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Abstract High mercury concentrations in freshwater
fish from the Nordic region have been of concern for a
long time. Ongoing monitoring of key ecological spe-
cies occurs in these countries to follow the situation.
Here, we investigated spatial and temporal trends in
mercury concentrations in European perch (Perca flu-
viatilis) within the Swedish and Finnish aquatic environ-
ments, collated from national monitoring programmes
collected between 1974 and 2005 (n=5,172). Data were
length and weight adjusted to remove perch size as a
confounding factor. Temporal trend analyses and
t tests comparing pre- and post-1996 mercury concen-
trations for each country (1974-1995; 1996-2005;
perch adjusted to 200 g/25 cm), showed a significant
decrease in mercury concentration in perch from
Sweden (p<0.001) and a possible increase in mercury
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concentration in perch from Finland (p<0.001). No
statistically significant geographical trends were seen.
Average mercury concentrations exceeded both the cur-
rent environmental quality standard (EQS) of 20 ng/g
wet weight (ww) and a discussed EQS for the Nordic
region of 200-250 ng/g ww. Despite large reductions in
mercury use and production in these countries, concen-
trations in perch continue to be higher here than in other
European areas, posing a continued environmental risk.

Keywords Finland - Mercury - Perca fluviatilis -
European perch - Sweden

1 Introduction

Anthropogenic mercury emissions in Europe have been
decreasing over the last few decades, largely due to a
reduction in emissions from industrial sources (e.g.
Pacyna et al. 2001, 2006). This decreasing trend in
emissions is also observed in the Nordic region (e.g.
Iverfeldt et al. 1995; Mukherjee et al. 2000; Wéngberg
et al. 2010); however, a corresponding decrease in mer-
cury concentration in freshwater fish has not been
detected in this area (Voigt 2001; Sonesten 2003a;
Munthe et al. 2004; Akerblom and Johansson 2008).
By contrast, increasing mercury concentrations in pop-
ulations of European perch (Perca fluviatilis) and brown
trout (Salmo trutta) from south-eastern Norway have
been observed (NIVA 2009a, b). Reasons for these
increases have not yet been established. Thus, contam-
ination of freshwater fish by mercury has been, and
continues to be, an environmental and human health
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concern in the Nordic region (Munthe et al. 2004), and
continual monitoring of key ecological fish species for
mercury is therefore important.

To assess the status of environmentally harmful
chemicals, including mercury, in water bodies, various
assessment criteria and standards have been imple-
mented within the European Union’s Water Framework
Directive. Among these, environmental quality stand-
ards (EQS) have been developed (2008/105/EC). EQSs
are set with the aim of achieving good surface water
chemical status, to protect organisms from the harmful
effects of hazardous substances (Law et al. 2010). These
organisms include benthic and pelagic marine and fresh-
water organisms, piscivorous consumers, ¢.g. fish, seals,
birds and humans. Currently, the official EQS for
mercury in biota is set at 20 ng/g wet weight (ww)
(2008/105/EC), a concentration that is frequently
exceeded in freshwater fish in the Nordic region
(Munthe et al. 2007). Discussion surrounding an increase
in EQS to about 220 ng/g ww for the Nordic region to
reflect background concentrations of mercury has been
ongoing since at least as early as 2008 (Akerblom and
Johansson 2008; Verta et al. 2010). In the Finnish pro-
posal for the implementation of the directive, the back-
ground mercury concentration (80th percentile) for perch
was suggested as 180, 200 and 230 ng/g ww, respective-
ly, for low humic, humic and highly humic lakes. When
the EQS of 20 ng/g (2008/105/EC) is added to this, the
overall EQS was suggested as 200, 220 and 250 ng/g ww
for perch from lakes with different humic status in
Finland (Verta et al. 2010).

Animals in aquatic systems tend to exhibit more
intense mercury bioaccumulation and biomagnification
effects compared to terrestrial species, with methyl mer-
cury showing a greater tendency for accumulation in
fish muscle. Biomagnification, or the increasing con-
centration of persistent contaminants through succes-
sively higher trophic levels, has a more pronounced
effect in piscivorous fish compared to those feeding at
lower trophic levels (e.g. Watras et al. 1998; da Silva et
al. 2005; Dusek et al. 2005), although actual mercury
concentrations can vary for a range of reasons.

A number of physical and ecological factors are
known to be correlated to mercury concentration in
freshwater fish, e.g. land use around lakes, total or-
ganic carbon/humic matter, the total concentration of
nutrients in a lake (Sonesten 2003a), fish size and diet.
By contrast, the relationship between mercury concen-
tration and, e.g. pH and dissolved organic carbon, has

@ Springer

often varied depending on study site and physical con-
ditions (e.g. Fjeld and Rognerud 1993; Lange et al.
1993; Driscoll et al. 1994). Chen and Folt (2005) sug-
gest that phytoplankton and zooplankton density can
play a role in diluting mercury accumulation in lakes.
With such a range of interacting factors, it is difficult to
set an EQS for mercury that takes into account the
natural variation within different water bodies over a
large geographic region; hence, key environmental spe-
cies need to be monitored over large areas to give as
accurate an indication of the situation as possible.

