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Abstract High dissolved organic carbon and low
pH are often associated with elevated mercury con-
tent of fish in boreal lakes, but less is known about
the fish mercury dynamics in lakes recovering from
acidification stress. We measured total mercury
concentration (THg) in muscle of European perch
(Perca fluviatilis) and evaluated the overall correla-
tion with environmental and growth variables in 24
boreal headwater lakes in the 2010s. We found nega-
tive correlations of length-corrected perch THg with
lake pH and perch growth, but no correlation with
dissolved organic carbon. The main emphasis in the
present study was focused to a subset of ten lakes
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in southern Finland with known perch THg during
severe acidification in the 1980-1990s. The compar-
ison of perch THg concentrations in the 2010s with
values determined in the 1980-1990s showed a sharp
increase in most acidic lakes where the perch popu-
lations suffered from severe acid stress in the 1980s.
This increase was attributed to growth condensation
caused by sharp decrease in perch growth during
recovery of reproduction capacity and the consequent
increases in population densities of perch. Our results
highlight the importance of perch growth rate and
population density for understanding the variability
of fish Hg in boreal headwater lakes, where recovery
from acidification can lead to higher mercury concen-
tration of fish in certain cases.

Keywords THg - Low pH - Dissolved organic
carbon - Growth dilution - Population density -
Reproduction failure

1 Introduction

Acidification of poorly buffered boreal and alpine
lakes in the 1900s due to air pollutants resulted in
population declines of several sensitive fish species in
northern Europe, the USA and Canada (Almer et al.,
1974; Baker et al., 1993; Hesthagen et al., 1999).
Tammi et al. (2003) estimated with a postal survey
based on the Fennoscandian water chemistry data
(Henriksen et al., 1998) that acidification-induced
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reproduction failures and subsequent declines and
extinctions of fish populations occurred in more than
10,000 Nordic lakes (Finland, Norway, Sweden).
The estimate for Finland was 1850 fish populations,
out of which 410 were affected perch populations.
This is in line with estimates of critical levels of
acidification for common fish species and modelled
number of lakes that acidified over those levels in
Finland (Rask et al., 1995). A gillnet survey of 80
lakes indicated low fish status in strongly acidified
lakes of southern Finland (Rask & Tuunainen, 1990).
These observations were ascertained with more
detailed studies, including mark and recapture studies
of perch populations in lakes in different degree of
acidification (Lappalainen et al., 1988) and field and
laboratory experiments on survival of perch embryos
in acidic waters (Rask et al., 1990; Vuorinen et al.,
1992). Studies of growth responses in remaining
perch in affected lakes indicated exceptionally high
growth rate in some lakes in conditions of abundant
macroinvertebrate food availability with no food
competition in the scarce perch populations (Nyberg
et al.,, 1995; Raitaniemi et al., 1988; Rask et al.,
2014a). High mercury concentrations have been often
reported in fish from acidified lakes (Greenfield et al.,
2001; Richman et al., 1988), but several studies have
shown that the impacts of acidification or sulphate
deposition on the dynamics of mercury are complex
(Bloom et al., 1991; Wyn et al., 2010; Braaten et al.,
2020; Watras et al., 2020).

International agreements to reduce sulphur emis-
sions led to decreased acid deposition and a subse-
quent gradual increase of lake buffering capacity and
pH (Stoddard et al., 1999; Vuorenmaa & Forsius,
2008) and associated recovery of fish reproduction
(Fjellheim et al., 2007; Keller et al., 2007; Nyberg
et al., 1995). As a consequence of decreased sulphur
deposition, acidity of soil and ionic strength of soil
water have decreased acting through chemically-
controlled organic matter solubility in catchment
soils, and dissolved organic carbon (DOC) loads
from catchments to lakes have increased result-
ing in higher DOC concentrations in lake waters
(Monteith et al., 2007; Vuorenmaa et al., 2006).
Recent changes in climatic conditions, such as
increased precipitation and discharge, are exerting a
greater influence on variation and increasing DOC
concentrations in surface waters (de Wit et al., 2016;
Zwart et al., 2017).
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Increasing DOC levels, often termed lake brown-
ing, have several important consequences in lake
ecosystems including decreased light penetration
in water, increased bacterial activity, reduced fish
production and increased hypolimnetic anoxia (e.g.
Arvola et al., 2014; Creed et al., 2018; Rask et al.,
2014b). Because DOC compounds form complexes
with metals, including Hg, the mercury load from
catchments to lakes has increased which may result
in increased mercury in fish in some lakes (Braaten
et al.,, 2014a; Driscoll et al., 1995; Hongve et al.,
2012). However, the mercury content of fish muscle
is the outcome of a combination of deposition, envi-
ronmental and biotic variables, and those are often
region- and lake-specific. Recovery of boreal lakes
from acidification provides an opportunity to evaluate
the underlying factors behind mercury content of fish
muscle (Braaten et al., 2020; Hrabik & Watras, 2002;
Watras et al., 2006).

