special Issue 1), 119-136.

Olin, M., Tiainen, J., Rask, M., Vinni, M., Nyberg, K., &
Lehtonen, H. (2017). Effects of non-selective and size-
selective fishing on perch populations in a small lake.
Boreal Environment Research, 22(Special Issue 1),
137-155.

Painter, K. J., Westbrook, C. J., Hall, B. D., O’Driscoll, N.
J., & Jardine, T. D. (2015). Effects of in-channel beaver
impoundments on mercury bioaccumulation in Rocky
Mountain stream food webs. Ecosphere, 6, 194. https://
doi.org/10.1890/ES15-00167.1

Porvari, P. (1998). Development of fish mercury concentrations
in Finnish reservoirs from 1979 to 1994. Science of the
Total Environment, 213, 279-290.

Porvari, P., Verta, M., Munthe, J., & Haapanen, M. (2003).
Forestry practices increase mercury and methylmercury
output from boreal forest catchments. Environmental Sci-
ence and Technology, 37, 2389-2393.

Rask, M., & Metsild, T.-R. (1991). Mercury concentrations
in northern pike, Esox lucius L. in small lakes of Evo
Area, southern Finland. Water, Air, and Soil Pollution, 56,
369-378.

Rask, M., Arvola, L., & Salonen, K. (1993). Effects of catch-
ment deforestation and burning on the limnology of a
small forest lake in southern Finland. Verhandlungen des
Internationale Vereinigung fur Limnologie, 25, 525-528.

Rask, M., Metsild, T.-R., & Salonen, K. (1994). Mercury in
the food chains of a small polyhumic forest lake in south-
ern Finland. In C. J. Watras & J. W. Huckabee (Eds.),

Mercury pollution: Integration and synthesis (pp. 409—
416). Lewis Publishers.

Rask, M., Jarvinen, M., Kuoppamiki, K., & Pdysd, H. (1996).
Limnological responses to the collapse of the perch pop-
ulation in a small lake. Annales Zoologici Fennici, 33,
517-524.

Rask, M., Jones, R. I., Jarvinen, M., Paloheimo, A., Salonen,
M., Syviranta, J., et al. (2007). Changes in fish mercury
concentrations over 20 years in an acidified lake sub-
ject to experimental liming. Applied Geochemistry, 22,
1229-1240.

Rask, M., Verta, M., Korhonen, M., Salo, S., Forsius, M.,
Arvola, L., Jones, R. 1., & Kiljunen, M. (2010). Does lake
thermocline depth affect methyl mercury concentrations
in fish? Biogeochemistry, 101, 311-322. https://doi.org/
10.1007/s10533-010-9487-5

Rask, M., Arvola, L., Forsius, M., & Vuorenmaa, J. (2014).
Preface to the special issue: Integrated monitoring in
Valkea-Kotinen Catchment during 1990-2009: Abiotic
and biotic responses to changes in air pollution and cli-
mate. Boreal Environment Research, 19(Supplement A),
1-3.

Rask, M., Sairanen, S., Vesala, S., Arvola, L., Estlander, S.,
& Olin, M. (2014). Population dynamics and growth
of perch in a small, humic lake over a 20-year period
— Importance of abiotic and biotic factors. Boreal Envi-
ronment Research, 19(Supplement A), 112—123.

Rask, M., Malinen, T., Olin, M., Nyberg, K., Ruuhijarvi, J.,
Kahilainen, K. K., Verta, M., Vuorenmaa, J., Blauberg,
T.-R., & Arvola, L. (2021). High mercury concentra-
tions of European perch (Perca fluviatilis) in boreal
headwater lakes with variable history of acidification
and recovery. Water, Air, and Soil Pollution, 232, 382.
https://doi.org/10.1007/s11270-021-05303-z

Ruoho-Airola, T., Hatakka, T., Kyllonen, K., Makkonen,
U., & Porvari, P. (2014). Temporal trends in the bulk
deposition and atmospheric concentration of acidifying
compounds and trace metals in the Finnish integrated
monitoring catchment Valkea-Kotinen during 1988-—
2011. Boreal Environment Research, 19(Supplement A),
31-46.

Sharma, C. M., Borgstrom, R., Huitfeldt, J., & Rosseland,
B. O. (2008). Selective exploitation of large pike Esox
lucius-effects on mercury concentrations in fish popula-
tions. Science of the Total Environment, 399, 33—40.

Streets, D. G., Horowitz, H. M., Jacob, D. J., Lu, Z., Levin,
L., ter Schure, A. F. H., & Sunderland, E. M. (2017).
Total mercury released to the environment by human
activities. Environmental Science & Technology, 51,
5969-5977.

Stroup, W. (2013). Generalized linear mixed models, modern
concepts, method and applications. Chapman & Hall/
CRC.

Tammi, J., Appelberg, M., Hesthagen, T., Beier, U., Lap-
palainen, A., & Rask, M. (2003). Fish status survey of
Nordic lakes: Effects of acidification, eutrophication and
stocking activity on present fish species composition.
Ambio, 32, 98-105.

Tiainen, J. (2017). Let there be pike! Effects of fishing on the
dynamics of pike (Esox lucius) populations. PhD thesis,
University of Helsinki.

@ Springer


https://doi.org/10.1007/S00027-021-00817-4/FIGURES/5
https://doi.org/10.1007/S00027-021-00817-4/FIGURES/5
https://doi.org/10.1016/J.SCITOTENV.2022.153430
https://doi.org/10.1016/J.SCITOTENV.2022.153430
https://doi.org/10.1016/j.envres.2022.114835
https://doi.org/10.1016/j.envres.2022.114835
https://doi.org/10.1890/ES15-00167.1
https://doi.org/10.1890/ES15-00167.1
https://doi.org/10.1007/s10533-010-9487-5
https://doi.org/10.1007/s10533-010-9487-5
https://doi.org/10.1007/s11270-021-05303-z

85 Page 18 of 18

Water Air Soil Pollut (2024) 235:85

Tiainen, J., Olin, M., Lehtonen, H., Nyberg, K., & Ruuhijérvi,
J. (2017). The capability of harvestable slot-length limit
regulation in conserving large and old pike (Esox lucius).
Boreal Environment Research, 22, 169—186.