The European perch, P. fluviatilis, is a freshwater
fish; however, it can tolerate salinities up to 10%o and
is therefore able to survive in the Baltic Sea (Collette
et al. 1977). It is native to the Northern Hemisphere,
reasonably abundant throughout many parts of the
Nordic region, and has also been introduced to a
number of other countries (McDowell 1990; Orban
et al. 2007). It is well-known that perch undergo an
ontogenetic shift in diet (Collette et al. 1977; Sonesten
2003a). Juvenile perch (5-30 mm) begin as pelagic
zooplankton feeders, shift to being benthic inverte-
brate feeders at intermediate sizes (30-80 mm) and,
when large enough (130-180 mm and larger), switch to
a piscivorous diet (Hjelm et al. 2000; Closs et al. 2001;
Rezsu and Specziar 2006). Thus, large perch are ex-
posed to mercury and other biomagnifying substances at
higher aquatic trophic levels. Perch are not known to be
migratory and tend to remain in the same areas
(Collette et al. 1977), making them an ideal study
species for examining patterns in local bioavailable
mercury concentrations.

Here, we present the results of a combined data
set from Sweden and Finland of mercury concen-
trations in perch collected between 1974 and 2005.
This work has two main aims: (1) to identify tem-
poral and spatial patterns in the examined area and
(2) to consider the implications of the observed
mercury concentrations in relation to the current
EQS of 20 ng/g ww.

2 Methods
2.1 Data Compilation
Data on mercury concentration in perch were collected

from national and regional monitoring programmes with-
in Sweden and Finland, and regional surveys conducted
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by county and local administrations, and compiled to
form a single database. Swedish data, contributed by
multiple organisations over time, came from the national
database for contaminants in biota, hosted by the
Swedish Environmental Research Institute (IVL, http:/
www.ivl.se) through Sveriges Lantbruksuniversitet
(SLU) (Akerblom and Johansson 2008). After remov-
ing unsuitable data (see below), data from at least
eight organisations remained for this study (including,
but not limited to, County Administration Boards
(CABs) of Dalarna, Stockholm, Visterbotten and
Visternorrland; CABs with territory that include Lake
Milaren; Swedish Museum of Natural History; SLU
and Nykdping Vattenvardsforbund). Finnish data were
provided by the Finnish Environment Institute, SYKE
(Porvari and Verta). All perch included in this study
were caught in reference lakes with no known local
contaminant sources.

The initial data set comprised 6,024 individuals span-
ning from 1968 to 2005. Finnish data recorded year of
sampling, while Swedish data recorded both month and
year, thus, no seasonal investigation of data was con-
ducted. From the Swedish data, perch were sampled in
varying months over the years; however, the most com-
mon months for sampling in Swedish lakes were May—
October, and sampling occurred in some of these months
in every year. Individuals without weight (n=321,
Sweden; n=48, Finland) or length recorded (n=532,
Sweden; 141 Finland) and those caught from 1968 to
1973 (n=17, Sweden; n=20, Finland) were removed due
to the small number collected over those years.
Individuals over 500 g weight were removed (=156,
Sweden; n=9, Finland), as they were relatively rare in
the Finnish data set. The majority of the removed data
came from pre-1996 samples. Most of the omitted data
fell into more than one criterion for removal, e.g. both
length and weight were missing. This left a total of 5,172
individuals that were sampled between the two countries
(Table 1). A total of 341 lakes were sampled, 215 from
Sweden and 128 from Finland.

Table 1 Number of analysed perch samples in Sweden and Finland

Year No. of perch  No. of perch  Total
sampled sampled
pre-1996 post-1996
Sweden  1974-2005 1,202 3,232 4,434
Finland  1974-2002 554 184 738

2.2 Sample Preparation and Analysis

Muscle tissue was sampled from all fish. Within Sweden,
multiple organisations were involved in contributing
data over a time period spanning more than 30 years;
thus, specific preparation methods are unknown. Names
of laboratories where mercury analyses were undertaken
were not available for all data used here. However, five
laboratories used by various contributing institutes
over time were known, and include the Analytical
Environmental Chemistry Unit at the Department of
Applied Environmental Science (ITM), Stockholm
University (retrospective analysis from 1980 onwards);
Environmental Monitoring and Assessment (EMA),
Swedish University of Agricultural Sciences, Uppsala;
Meana-Konsult, Uppsala; ELK AB, Ljungsbro (1997,
2000) and Alcontrol Laboratories, Link6ping (2003—2006).

At ITM, tissue samples were freeze dried and stored in
a constant environment room with low humidity.
Precisely, 2 ml of HNO; and 200 pl of H,O, were added
to approximately 100 mg of tissue (dried weight). Tissue
was digested using a microwave oven at 180 °C and then
diluted to the final volume using Milli-Q water.
Determinations were performed using inductively cou-
pled plasma mass spectrometry (Thermo xSeries 2).
Mercury was measured by atomic absorption using US
EPA method 7473 (2007) (mercury in solids and solutions
by thermal decomposition, amalgamation and atomic ab-
sorption spectrophotometry). For each series of analyses
conducted, at least three blanks and some internal tests
were run, using dogfish muscle as certified reference
material to ensure good analytical quality. At EMA, tissue
samples were freeze dried and stored over silica gel.
Digestion of samples was carried out by adding 3 ml
HNO; and heating in incremental steps of 5 °C, from
55 °C to an end temperature of 120 °C. Solution was
evaporated to approximately 0.5 ml, whereupon 1 ml of
H,0, was added, and after further evaporation, an addi-
tional 1 ml of H,O, was added. The residue was acidified
with HNO; and diluted to a known volume using Milli-Q
water. Determinations were performed using a Philips PU
9200 atomic absorption spectrophotometer with a Philips
PU 9390 thermal atomiser and autosampler (Borg et al.
1981). For each series of analyses, a blank (HNO; and
H,0, only) and a certified reference sample (dogfish) was
run to ensure good analytical quality. Intercalibration has
been conducted between ITM and SLU mercury analyses,
and good consistency was seen between results from these
two laboratories for mercury (Danielsson et al. 2011).
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Meana-Konsult used atomic fluorescence spectrometry
with SnCl, reduction. This company is no longer in
business, and as such, further details were not obtained.
ELK AB and Alcontrol followed Swedish standards
028150-2/fd 028175—1, mod. Alcontrol used a method
called KMM-47 option 1. Approximately 4-5 g of
fresh fish muscle was boiled in 10 ml nitric acid
for 2 h at 120 °C. The samples were then diluted using
distilled water to a volume of 50 ml and filtrated. Further
details on analytical methods were unavailable.
Finnish mercury data from the early 1970s were
generated using neutron activation analysis (e.g.
Steinnes and Johansen 1969), but the majority of fish
samples were analysed using cold vapour atomic ab-
sorption spectrometry following somewhat different
digestion/combustion procedures. Laboratories in-
volved used commercially certified reference samples
in order to ensure good analytical quality. Additionally,
several intercalibration exercises using reference fish
muscle material were conducted during the 1960s
(Hasdanen 1969) and, on a regular basis, during the
1980s and 1990s. In some cases, the intercalibration
results based on different methods have been published
(e.g. Surma-Aho et al. 1986). No systematic differences
between these different methods have been reported.