Atmospheric mercury originates from both natu-
ral and anthropogenic sources, of which the latter has
been increasingly dominant since the industrial revo-
Iution (Chen et al., 2018; Pacyna et al., 2010; Streets
et al., 2011). After the Minamata Bay accident, there
was increasing interest in measuring fish mercury
content globally, including in the industrial regions of
northern Europe and North America. In Finland, fish
mercury concentrations up to 5-6 mg kg™ (ww) were
recorded due to industrial pollution in the late 1960s
(Hisdnen & Sjoblom, 1968). Since then, the fish Hg
concentrations in Nordic countries have decreased
due to the ban of the use of Hg as a slimecide in the
pulp and paper industry and due to the considerable
reductions in Hg discharges from chloralkali plants
(e.g. Akerblom et al., 2014; Lodenius, 1991; Verta,
1990a). In a Finnish fish mercury survey in the early
2000s, a significant decreasing trend of pike (Esox
lucius L.) mercury was recorded in lakes subject to
industrial pollution in earlier decades (Paloheimo,
2005). However, in headwater lakes, where mercury
mainly originates from atmospheric deposition to the
catchment and to the lake surface, the Hg concentra-
tions of pike had remained at similarly high levels as
recorded in earlier surveys (Paloheimo, 2005). Taking
into account the decrease in mercury emissions from
European sources during the early 1990s (Travnikov
et al., 2012), records of the decreases in surface sedi-
ment Hg concentrations (Mannio, 2001) and reduc-
tions in mercury deposition since the early 1990s
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(Ilyin et al., 2015; Ruoho-Airola et al., 2014; Wingberg
et al., 2010), lowered fish mercury concentrations could
have been expected (Braaten et al., 2019).

Mercury bioaccumulates in organisms and bio-
magnifies in aquatic food webs in the form of meth-
ylmercury (MeHg) which may enter lakes through
precipitation, watershed runoff and in-lake and catch-
ment methylation of inorganic Hg (Morel et al., 1998;
Ullrich et al., 2001). The relative importance of these
different sources varies depending on the amount
of deposition, lake type and catchment hydrology
(Rudd, 1995). Eckley et al. (2005) suggested that in-
lake methylation of Hg can be more important than
MeHg transport from the drainage basin, in spite of
the dominance of wetlands in lake catchments. How-
ever, intensive forestry-related land use in boreal
catchments may increase both methylation hot-spots
as well as run-off of historical wetland mercury
via machinery wheel tracks and ditching activities
(Ahonen et al., 2018; Eklof et al., 2018).

Mercury in water is predominately methylated by
sulphate reducing bacteria (SRB) under anoxic con-
ditions (Choi et al., 1994; Ullrich et al., 2001). SRB
occur commonly in the chemocline of oxygen-strati-
fied headwater lakes in Finland (Arvola et al., 1992;
Karhunen et al., 2013) resulting in increased MeHg
concentrations below the oxycline of the lakes (Verta
et al., 2010). The biomagnification potential of MeHg
in aquatic food webs is much higher than that of total
mercury (THg), illustrated by an increasing propor-
tion of MeHg along food chains from phytoplank-
ton ¢. 15%, to zooplankton c. 30% to fish c. 90-95%
(Watras et al., 1995, 1998). In fish muscle tissue, THg
can be efficiently used as a proxy for MeHg concen-
tration (Downs et al., 1998; Lescord et al., 2018).

In addition to differences in lake and catchment
characteristics and in-site specific mercury dynam-
ics (Parkman & Meili, 1993; Richman et al., 1988;
Simonin et al., 2008), the structure and function of
food webs affect the bioaccumulation of mercury into
fish (Futter, 1994; Rask et al., 1996; Yu et al., 2011).
Increasing trophic position and pelagic energy sources
are often related to higher mercury content of fish
(Kahilainen et al., 2016; Karimi et al., 2016). This is
the case with the European perch, Perca fluviatilis L.
(Braaten et al., 2014b; Kraemer et al., 2012), which
is a generalist carnivore characterized by ontogenetic
diet shift from zooplankton to macroinvertebrates