Travnikov, O., Ilyin, I., Rozovskaya, O., Varygina, M., Aas, W.,
Uggerud, H.T. et al. (2012). Long-term changes of heavy
metal transboundary pollution of the environment (1990-
2010). EMEP contribution to the revision of the Heavy
Metal Protocol. EMEP MSC-E & CCC & CEIP Status
Report 2/2012.

Ullrich, S. M., Tanton, T. W., & Abdrashitova, S. A. (2001).
Mercury in the aquatic environment: A review of factors
affecting methylation. Critical Reviews in Environmental
Science and Technology, 31,241-293.

Vehkaoja, M., Nummi, P., Rask, M., & Arvola, L. (2015). Spa-
tiotemporal dynamics of boreal landscapes with ecosys-
tem engineers: Beavers influence the biogeochemistry of
small lakes. Biogeochemistry, 124, 405-415. https://doi.
org/10.1007/s10533-015-0105-4

Verta, M. (1990). Changes in fish mercury concentrations in
an intensively fished lake. Canadian Journal of Fisheries
and Aquatic Sciences, 47, 1888—1897.

Verta, M., Mannio, J., livonen, P., Hirvi, J.-P., Jirvinen, O., &
Piepponen, S. (1990). Trace metals in Finnish headwater
lakes — Effects of acidification and airborne load. In P.
Kauppi, P. Anttila, & K. Kenttdmies (Eds.), Acidification
in Finland (pp. 883-908). Springer-Verlag.

Verta, M., Salo, S., Korhonen, M., Porvari, P., Paloheimo, A.,
& Munthe, J. (2010). Climate induced thermocline change
has an effect on methyl mercury cycle in small boreal
lakes. Science of the Total Environment, 408, 3639-3647.

Vuorenmaa, J. (2004). Long-term changes of acidifying depo-
sition in Finland (1973-2000). Environmental Pollution,
128, 351-362.

Vuorenmaa, J., Forsius, M., & Mannio, J. (2006). Increasing
trends in total organic carbon concentrations in small for-
est lakes in Finland from 1987 to 2003. Science of the
Total Environment, 365, 47-65.

Vuorenmaa, J., Salonen, K., Arvola, L., Mannio, J., Rask, M.,
& Horppila, P. (2014). Water quality of a small headwater

@ Springer

lake reflects long-term variations in deposition, climate
and in-lake processes. Boreal Environment Research,
19(Supplement A), 47-65.

Wang, F., Outridge, P. M., Feng, X., Meng, B., Heimbiirger-
Boavida, L.-E., & Mason, R. P. (2019). How closely do
mercury trends in fish and other aquatic wildlife track
those in the atmosphere? — Implications for evaluating the
effectiveness of the Minamata Convention. Science of the
Total Environment, 674, 58-70.

Wiingberg, 1. Aspmo., Pfafthuber, K., Berg, T., Hakola, H.,
Kyllonen, K., Munthe, J., et al. (2010). Atmospheric and
catchment mercury concentrations and fluxes in Fennos-
candia. TemaNord, 2010(594), 1-56.

Westfall, P. H. (1997). Multiple testing of general contrasts
using logical constraints and correlations. Journal of
the American Statistical Association, 92(437), 299-306.
https://doi.org/10.1080/01621459.1997.1047362

Wau, P, Bishop, K., von Bromssen, C., Eklof, K., Futter, M.,
Hultberg, H., et al. (2018). Does forest harvest increase
the mercury concentrations in fish? Science of the Total
Environment, 622-623, 1353-1362.

Wyn, B., Kidd, K. A., Burgess, N. M., Curry, R. A, &
Munkittrick, K. R. (2010). Increasing mercury in yel-
low perch at a hotspot in Atlantic Canada, Kejimkujik
National Park. Environmental Science and Technology,
44,9176-9181.

Yu, X., Driscoll, C. T., Montesdeoca, M., Evers, D., Duron,
M., Williams, K., et al. (2011). Spatial patterns of mer-
cury in biota of Adirondack, New York lakes. Ecotoxicol-
0gy, 20, 1543-1554.

Akerblom, S., Bignert, A., Meili, M., Sonesten, L., & Sund-
bom, M. (2014). Half a century of changing mercury lev-
els in Swedish freshwater fish. Ambio, 43, 91-103.

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.


https://doi.org/10.1007/s10533-015-0105-4
https://doi.org/10.1007/s10533-015-0105-4
https://doi.org/10.1080/01621459.1997.1047362

	Pike Mercury Concentration in Small Boreal Headwater Lakes During Four Decades of Regional and Local Changes
	Abstract 
	1 Introduction
	2 Material and Methods
	2.1 Study Lakes
	2.2 Sampling of Fish
	2.3 Mercury Analyses
	2.4 Statistical Analyses

	3 Results
	3.1 No Consistent Change in the Mean Pike THg During 1983–2013
	3.2 Pike THg and Lake Characteristics
	3.3 Lake-Specific Responses in Pike THg

	4 Discussion
	4.1 Browning of Lakes
	4.2 Acidified Lakes
	4.3 Beavers
	4.4 Intensive Fishing
	4.5 Forest Management
	4.6 Climate Change
	4.7 Concluding Remarks

	Acknowledgements 
	References