2.3 Data Treatment

When comparing different data sets, fish size must be
standardised because a strong positive relationship

Fig. 1 Weight and length of
perch from both Sweden and

exists between mercury concentration and fish size
(length and weight) (Sonesten 2003b). Here, a strong
positive correlation between mercury concentration
and perch weight and length was seen. We therefore
weight and length adjusted the data set to 200 g/25 cm
and 100 g/20 cm, to eliminate perch body size as a
confounding factor. These sizes were chosen because
they reflect perch size commonly consumed by
humans, and perch larger than 25 cm are relatively
uncommon. Weight and length adjustments were car-
ried out using partial regression coefficients for weight
and length, respectively, from multiple regression
analysis conducted for each country. Therefore, a
perch of, for example, 100 or 200 g body weight, will
have an average length of approximately 19.9 and
24.5 cm, respectively (Fig. 1).

Sweden: Adjusted Hg concentration=0Observed Hg
concentration+0.00164 x [Standard weight (e.g. 100
or 200)—Observed weight] —0.0011 x[Standard length
(e.g. 20 or 25)—Observed length]

Finland: Adjusted Hg concentration=Observed Hg
concentration+0.0011 x [Standard weight (e.g. 100 or
200)—Observed weight] —0.0022 x[Standard length
(e.g. 20 or 25)—Observed length]

All analyses were carried out on adjusted data. The
authors acknowledge that the data could be split in
other ways that could possibly lead to different results;
however, they have chosen to treat the data in this way
to give an overall perspective on the mercury issue in
Sweden and Finland.

Weight (g) vs length (cm), perch

=5157
Finland combined. The pink 27 8 (26.8.26.9
line indicates the regression b=3.28 (3.26,3.30)
slope, and b (top left hand 2=.96, p<001 ™
corner) shows the slope of 400 -
the line. Blue lines indicate
perch of 100, 200 and 300 g
weight and their 300
corresponding length c
=
>
(]
=
200
100
ol el
0 5

pia- 11.10.11 17:40, wgt_length_s
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2.4 Statistical Analyses

Statistical analyses of the data included log-linear regres-
sion analysis examining temporal trends in mercury con-
centration carried out for the complete data set. Mean
concentrations pre- and post-1996 for both Sweden and
Finland were calculated. The year 1996 was chosen to
split the data due to a 5-year gap in Finnish data between
1994 and 1999; hence, trends in the latest 10 years of data
could be examined. This gap should therefore be kept in
mind when viewing the following results for Finland
examining pre- and post-1996 data. Two-tailed ¢ tests
adjusted for unequal variances between groups were
conducted on 200 g/25 cm adjusted data for each country,
to investigate if mean mercury concentration had
changed between the two periods. The Mantel test was
used to examine if nearby lakes were more similar to
distant lakes. Temporal trend surface analyses using lat-
itude and longitude as independent variables for perch
were carried out to examine general geographical pat-
terns. A significance level of 5 % was used for all tests.

3 Results

Mean mercury concentrations in perch adjusted to
200 g/25 cm caught between 1974 and 2005 in
Sweden and Finland were 476 and 402 ng/g ww, re-
spectively (Table 2). Mercury concentrations in perch,
adjusted to 200 g/25 cm, from Sweden were significant-
ly higher than those in Finland [# (965)=9.2, p<0.001].

3.1 Temporal Patterns

When perch data from both countries were presented
together, adjusted to 200 g/25 cm (Fig. 2) and to
100 g/20 cm (not shown), a significant decreasing log-

Table 2 Arithmetic mean mercury concentrations (nanogram
per gram ww) in perch from Sweden and Finland, for the entire
data set (1974-2005), pre-1996 and post-1996, using weight-
and length-adjusted data

1974-2005 1974-1995 19962005

200g/ 100g/ 200g/ 100g/ 200g/  100g/
25cm 20cm  25cm 20cm 25cm 20cm

Sweden 476 263 550 381 454 264
Finland 402 221 387 285 448 288

linear trend is seen for the entire data set for both fish
sizes (p<0.01). However, when presented separately,
only perch from Sweden show a significant decreasing
trend over time (p<0.01, Fig. 3a), while those from
Finland show no trend (Fig. 3b), indicating that
Swedish data were influencing the whole set. (Graphs
for perch adjusted to 100 g/20 cm were not included
for each country individually, because they showed
similar trends as for 200 g/25 cm adjusted data.)