and fish (Allen, 1935; Estlander et al., 2010). Given
the rapid changes in food web structure in recover-
ing acidified lakes, including population and growth
responses of fish (Keller et al., 2007; Nyberg et al.,
2010; Rask et al., 2014a), further increase in the vari-
ability in fish mercury concentrations can be expected.
We studied water chemistry, perch growth and
perch mercury content in 24 small acid-sensitive
boreal headwater lakes in southern Finland to test the
main underlying correlations. We predicted a negative
correlation of fish THg content with pH and growth
rate, but a positive correlation with DOC (Driscoll
et al., 1995; Watras et al., 1995). In 10 of the lakes,
perch mercury concentrations had been measured dur-
ing the 1980-1990s (Metsild & Rask, 1989), and from
these lakes with variable history of acidification and
recovery, we predicted decreased THg in perch mus-
cle as pH has increased and deposition of sulphate and
mercury decreased (Ruoho-Airola et al., 2014).

2 Material and Methods
2.1 Study Area

For the present study, we sampled 24 natural headwa-
ter lakes for perch THg. All the lakes are in southern
Finland, mainly in conservation or nature manage-
ment areas with limited land-use activity. The catch-
ment areas of the lakes are relatively small and com-
prise a mixture of coniferous and deciduous boreal
forest and peatland or rocky landscape. The lakes are
small with surface area between 1 and 43 ha, maxi-
mum depth 3-19 m, and altitude 16-156 m above sea
level (Table 1). Water quality data were obtained from
the databases of the Department of Environmental Sci-
ences and Lammi Biological Station, University of
Helsinki, and from the Finnish Environment Institute
(http://www.syke.fi/open_data). The lakes are acidic
with a pH-range 4.6-6.4 and alkalinity from—0.05
to 0.1 mmol 17! during the autumn turn over. Water
colour and DOC ranged from 15-395 mg Pt 1-! and
2.9-24.5 mg 17!, respectively (Table 1). Sixteen
of the 24 lakes have a known history of acidifica-
tion and recovery from acidification (Forsius et al.,
1990; Mannio, 2001; Vuorenmaa & Forsius, 2008),
browning (Vuorenmaa et al., 2006), fish responses to
acidification and recovery (Lappalainen et al., 1988;
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Tammi et al., 2004) and growth responses of perch
(Nyberg et al., 2010; Raitaniemi et al., 1988; Rask
et al., 2014a). For ten lakes, perch mercury concentra-
tions were also available from the years of strong acidi-
fication in 1980s and 1990s (Metsild & Rask, 1989).
Four of these lakes suffered from severe acidification
in those years, including perch population and growth
responses (Raitaniemi et al., 1988; Rask et al., 2001),
whereas the rest of the lakes acidified only slightly with
no perch population responses (Metséld & Rask, 1989).

2.2 Sampling of Fish

Fish for mercury analyses were caught during
2009-2014 with wire traps, gillnets, and hook and
line (11 to 56 perch per lake, 664 in total, Table 2).
Total length (mm) and weight (g) were measured for
each fish. Samples for mercury analyses were taken

from dorsal white muscle and frozen (—20 °C) until
analysed. Opercular bones of all fishes were taken
for age determination. As fish growth rate is known
to affect mercury bioaccumulation (Gothberg, 1983;
Rask et al., 1996; Verta, 1990b), a simple proxy of
perch growth for each lake was calculated by divid-
ing the mean length of sampled perch by their mean
age (mean annual length increment). For the ten
lakes with perch mercury data from two periods,
1980-1990s and 2010s, the Hg concentrations in
the 2010s were related to the changes in the mean
annual length increment of perch.

2.3 Mercury Analyses
THg concentrations of the perch muscle samples

were determined in the Department of Environmental
Sciences, University of Helsinki, using a Milestone

Table 2 Lake-specific mean total length, weight, age, growth and measured THg values of perch in the 24 lakes of the study