A two-tailed ¢ test adjusted for unequal variances
examining pre- and post-1996 data for each country
using 200 g/25 cm adjusted data showed that pre-1996
mercury concentrations are significantly higher com-
pared to post-1996 concentrations in Sweden
[t (1,477)=12.2, p<0.001; pre-1996=550 ng/g ww,
post-1996=454 ng/g ww], but pre-1996 concentra-
tions in Finland are significantly lower than those of
post-1996 [t (351)=—-3.8, p<0.001; pre-1996=
387 ng/g ww, post-1996=448 ng/g ww]. However, it
must be kept in mind that post-1996 Finnish data
contained only 3 years due to a gap in data. When
post-1996 data adjusted to 200 g/25 cm for both
countries are mapped (Fig. 4), fewer lakes contain
high mercury concentrations compared to the whole
time series (Fig. 5). On a percentage basis, fewer lakes
in Sweden post-1996 showed mercury concentrations
greater than 500 ng/g (22 %) compared to pre-1996
(52 %), while a greater percentage post-1996 showed
concentrations between 200 and 500 ng/g (72 %) com-
pared to pre-1996 (35 %) when using 200 g/25 cm
adjusted data. By contrast, more lakes post-1996 in
Finland showed concentrations greater than 500 ng/g
(31 %), while fewer lakes had concentrations below
500 ng/g (68 %) compared to pre-1996 data (Table 3).

3.2 Geographical Patterns

The Mantel test did not show any significant results.
Using trend surface analysis for the whole time period,
no statistically significant geographical trends are seen
for perch adjusted to 200 g/25 cm (Fig. 5) or 100 g/20 cm
(Fig. 6); however, while the trends seen between the two
sets of adjusted data are similar, the concentrations differ.
Few lakes in either country contained perch with average
mercury concentrations below 200 ng/g ww (whole time
period, Sweden 12 % for 200 g/25 cm, 28 % for
100 g/20 cm; Finland 7 % for 200 g/25 cm, 30 % for
100 g/20 cm; post-1996, 200 g/25 cm adjusted data,
Sweden 7 %, Finland 2 %) (Tables 4 and 3, respectively).
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Fig. 2 Mercury concentra-
tions (nanogram per gram
ww) adjusted to 200 g/

25 cm perch showing
changes over time for both -
countries combined. Blue
circles show the geometric
mean concentrations with L
95 % Cls. The black line is
the log-linear regression
line. The dark blue line at
the bottom of the graph rep-
resents the current EU EQS
of 20 ng/g ww. The light
blue area represents the dis-

cussed Nordic EQS of 4001 o

220 ng/g ww

| r2=.01, p<.001 *
1200

1000

800 -

600 -

Hg, ng/g ww

200 -

75 80

pia - 12.04.03 16:27, Fi_Sw_200_u

Sweden
| r2=.01, p<.001 *
1200

1000

800 -

Hg, ng/g ww

600 -

400 -

200 -

75 80 85 90 95 00 05
Year

pia - 12.04.03 16:18, Swe_200_u

Fig. 3 Mercury concentrations (nanogram per gram ww)
adjusted to 200 g/25 cm perch showing changes over time for
Sweden (left) and Finland (right). Blue circles show the geo-
metric mean concentrations with 95 % Cls. The black line is the
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log-linear regression line. The dark blue line at the bottom of the
graph represents the current EU EQS of 20 ng/g ww. The light
blue area represents the discussed Nordic EQS of 220 ng/g ww
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Hg (adj. 200 Q)
1996 - 200

ng/g ww

‘ M > 1000
@ 500 -1000
[0 200 - 500
[ -] @ 100 - 200
250 km W <100

TISS - 11.10.23 09:54, Hg_200_gr_96

Fig. 4 Mercury concentrations (nanogram per gram ww) in
perch from the last 10 years of data (1996-2005) adjusted to
200 g/25 cm from all lakes sampled. Geometric mean concen-
trations for Sweden (Sw) and Finland (F7) are displayed in the
upper left corner

4 Discussion
4.1 Temporal Patterns

Over time, a slow but significant decrease in mercury
concentration in perch was seen when data from both
countries were combined. This was also the case for
perch from Sweden for the whole time period, and
when comparing pre- and post-1996 data. Given the
measures in place to reduce mercury emissions, e.g.
the North Sea Conference 1984, 1987, 1990; the
Minister Declaration within HELCOM from 1988,
decreases in mercury concentrations in both Sweden
(AMAP/UNEP 2008) and Finland (Mukherjee et al.
2000), and elsewhere in Europe (Pacyna et al. 2001,
2006), are expected, but contrary to previous reports
(Voigt 2001; Sonesten 2003a; Munthe et al. 2004;
Niva 2009a, b). By contrast, mercury concentrations in

ng/g ww
W > 1000
@ 500 -1000
[ 200 - 500
@ 100 - 200
W <100

TISS - 11.10.23 09:47, Hg_200_gr

Fig. 5 Mercury concentrations (nanogram per gram ww) in
perch for the entire data set, adjusted to 200 g/25 cm from all
lakes sampled. Geometric mean concentrations for Sweden (Sw)
and Finland (F7) are displayed in the upper lefi corner

perch from Finland showed no trend over the whole
time period. However, the mean mercury concentration
in perch post-1996 was significantly higher compared to
pre-1996, which is in agreement with earlier research
(Voigt 2001; Sonesten 2003a; Munthe et al. 2004; Niva
2009a, b), although as noted earlier, only 3 years of data
were available for Finland post-1996.