Lake Length  Weight Age  Growth THg measured (ug g7') THg (ugg™') Nofperch N of fish
(cm) (2) (yr) (cm yr’l) average  range 15 cm stand species
Poksynhaara 16.3 47.6 8.3 2.0 0.91 0.36-1.63  0.88 31 2
Teinipussi 14.6 34.9 6.0 25 0.52 0.10-1.13  0.54 33 2
Valkojérvi 19.2 94.6 6.4 3.0 1.23 0.54-2.65 1.07 35 1
Vihi Valkjérvi 17.4 427 9.0 1.9 0.85 0.57-1.17  0.73 11 1
Alinen Mustajiarvi ~ 12.3 18.5 3.0 4.1 0.21 0.12-0.27  0.19 12 2
Suolikas 17.1 66.1 6.9 2.5 0.9 0.36-2.50  0.76 56 3
Pieni Valkojérvi 19.4 84.5 8.3 2.3 0.67 0.13-1.76  0.74 41 1
Ruuhijdrvi 17.2 57.0 5.6 3.1 0.42 0.20-0.77  0.36 36 3
Valkealampi 17.7 63.6 53 33 0.86 0.23-1.71  0.66 31 1
Pieni Lehmélampi  17.8 58.8 6.0 3.0 0.81 0.27-1.39  0.58 12 1
Iso Valkjdrvi 14.4 322 4.0 3.6 0.18 0.12-0.39  0.18 12 2
Valkea-Kotinen 14.6 32.7 4.0 3.7 0.31 0.16-0.61  0.28 12 2
Hauklampi 22.1 123.0 8.0 2.8 0.86 0.48-1.55 0.74 12 1
Orajirvi 15.7 35.8 6.0 2.6 0.71 0.43-0.87  0.66 10 1
Horkkajirvi 12.4 20.9 9.0 14 0.56 0.23-0.80  0.76 12 1
Yli-Falkkilanjérvi 17.3 58.3 54 32 0.81 0.36-1.41  0.73 32 2
Pitkdjérvi 18.3 75.5 5.9 3.1 0.88 0.33-1.78  0.69 47 3
Pitkdlammi 20.8 113.4 53 4.0 0.47 0.18-1.15 0.21 50 3
Horsmajirvi 17.4 71.5 4.7 3.7 0.32 0.14-0.84 0.26 45 4
Kattilajarvi 14.5 31.9 44 33 0.33 0.06-0.76  0.35 30 5
Taka-Haukilammi 15.9 54.2 5.9 2.7 0.51 0.16-1.39 047 33 5
Rahtijérvi 13.0 29.9 4.0 33 0.34 0.19-0.71  0.35 12 6
Vitsjon 20.5 116.6 6.7 3.1 0.68 0.15-2.01  0.38 45 4
Valkea Mustajarvi  15.6 50.5 3.0 5.2 0.21 0.15-0.25  0.20 12 2

Length corrected (to 15 cm) THg values, number of sampled perch and number of fish species per lake are also given

@ Springer
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DMA-80 Direct Mercury Analyzer (Milestone
GmbH, Germany) and results given as THg (mg kg™!)
in wet weight of fish (ww). Certified reference mate-
rials, DORM-4 fish protein (National Research Coun-
cil, Canada, mercury concentration of 0.410 mg kg™")
or cod muscle, CRM 422 (EC Community Bureau of
Reference, mercury concentration of 0.559 mg kg™!),
were used for quality assurance of the analyses at the
beginning and end of each run. Two replicate sub-
samples (ww 0.1-0.25 g) from each fish sample were
analysed, and the mean concentrations of duplicates
were used in subsequent data analyses.

For comparisons of lakes in 2009-2014, the meas-
ured THg concentrations of individual perch (n>30)
were standardized to 15 cm total length using lake-
specific linear regression models. For lakes with a
smaller fish sample (n <30), a simple linear relation-
ship between mercury concentration and fish length
was assumed. For 10 lakes, historical mercury data
during acidification had been measured with a Perkin
Elmer Coleman MAS-50 analyzer (Metsédld & Rask,
1989). For quality control, see Verta (1990a) and
Rask et al. (2007).

The effects of time period (1983-1994 wvs.
2013-2014), lake and perch length (covariate) and
their interactions on THg concentration was tested
with ANCOVA. To normalize variances, Hg con-
centration and perch length were In-transformed
and results presented as geometric mean values.
Tukey—Kramer’s test was used for pairwise com-
parisons. Results were considered significant, when
p<0.05.

3 Results

3.1 Perch THg Content and Correlations with
Environmental and Biotic Variables During the
2010s

The measured average concentration of THg in perch
from 24 lakes varied between 0.18 and 1.23 mg kg™
(ww) (Table 2). Individual perch THg ranged from
0.06 to 2.65 mg Hg kg~! and concentrations>1 mg
Hg kg~' were detected from 14 lakes. The high-
est THg concentrations of >2 mg kg~! were meas-
ured from four large (total length 31-36 cm) and
old (10-11 years) individuals in three different lakes
(Table 2).

@ Springer

Relating the length-corrected average THg con-
centrations of perch to lake water quality parameters
resulted in significant correlation with pH (Fig. 1a)
and alkalinity, but not with water colour, DOC
(Fig. 1b), total nutrients or calcium (Table 3). THg
had a significant inverse relation to the average annual
length increment of perch (r=0.7, p <0.001, Fig. 1c).

Among the 16 lakes with known fish population
responses to acidification, the highest perch THg
concentrations were recorded in the lakes that had
suffered from severe fish population damage in the
1980s, including reproduction failures and changes in
population structure and growth of perch and/or dis-
appearance of roach (Rutilus rutilus L.). The present
data contained seven such lakes with mean perch THg
concentration 0.71-1.07 mg kg™'. In the nine lakes of
known fish population status without acidification-
induced perch population responses in the 1980s,
the mean THg concentration was significantly lower,
between 0.21 and 0.68 mg kg™ (r= —6.92, df=14,
p<0.001, Fig. 1d).

3.2 Perch THg Content During Acidification and
Recovery

A comparison of perch THg concentrations in
the 2010s with those measured in ten lakes in the
1980-1990s (Table 4) indicated increased levels in
seven out of ten examined lakes. The four clearest
lakes Hauklampi, Pieni Lehméilampi, Orajédrvi and
Vihi Valkjirvi (water colour <50 mg Pt L™!) showed
the highest increase in perch THg, up to>3 X from
the 1980-1990s to the 2010s (Fig. 2). These four
lakes suffered from severe acidification-induced perch
population crash in the 1980s (Fig. 3) but have since
recovered with a pH increase of ca. 0.5 units, whereas
in three humic lakes, the alkalinity even decreased
due to increased organic acidity in the course of
browning of the lakes (Table 5). In five lakes, the
increase in perch mercury was statistically significant
(Tukey—Kramer’s test, Table 6), and only one of them
(Valkea-Kotinen) was humic (water colour>50 mg
Pt L™!). Clear water Lake Iso Valkjirvi was the only
lake with a statistically significant decrease in perch
THg.

There was a significant negative correlation
between the perch THg concentrations in the 2010s
and the change in average annual length increment
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Fig. 1 The relation of 15 cm length-standardized THg con-
centration of perch to a lake pH, b DOC and ¢ mean annual
length increment of the fish in 24 lakes. d The perch THg
(mean+SD, 15 cm length-standardized) in lakes with known
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history of acidification-induced fish responses. No effect=no
perch population responses to acidification recorded (n=9).
Strong effect=reproduction failures and changes in population
structure and growth of perch or disappearance of roach (n="7)

Table 3 Correlations (r)

Perch THg Alk Colour DOC Tot.tN Tot. P Ca

between length-corrected
THg values of perch and Perch THg 1.00
water quality parameters in _
the 24 study lakes pH 0.52 1.00

Alk -0.50 0.88 1.00

Colour —0.01 —0.11 0.25 1.00

DOC 0.01 —-0.20 0.09 0.87 1.00

Tot. N 0.06 —0.30 -0.07 0.60 0.79 1.00

Tot. P —0.11 —0.19 0.10 0.83 0.74 0.51 1.00

Ca —-0.30 0.51 0.76 0.73 0.47 0.10 0.55 1.00

Significant correlations in bold

between the two sampling periods, 1980-1990s
and 2010s (r=0.7, p<0.05, Fig. 4). In those lakes,
where the annual length increment had decreased,
THg was 0.3-0.8 mg kg~!, whereas THg was below
0.3 mg kg~! in the lakes where the annual length
increment had increased.

4 Discussion

The present study clearly demonstrated high perch
mercury concentrations in poorly buffered headwa-
ter lakes in southern Finland. The concentrations
recorded in the present study were 4-5 fold higher
than in eight eutrophicated lakes in the same region

@ Springer
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Table 4 ANCOVA results to test the effects of time period
(1983-1994 vs. 2013-2014), lake and perch length (covariate)
and their interactions on perch THg-concentration

Effect No.df Dendf F Value p>F

Lake 9 182 3.32 <0.001
Time period 1 182 61.89 <0.001
Perch length 1 182 23.21 <0.001
Lake x Time period 9 182 18.09 <0.001
Perch length x Lake 9 182 4.31 <0.001

(Marttila & Roikonen, 2016) with known fish sta-
tus (Olin et al., 2006). Furthermore, in the present
study, the perch mercury concentrations exceeded
the EQS (Ecological Quality Standard) limit of the
European Union (EU) Water Framework Directive
(0.20-0.25 pg g~!' (ww) in Finland depending on
the water colour) in 21 out of 24 lakes (88%) and
the upper limit for human consumption of fish in EU
(0.5 ug g7 in 15 lakes (63%). Perch THg content
was negatively correlated with pH, whereas there was
no correlation with DOC. In fact, growth rate seems
to be a more important determinant of THg content
in perch than any single environmental variable. This
highlights the importance of understanding fish life-
history traits and population dynamics when explain-
ing changes in THg content.