This indicates that while reductions in mercury emis-
sions seem to be having a positive effect in decreasing
mercury concentrations in perch from Swedish lakes,
mercury concentrations in perch from Finnish lakes may
still be increasing. However, due to the gap in data
between 1994 and 1999 and no data after 2002 from
Finland, only 3 years were available for examination for
post-1996. Thus, results presented here must be inter-
preted only as indicative of an increase in mercury
concentration in the most recent years, rather than being
definitive. By contrast, the Swedish data had no missing
years and were available up to and including 2005. This
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Table 3 Percentage of lakes with average mercury concentrations in each range, pre- and post-1996, using 200 g/25 cm adjusted data,
for both countries (2 s.f.). Numbers of lakes are indicated in brackets

Sweden Finland
Mercury (ng/g ww) Pre-1996 Post-1996 Pre-1996 Post-1996
>1,000 (%) an 7 23 33
500-1,000 (%) (71) 45 (12) 19 (14) 14 (17)27
200-500 (%) (55) 35 (47) 72 (72) 73 44) 71
100-200 (%) (10) 6 2 (10) 10 (12
<100 (%) (12) 8 3)5 0 0
Total no. of lakes 159 99 62

possible increase observed in the Finnish data conflicts
with the fact that both countries have reduced their
mercury emissions in the last 20-25 years (Mukherjee
et al. 2000; AMAP/UNEP 2008). A range of reasons
could explain this increasing trend, from a time lag effect

ng/g ww

H > 1000
‘ @ 500 -1000
[ 200 - 500
[ -] @ 100 - 200
250 km W <100

TISS - 11.10.23 09:49, Hg_100_gr

Fig. 6 Mercury concentrations (nanogram per gram ww) in
perch for the entire data set, adjusted to 100 g/20 cm from all
lakes sampled. Geometric mean concentrations for Sweden (Sw)
and Finland (F7) are displayed in the upper lefi corner

@ Springer

between peak mercury concentrations and concentra-
tions in fauna, confounding biological factors, increased
long-range atmospheric mercury depositions from out-
side of the Nordic region (Pacyna and Keeler 1995;
Munthe et al. 2007), to changes in land and catchment
area use around the sampled lakes (Sonesten 2003a;
Garcia and Carignan 2000, 2005; Porvari et al. 2003).
Many of these reasons could also be valid for explaining
the decrease seen in Swedish perch.

Evidence supporting these changes observed over
time in both countries can be seen from the arithmetic
mean mercury concentrations observed in perch, adjusted
to both 200 g/25 cm and 100 g/20 cm, for the whole time
series and pre- and post-1996 (Table 2). Concentrations
far exceeded the EQS of 20 ng/g ww (2008/105/EC) and,
additionally, exceeded the discussed Nordic EQS of 200—
250 ng/g ww in most cases. Also of concern is that the
mean concentrations for data adjusted to 200 g/25 cm for
post-1996 are not much below the World Health
Organisation-based European Union (EU) maximum al-
lowable concentration of mercury in fish for human
consumption of 500 ng/g ww—in Sweden, 19 % of
lakes, and in Finland, 27 % of lakes contain perch with
average mercury concentrations above 500 ng/g ww.
Thus, mercury continues to be an environmental and
potential human health threat in both countries.

Mercury levels reported here agree fairly well with an
earlier study on pike and perch in Sweden, which used
much of the same perch data as used here, but were not
adjusted for fish size (average range in southern Sweden
500-1,000 ng/g ww; in northern Sweden 250 ng/g ww)
(Akerblom and Johansson 2008). The few published
perch data outside of this work from Finland also agree
(mean concentration in a 15-cm-long perch between
1991 and 1994, 100-200 ng/g ww in a reference lake,
400-800 ng/g ww in three small forestry lakes with
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Table 4 Percentage of lakes in each country containing perch below the specified average mercury concentration and cumulative for
the whole time period (adjusted to 200 g/25 cm and 100 g/20 cm) (2 s.f)

Mercury concentration (ng/g ww) Sweden Finland
200 g/25 cm 100 g/20 cm 200 g/25 cm 100 g/20 cm
<100 (%) 7 16 6
<200 (%) 12 28 7 30
<300 (%) 18 49 30 63
<400 (%) 35 67 63 81
<500 (%) 57 80 81 88
>500 (%) 43 20 20 12
Total no. of lakes 215 215 128 128

clear cutting and scarification) (Rask et al. 1998). The
data sets of Munthe et al. (2007) and the current study
partly overlapped, but more data from recent years were
included in the present study, and a variety of data
controls was used before data adjustment occurred,
e.g. removal of fish greater than 500 g (see 2.1).
Nonetheless, the concentrations reported in this study,
by Akerblom and Johansson (2008) and by Munthe et
al. (2007), are higher compared to reports of mercury
levels in, for example, perch from three lakes in Italy
(range 60227 ng/g ' wet fillet weight) (Orban et al.
2007), perch from the Pomeranian Bay and Szczecin
Lagoon from Poland (individual concentration range
25-215 ng/g ww) (Szefer et al. 2003) or perch from
lakes in Switzerland (range 77.5-173 ng/g ww)
(Haldimann et al. 2006).

Mercury concentration in fish has often been reported
to be highly correlated to water pH, with acidic condi-
tions favouring mercury methylation (e.g. Lindqvist
1991). By contrast, Sonesten (2003a) found that lake
pH did not have any large effect on perch in circum-
neutral lakes in Uppsala, Sweden. It was instead found
that catchment area composition and land use around
lakes, the negative influence of dissolved ions and lake
trophic status and the positive influence of total organic
carbon/humic matter, all strongly influenced mercury
concentrations in perch (Sonesten 2003a). These factors
were not available or examined in the current data set,
but all must be considered as possible reasons for the
somewhat higher concentrations observed post-1996 in
the Finnish data.

Diet is one of the reasons for observed differences in
mercury levels between fish species. Biomagnification
occurs through diet (Rincon-Leon et al. 1993; Dusek et
al. 2005), with a greater effect seen in organisms feeding

at higher trophic levels (e.g. piscivorous fish) compared
to those at lower trophic levels (e.g. zooplankton) (da
Silva et al. 2005). The more trophic levels present, the
greater the biomagnification effect (Dietz et al. 2000).
As large perch are piscivorous, they should contain
higher concentrations of mercury than fish feeding at
lower trophic levels, such as small conspecifics that feed
on pelagic zooplankton or invertebrates (Collette et al.
1977; Hjelm et al. 2000; Closs et al. 2001; Sonesten
2003a; Rezsu and Specziar 2006). A study by Rognerud
et al. (2002) recorded generally low mercury concen-
trations in brown trout (Salmo trutta) and Arctic char
(Salvelinus alpinus) (14-441 ng/g"' ww), which feed
mainly on insects and herbivorous zooplankton, as op-
posed to perch. The highest mercury concentration mea-
sured in a single fish (441 ng/g "' ww) came from a lake
in Norway (Rognerud et al. 2002), reiterating the often
elevated mercury concentrations seen in the Nordic
region. As mercury concentrations in perch from other
EU countries (e.g. Italy, Poland, Switzerland) are lower
than those observed here, it highlights the fact that a
greater amount of bioavailable mercury is present in the
Nordic countries, either via anthropogenic or elevated
natural sources. It also serves to emphasise that mercury
concentrations in top trophic level feeders, such as otter
(e.g. Haines et al. 2010) or the white-tailed sea eagle,
will be higher still, highlighting the risks of mercury
biomagnification in the environment.

4.2 Geographical Patterns
No statistically significant geographical patterns were
found in mercury concentrations in perch from either

country. In Scandinavia, a south-north gradient exists
in atmospheric mercury concentration and deposition,
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with lower concentrations and deposition in the north due
to being further from European source points (Wéngberg
and Munthe 2001; Munthe et al. 2007; Wangberg et al.
2010). This gradient has been observed in mercury con-
centrations in perch before (Akerblom and Johansson
2008) but was not observed here, possibly due to the
data adjustment undertaken. However, fish biology can
also influence mercury levels, with age, size (Sonesten
2003a; Simonin et al. 2008) and diet (Rincén-Leon et al.
1993; Dusek et al. 2005) affecting bioaccumulation rates.

5 Conclusion

Perch from Sweden showed significantly decreasing
mercury concentrations for the whole time series and
when comparing pre- and post-1996 data, reflecting the
decreasing mercury emissions recorded across Europe.
By contrast, perch from Finland showed no trend over
the whole time period and a possible increasing trend in
mercury concentrations in post-1996 data, although this
requires validation with more complete, recent data.
Mean mercury concentrations for weight- and length-
adjusted perch showed that average mercury concentra-
tions in perch over the entire period examined far exceed
the EQS (20 ng/g ww) (2008/105/EC) and also the
discussed Nordic EQS of 200-250 ng/g ww. Results
presented here highlight the fact that mercury concen-
trations in perch in both Sweden and Finland continue to
be high. Therefore, there is a need for continued moni-
toring of key ecological species and continual efforts to
reduce anthropogenic mercury emissions throughout
both Scandinavia and Europe.

Acknowledgments Many institutes and people contributed to
the acquisition of data for this report and in valuable discussions of
data treatment, including Susan Londesborough (Finnish Safety
and Chemicals Agency, Tukes, Finland), Jaakko Mannio (Finnish
Environmental Institute SYKE, Finland), Helene Lager and
Mikaela Gonczi (Naturvardsverket, Sweden) and Kjell Johansson
and Staffan Akerblom (SLU, Sweden). The Swedish Environmen-
tal Protection Agency (Naturvardsverket) is thanked for providing
funding to make this research possible (contract number 216 1051).

References

Akerblom, S., & Johansson, K. (2008). Kvicksilver i svensk insjo-
fisk: variationer i tid och rum. Institutionen for Miljoanalys.
Swedish: SLU (Sveriges Lantbruksuniversitet) Rapport 2008.

@ Springer

AMAP/UNEP (2008). Technical background report to the glob-
al atmospheric mercury assessment. Arctic Monitoring and
Assessment Programme/UNEP Chemicals Branch. 159 pp.

Borg, H., Edin, A., & Skéld, E. (1981). Determination of metals
in fish livers by flameless atomic absorption spectroscopy.
Water Research, 15, 1291-1295.

Chen, C. Y., & Folt, C. L. (2005). High plankton densities
reduce mercury biomagnification. Environmental Science
and Technology, 39, 115-121.

Closs, G. P., Ludgate, B., & Goldsmith, R. J. (2001). Control-
ling European perch (Perca fluviatilis): lessons from an
experimental removal. In: Managing invasive freshwater
fish in New Zealand (pp. 37—48). New Zealand: Proceed-
ings of a workshop hosted by the Department of Conser-
vation, Hamilton. 10-12 May 2001, 174p.

Collette, B. B., et al. (1977). Biology of the percids. Proceedings
of the Percid International Symposium (PERCIS). Ontario,
Canada: Quetico Centre. Sept 24—Oct 5 1976.

da Silva, D. A., Lucotte, M., Roulet, M., Poirier, H., Mergler, D.,
Oliviera Santos, E., et al. (2005). Trophic structure and bio-
accumulation of mercury in fish of three natural lakes of the
Brazilian Amazon. Water, Air, and Soil Pollution, 165, 77-94.