4.1 Perch THg Is Mainly Related to pH and Growth
Rate

Increased concentrations of mercury in water (Braaten
et al., 2018; Watras et al., 1995), sediments (Kainz &
Lucotte, 2006; Mannio, 2001) and fish (Braaten et al.,

2020; Porvari, 1998) have been linked to amount of
dissolved organic matter in lakes. Consequently, the
recent rise of DOC concentrations of lakes has been
considered to be the major reason for increased mer-
cury concentrations in the fish of formerly acidified
lakes (Gandhi et al., 2014; Hongve et al., 2012; Wyn
et al., 2010). In the present study, this is not the case
as the increases in perch mercury were highest in the
clearest lakes that also remained clear (DOC <5 mg
L") from the 1980s to the 2010s. The lack of signifi-
cant correlations between perch THg and DOC was
not surprising in the acid-sensitive headwaters of the
present study, whereas significant negative correla-
tions between lake pH or alkalinity and fish mercury
concentrations have been reported in many related
studies (Bjorklund et al., 1984; Greenfield et al.,
2001; Verta et al., 1990).

One possible explanation for increased perch THg
might have been enhanced bioavailability of mercury
through increased methylation by sulphate-reducing
bacteria (SRB) in anoxic conditions (Eckley et al.,
2005; Ullrich et al., 2001). The importance of oxy-
gen stratification to MeHg dynamics and perch mer-
cury concentrations was shown in a lake-scale ther-
mocline manipulation experiment during 2004-2007
(Arvola et al., 2017; Forsius et al., 2010) where deep-
ening of the thermocline and consequent decrease
in the area of oxycline of a small lake resulted in a
decrease of epilimnetic MeHg concentration in the
water (Verta et al., 2010), followed by a decrease of
THg in small perch (Rask et al., 2010). However,
as two of the four lakes with highest perch mercury
increase between the 1980s and 2010s (Orajéarvi and
Vihi Valkjirvi) are shallow (maximum depth 4.5 and
3 m, respectively) and lack an anoxic hypolimnion,

01980-90s
02010s

Fig. 2 Length-standardized 124
(15 cm) THg concentrations
(geometric mean +95% Ly
c.l.) of perch in ten lakes in % o8
the 1980-1990s and in the £l
2010s. Lakes listed along 2 06-
increasing water colour g
measured in the 2010s o 0.4 4
(Table 5)
0.2
0 1 1
< Q& O
‘gb‘(\ ,®r§ &
\23’0 & [9)
i i
Q'\Q’O\ =

@ Springer

B oS 'S .
R RO ) o R
@ A& @ > S >
$ 9 $ rb* Q_fz}(\ o\\k\-‘"
@ L @ ()
&2 K & N
NS & N



Water Air Soil Pollut (2021) 232: 382

Page90of15 382
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Table 5 Water quality in ten lakes sampled for perch mercury in two time periods, 1980-90 s and 2010s
pH Alkalinity (ueq  Colour (mg Pt ~ DOC (mgL™")  Ptot (ug L") N of perch
L™ L™
Lake 1980s  2010s  1980s 2010s 1980s 2010s 1980s 2010s 1980s 2010s 1980s  2010s
Vihi Valkjirvi 4.47 4.93 —46 -9 5 36 43 52 8.0 8.0 7 11
Pieni Lehmilampi ~ 4.67 5.25 -16 -6 15 20 4.6 5.7 7.0 8.0 10 12
Hauklampi 4.72 5.37 -11 -4 12.5 15 4.5 4.6 9.0 6.0 5 12
Orajirvi 4.9 5.4 -30 5 5 20 1.5 43 6.0 9.0 25 10
Iso Valkjdrvi 4.98 5.28 2 3 77 47 6.5 5.6 18.0 11.0 6 12
Valkea-Kotinen 53 5.3 5 10 122 185 11.3 13.8 20.0 20.0 20 12
Alinen Mustajarvi ~ 5.45 497 20 5 90 156 6.9 8.9 22.0 15.0 5 12
Horkkajérvi 5.54 54 58 32 290 390 13.0 18.2 18.0 21.0 5 12
Rahtijarvi 5.99 6.01 120 104 216 257 10.7 12.0 26.0 17.0 5 12
Valkea Mustajirvi ~ 6.44 6.4 50 75 40 40 53 53 10.0 7.0 7 12

Number of fish samples also given
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Table 6 Results of Tukey— Lake Year!  Year2 Estimate  SE DF  tValue Pr>li

Kramer’s test on within-

lake differences in perch Hauklampi 1985 2013 0.264 0.159 182 1.65 0.100

l’i‘;;f;g ff:;f:ﬁ;g‘if‘;e Pieni Lehmalampi 1986 2013 1165 0119 182 9.82 <0.001

periods Orajiirvi 1994 2014 1.004 0111 182 9.07 <0.001
Vihi Valkjirvi 1986 2013 1.098 0260 182 422 <0.001
Valkea Mustajirvi 1983 2013 0881 0134 182 6.6 <0.001
Iso Valkjirvi 1983 2013 0667 0143 182 —4.67 <0.001
Alinen Mustajarvi 1983 2013 0210 0190 182  —1.1 0271
Valkea Kotinen 1992 2013 0458 0103 182 446 <0.001
Rahtijiirvi 1983 2013 0010 0178 182 0.6 0.954
Horkkajarvi 1983 2013 0057 0174 182 033 0.744

Significant differences in bold

the occurrence and role of SRB in MeHg dynam-
ics is probably marginal in these two lakes. Further,
reduced sulphate deposition, which has resulted
in decreases of lake SO, concentrations (Nyberg
et al., 2010), may have limited the activity of SRB
in lakes (Braaten et al., 2020). Thus, changes in in-
lake methylation of mercury by SRB do not explain
the increases of perch mercury concentrations in our
lakes.

The significant inverse relation between the length
increment and mercury concentration of perch in the
present study emphasizes the importance of growth
patterns of fish. Fast growing individuals are known
to exhibit growth dilution of Hg in fish, and thus
effective fishing has been suggested as a method to
decrease the Hg levels in fish and the fish consump-
tion risk of humans (Gothberg, 1983; Verta, 1990b).

1.0 4

Hg, mgkg? (ww)

0.0 T T T T
-3.0 -2.0 -1.0 0.0 1.0 2.0

Change in length increment of perch, cm

Fig. 4 The relation between perch THg in the 2010s (15 cm
length-standardized) and the change of average annual length
increment of perch from the 1980-1990s to the 2010s in ten
lakes

@ Springer

4.2 Perch THg Content Increased During the
Recovery of Strongly Acidified Lakes

In some of our strongly acidified lakes, the growth of perch
was very fast in the 1980s due to very low population
densities caused by repeated reproduction failures and
relaxing of resource competition (Lappalainen et al., 1988;
Raitaniemi et al., 1988). This was particularly evident
in Lake Orajdrvi with 3-year-old perch of>20 cm and
5-year-olds close to 30 cm in total length (Nyberg et al.,
1995; Rask et al., 2014a).

Consequently, an apparent reason for relatively
low perch THg in those years was the growth dilu-
tion, i.e. muscle grew faster than the fish accumulated
mercury (e.g. Gothberg, 1983; Keva et al., 2017).
The increased availability of macroinvertebrate food
apparently enabled the increase in perch growth
(Nyberg et al., 2010) and may also have contributed
to the growth dilution of mercury. This is because lit-
toral macroinvertebrates have been shown to be less
efficient transporters of Hg up food chains than crus-
tacean zooplankton (Kahilainen et al., 2016; Karimi
et al.,, 2016). From the beginning of the 1990s, the
reproduction of perch recovered and resulted in high
population density followed by a steep decrease in
perch growth (Nyberg et al., 1995; Rask et al., 2014a).
This explained the increased perch THg concentra-
tion, possibly also contributed to by increased use
of zooplankton food by perch of new abundant year-
classes after a sharp decrease of macroinvertebrates
(Nyberg et al., 2010). Thus, an “inverse growth dilu-
tion”, i.e. mercury condensation via starvation, took
place (Keva et al., 2017). This also happened in two
other formerly strongly acidified lakes (Lake Pieni
Lehmilampi, Lappalainen et al., 1988 and Lake Viha
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Valkjérvi, Rask et al., 2001) although the decrease of
perch growth was not as steep as in Lake Orajérvi. In
Lake Hauklampi (Raitaniemi et al., 1988); there was
almost no difference in perch growth between the
two sampling periods and the difference in mercury
concentrations remained nonsignificant. In L. Valkea
Mustajédrvi a significant increase in the perch THg
took place, but this cannot be explained neither by
water quality changes nor by growth responses.