Danielsson, S., Nyberg, E., & Bignert, A. (2011). Interkallibrer-
ing av metallanalyser SLU/ITM. Swedish: Swedish Muse-
um of Natural History. dnr 235-2280-09Mm. Report
number 18:2011. 22 pp.

Dietz, R., Riget, F., Cleemann, M., Aarkrog, A., Johansen, P., &
Hansen, J. C. (2000). Comparison of contaminants from
different trophic levels and ecosystems. Science of the
Total Environment, 245, 221-231.

Directive 2008/105/EC of the European Parliament and Coun-
cil. Official Journal of the European Union L348/84. 14 pp.

Driscoll, C. T., Yan, C., Schofield, C. L., Munson, R., &
Holsapple, J. (1994). The mercury cycle and fish in
the Adirondack Lakes. Environmental Science and
Technology, 28, 136—-143.

Dusek, L., Svobodova, Z., Janouskova, D., Vykusova, B.,
Jarkovsky, J., Smid, R., et al. (2005). Bioaccumulation of
mercury in muscle tissue of fish in the Elbe River (Czech
Republic): Multispecies monitoring study 1991-1996. Eco-
toxicology and Environmental Safety, 61, 256-267.

Fjeld, E., & Rognerud, S. (1993). Use of path analysis to
investigate mercury accumulation in brown trout (Sa/mo
trutta) in Norway and the influence of environmental fac-
tors. Canadian Journal of Fisheries and Aquatic Sciences,
50, 1158-1167.

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, 129-135.

Garcia, E., & Carignan, R. (2005). Mercury concentrations in
fish from forest harvesting and fire-impacted Canadian
Boreal lakes compared using stable isotopes of nitrogen.
Environmental Toxicology and Chemistry, 24, 685—693.

Haines, J. R., Evans, R. D., O’Brien, M., & Evans, H. E. (2010).
Accumulation of mercury and selenium in brain of river
otters (Lontra canadensis) and wild mink (Mustela vison)
from Nova Scotia, Canada. Science of the Total Environ-
ment, 408, 537-542.

Haldimann, M., Blanc, A., & Dudler, V. (2006). Mercury con-
centration in perch and whitefish from Swiss lakes.



Water Air Soil Pollut (2013) 224:1472

Page 11 of 12, 1472

Mitteilungen aus Lebensmitteluntersuchung und Hygiene,
97, 454-465.

Hjelm, J., Persson, L., & Christensen, B. (2000). Growth, mor-
phological variation and ontogenetic niche shifts in perch
(Perca fluviatilis) in relation to resource availability. Oeco-
logia, 122, 190-199.

Hasénen, E. (1969). Determination of the mercury content of
biological material by activation analysis. Nordisk Hygie-
nisk Tidskrift, 50, 78.

Iverfeldt, A., Munthe, J., Brosset, C., & Pacyna, J. (1995).
Long-term changes in concentration and deposition of at-
mospheric mercury over Scandinavia. Water, Air, and Soil
Pollution, 80, 227-233.

Lange, T. R., Royals, H. E., & Connor, L. L. (1993). Influence
of water chemistry on mercury concentration in largemouth
bass from Florida lakes. Tramsactions of the American
Fisheries Society, 122, 74-84.

Law, R., Hanke, G., Angelidis, M., Batty, J., Bignert, A., Dachs,
J., et al. (2010). Marine strategy framework directive. Task
group 8 report. In: Piha H (ed) Contaminants and pollution
effects. Prepared for JRC and ICES, EUR 24335 En-2010.
171 pp.

Lindqvist, O., (Ed). (1991). Mercury in the Swedish environ-
ment. Recent research on causes, consequences and cor-
rective methods. Water, Air, and Soil Pollution, 55, Special
issue, 261 pp.

McDowell, R. M. (1990). Heinemann Educational. Auckland
New Zealand: New Zealand freshwater fishes: a natural
history and guide. 88 pp.

Mukherjee, A. B., Melanen, M., Ekqvist, M., & Verta, M.
(2000). Assessment of atmospheric mercury emissions in
Finland. Science of the Total Environment, 259, 73-83.

Munthe, J., Fjeld, E., Meili, M., Porvari, P., Rognerud, S., &
Verta, M. (2004). Mercury in Nordic freshwater fish: an
assessment of spatial variability in relation to atmospheric
deposition. RMZ-Materials and Geoenvironment, 51,
1239-1241.

Munthe, J., Wingberg, 1., Rognerud, S., Fjeld, E., Verta, M.,
Porvari, P., Meili, M. (2007). Mercury in Nordic ecosys-
tems. IVL (Swedish Environmental Research Institute),
Rapport B1761

NIVA. (2009a). Kvikksalv I Orret fra Sor-Norge, 2008. Norwe-
gian: Norsk Institutt for Vannforskning (NIVA) TA-2580/
2009. Rapportnr: 1065/2009. 30 pp.

NIVA. (2009b). Miljogifter i ferksvannsfisk, 2008. Norwegian:
Norsk Institutt for Vannforskning (NIVA) TA-2544/2009.
Rapportnr: 1056/2009. 82 pp.

Orban, E., Nevigato, T., Masci, M., Di Lena, G., Casini, I.,
Caproni, R., et al. (2007). Nutritional quality and safety
of European perch (Perca fluviatilis) from three lakes of
Central Italy. Food Chemistry, 100, 482—490.

Pacyna, J. M., & Keeler, G. J. (1995). Sources of mercury in the
Arctic. Water, Air, and Soil Pollution, 80, 621-632.