In Lake Valkea-Kotinen, the only humic lake with
significant increase in perch THg, the increase in
organic carbon load (Vuorenmaa et al., 2014) may
have contributed to the Hg load and the perch THg. In
this lake, being a monitoring site in the International
Cooperative Programme on Integrated Monitoring
of Air Pollution Effects on Ecosystems (UNECE
ICP IM), the increased DOC was connected to the
decrease of general productivity of the lake during a
20-year monitoring period (Arvola et al., 2014), but
the growth responses of perch were slight in compari-
son to the strongly acidified lakes of the present study
(Rask et al., 2014b). In L. Horkkajdrvi, the most
humic of the ten lakes, the slight increase in perch
THg may be connected to the organic load but be as
well due to natural variation.

Lake Iso Valkjirvi was the only lake with a statis-
tically significant decrease in perch THg concentra-
tions between the two sampling periods. However,
there was a liming experiment in the lake in the
early 1990s (Rask et al., 1996) and an experimental
size-selective removal of perch in 2008-2011 (Olin
et al., 2017) that both have probably affected the Hg
dynamics in the lake. Further, a sudden collapse of
most of the perch population in the reference half of
the lake took place during the liming experiment in
autumn 1992 (Rask et al., 1996) resulting in a five-
fold increase in length growth of remaining perch
and subsequent growth dilution of THg to half of that
before the fish kill (Rask et al., 2007). The fish kill
affected also lower trophic levels of the lake which
was seen in increased abundance of macroinverte-
brates like phantom midge larvae (Chaoborus sp.)
and water boatmen (Corixidae sp.), but in decreased
abundance of cladoceran zooplankton, apparently due
to increased predation by macroinvertebrates (Rask
et al,, 1996). The increased availability of benthic
macroinvertebrates apparently enabled the increase
in perch growth and may have contributed to the
growth dilution of perch THg also in this case. The

size-selective removal fishing in 2008-2011 may
also have affected the decrease of perch THg in Iso
Valkjérvi as it temporarily decreased the biomass and
increased the growth-rate of perch, changed the popu-
lation structure towards smaller and younger individ-
uals (Olin et al., 2017), and increased the proportion
of macroinvertebrates in the diet of perch (Nurminen
et al., 2018).

Climate change has resulted in a 0.4 °C increase in
mean air temperature per decade and a 17 day addi-
tion per decade in the duration of ice free period of
lakes in the study region (Jylhd et al., 2014). This
should have an overall positive growth and reproduc-
tion response for perch and should lower the mercury
content via growth dilution. However, it seems that
intra-specific density dependent processes and low-
ered water transparency of lakes due to browning are
more important determinants of growth than warming
(Rask et al., 2014b). Increasing precipitation and air
temperature, followed by hydrological changes with
increasing runoff and elevated leaching of substances
from catchments to lakes, browning of lake waters
and effects on lake temperature, stratification and oxy-
gen dynamics (Couture et al., 2015; Vuorenmaa et al.,
2014), will continuously affect the mercury dynamics
in catchments and lakes (Ahonen et al., 2018). Time
series analyses have shown that responses in fish Hg
over decades are often non-linear in relation to lin-
ear decreases of mercury emissions and deposition
(Gandhi et al., 2014; Braaten et al., 2019; Wang et al.,
2019; Watras et al., 2019, 2020). This has been attrib-
uted to legacy mercury and changing biogeochemi-
cal processes. Climate change has become the most
prevalent contributor to this divergence (Wang et al.,
2019), and regular oscillation of water levels in lakes
connected to large-scale atmospheric circulation pat-
terns are also important (Watras et al., 2020). Taking
into account all this, changes in the bioaccumulation
of Hg and wide variations of mercury concentrations
in biota of aquatic food webs up to fish are expected
to continue in the future.

To conclude, the results of this study clearly indi-
cated the occurrence of high perch mercury concen-
trations in poorly buffered boreal headwater lakes.
The negative correlation of fish THg with lake pH
and growth of perch was as predicted, but the lack
of correlation with DOC was not. Given the complex
effects of climate change processes and decreased
atmospheric SO, deposition on mercury dynamics
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in lakes and their catchments, we believe that chemi-
cal recovery of the lakes from acidification and con-
sequent changes in the food web, including repro-
duction of perch, increase in population density and
drastic decreases in growth of perch, were the main
mechanisms leading to increases in perch mercury in
formerly strongly acidified lakes of the present study,
counter to our original prediction. Our results suggest
that growth rate and population density of fish should
always be taken account of when assessing changes in
mercury content in muscle.
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