Pacyna, E. G., Pacyna, J. M., & Pirrone, N. (2001). European
emissions of atmospheric mercury from anthropogenic
sources in 1995. Atmospheric Environment, 35, 2987—
2996.

Pacyna, E. G., Pacyna, J. M., Steenhuisen, F., & Wilson, S.
(2006). Global anthropogenic mercury emission inven-
tory for 2000. Atmospheric Environment, 40, 4048—
4063.

Porvari, P., Verta, M., Munthe, J., & Haapanen, M. (2003).
Forestry practices increase mercury and methyl mercury
output from boreal forest catchments. Environmental Sci-
ence and Technology, 37(11), 2389-2393.

Rask, M., Nyberg, K., Markkanen, S.-L., & Ojala, A. (1998).
Forestry in catchments: effects on water quality, plankton,
zoobenthos and fish in small lakes. Boreal Environment
Research, 3, 75-86.

Rezsu, E., & Speczidr, A. (2006). Ontogenetic diet profiles and
size-dependent diet partitioning of ruffe Gymnocephalus
cernuus, perch Perca fluviatilis, and pumpkinseed Lepomis
gibbosus in Lake Balaton. Ecology of Freshwater Fish, 15,
339-349.

Rincon-Leon, F., Zurera-Cosano, G., Moreno-Rojas, R., &
Amaro-Lopez, M. (1993). Importance of eating habits
and sample size in the estimation of environmental mercu-
ry contamination using biological indicators. Environmen-
tal Monitoring and Assessment, 27, 193-200.

Rognerud, S., Grimalt, J. O., Rosseland, B. O., Fernandez, P.,
Hofer, R., Lackner, R., et al. (2002). Mercury and organo-
chlorine contamination in brown trout (Sa/mo trutta) and
Arctic charr (Salvelinus alpinus) from high mountain lakes
in Europe and the Svalbard Archipelago. Water, Air, and
Soil Pollution, Focus, 2, 209-232.

Simonin, H. A., Loukmas, J. J., Skinner, L. C., & Roy, K. M.
(2008). Lake variability: key factors controlling mercury
concentrations in New York State fish. Environmental Pol-
lution, 154, 107-115.

Sonesten, L. (2003a). Catchment area composition and water
chemistry heavily affects mercury levels in perch (Perca
fluviatilis) in circumneutral lakes. Water, Air, and Soil
Pollution, 144, 117-139.

Sonesten, L. (2003b). Fish mercury levels in lakes: Adjusting
for Hg and fish-size covariation. Environmental Pollution,
125, 255-265.

Steinnes, E., & Johansen, O. (1969). A simple neutron activation
method for mercury. Nordisk Hygienisk Tidskrift, 50, 71.

Surma-Aho, K., Paasivirta, J., Rekolainen, S., & Verta, M.
(1986). Organic and inorganic mercury in the food chain
of some lakes and reservoirs in Finland. Chemosphere, 15,
353-372.

Szefer, P., Domagatla-Wieloszewska, M., Warzocha, J.,
Garbacik-Wesotowska, A., & Ciesielski, T. (2003). Distri-
bution and relationships of mercury, lead, cadmium, copper
and zinc in perch (Perca fluviatilis) from the Pomeranian
Bay and Szczecin Lagoon, southern Baltic. Food Chemis-
try, 81, 73-83.

US EPA (2007). Method 7473. Mercury in solids and solutions by
thermal decomposition, amalgamation, and atomic absorp-
tion spectrophotometry. 17 pp. http://epa.gov/osw/hazard/
testmethods/sw846/pdfs/7473.pdf

Verta, M., Kauppila, T., Londesborough, S., Mannio, J., Porvari,
P., Rask, M., et al. (2010). Background concentrations of
metals and monitoring of priority substances in Finland—
proposal for the implementation of Directive on Environ-
mental Quality Standards. Finnish: Reports of the Finnish
Environment Institute 12/2010.

Voigt, H. R. (2001). High summer concentrations of mercury in
big perch (Perca fluviatilis L) from the Tvarminne archi-
pelago (SW Finland) and Nat6 (Aland Islands) Baltic Sea.
Nahrung/Food, 2, 109-113.

@ Springer


http://epa.gov/osw/hazard/testmethods/sw846/pdfs/7473.pdf
http://epa.gov/osw/hazard/testmethods/sw846/pdfs/7473.pdf

1472, Page 12 of 12 Water Air Soil Pollut (2013) 224:1472

Watras, C. J., Back, R. C., Halvorsen, S., Hudson, R. J. M., (Swedish Environmental Research Institute) Svenska Mil-
Morrison, K. A., & Wente, S. P. (1998). Bioaccumulation joinstitutet AB. Report number B1399. 19 pp.
of mercury in pelagic freshwater food webs. Science of the Wingberg, 1., Aspmo Pfafthuber, K., Berg, T., Hakola, H.,
Total Environment, 219, 183-208. Kyllonen, K., Munthe, J., et al. (2010). Atmospheric and
Wingberg, 1., & Munthe, J. (2001). Atmospheric mercury in catchment mercury concentrations and fluxes in Fennos-
Sweden, Northern Finland and Northern Europe. Results kandia. TemaNord 2010:594. Nordic Council of Ministers,
from National Monitoring and European Research. IVL Copenhagen 2010.

@ Springer



	Mercury in Perch (Perca fluviatilis) from Sweden and Finland
	Abstract
	Introduction
	Methods
	Data Compilation
	Sample Preparation and Analysis
	Data Treatment
	Statistical Analyses

	Results
	Temporal Patterns
	Geographical Patterns

	Discussion
	Temporal Patterns
	Geographical Patterns

	Conclusion
	References


