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Abstract

Fish are a group of organisms that are highly sensitive to mercury (Hg) contamination of the aquatic
environment. At the same time, because this element can be accumulated in tissues, it can pose a serious
threat to human health. The main objective of the study was to determine the content of Hg in the muscles
(HgM) and gills (HgG) of various species of fish from shallow lakes with varied physicochemical
conditions. Sampling was done in 5 lakes from April to November 2012 and 2013. The concentration
of Hg in fish tissues was affected by 4 variables, including ammonium nitrogen, chlorophyll-a, oxygen
saturation, and temperature, and the first 2 axes explained 78.9% of total variance in Hg concentration.
The concentration of Hg in muscles was widely varied depending on the fish species, and its highest
concentration was observed in predatory fish such as asp and perch, while the lowest concentration
of this element was found in Prussian carp, bream, and rudd. Although content of Hg increased with fish
body length, in non-predatory fish this correlation was less clear. The gills of the fish contained lower
concentrations of Hg than the muscles. Hg content in muscles was within acceptable weekly limits, but
predatory fish consumed in large quantities by the local population may pose a potential risk for human
health.
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Introduction

Mercury (Hg), due to its widespread occurrence and
high geochemical and biochemical activity, is one of the
most dangerous global environmental contaminants. Due
to its high accumulation, it can easily be introduced into

*e-mail: jacek.rechulicz@up.lublin.pl

the food chain, posing a significant toxicological threat
to the health of humans and animals. All forms of Hg,
and in particular organic compounds with a short carbon
chain, are toxic for aquatic organisms. The toxic effect
of Hg on living organisms consist in its high affinity for
sulfhydryl groups of proteins and enzymes and inhibition
of their biochemical functions [1].
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Hg and its compounds become included in various
natural cycles and are thus disseminated in the natural
environment. The course of the biogeochemical cycle
of Hg in the aquatic environment depends on its
concentration and largely on physicochemical reactions
determining its form of occurrence, which depend on
external factors such as temperature, pH, availability of
oxygen and light, organic carbon content, the presence
of microorganisms, or the effect of other chemical
compounds [2-6]. In the water this element can appear
as elemental Hg or in the form of inorganic or organic
compounds. Due to the very low solubility of Hg salts
in water, the element sediments with suspended matter
to the bottom sediment, in which it is strongly bound
and undergoes methylation processes. However, as a
result of chemical reactions and under the influence of
biological factors, Hg adsorbed in sediment may easily
become remobilized, thereby creating a threat for living
organisms. Hg compounds pass through successive
links of the food chain, beginning with plankton and
plants, through herbivorous organisms, and finally to
predators [7]. This is a key stage in the transport of Hg,
in which it leaves the water in the form of contaminated
organisms such as shellfish, crustaceans, and fish, many
of which are food products. Fish are the most significant
bioindicator of Hg contamination of the aquatic
environment. A study by Watkuska et al. [8] showed that
in an aquatic environment even slightly contaminated by
Hg, fish accumulate significant amounts of the element
in their bodies. Hg in fish is mainly absorbed through
the digestive tract, gills, and to a lesser degree the skin
[9-11].

Previous studies of Hg content in fish have mainly
dealt with Scandinavian ecosystems [12-14], marine
environments [15-16] or the large ecosystems of
American and African lakes [17-21]. Considerably fewer
studies have dealt with Hg contamination of fish in
shallow lakes in the temperate zone [22]. Only a few of
these have taken into account the effect of fish size and
trophic group on the content of this element in tissues
[23-25].

The presence of Hg in the aquatic ecosystem may pose
a threat to human health associated with the consumption
of methyl Hg contained in fish, whose biological half-life
is a few hundred days [26]. It seems that in lake districts
used by the local population (including those located
in the temperate zone), it may pose a potential threat to
human health as a consequence of consumption of fish
caught commercially or recreationally.

The main objective of the study was to determine the
content of Hg in the tissues (muscles and gills) of fish
in shallow lakes with varied physicochemical properties.
On the basis of the biological and physicochemical data
collected, we attempted to verify the hypothesis that the
trophic status of shallow lakes could have an impact on
the content of Hg in the tissues of fish of various sizes
and from various trophic levels.

Material and Methods
Study Area

The study area comprised 5 shallow (mean depth less
than 2.5 m), polymictic reservoirs (eutrophic: Dratow,
Biate Sosnowickie, Domaszne, Czarne Sosnowickie, and
hypertrophic lake Syczynskie) in the Polesie Lubelskie
region of eastern Poland. More than 70-80% of the
lakes’ catchments are used for agricultural purposes
(mostly arable lands and meadows). In 1961 Dratow,
Biate Sosnowickie, Domaszne, and Czarne Sosnowickie
lakes were connected with the Wieprz-Krzna Canal
(W-KC). Additionally, in the zone of W-KC, 10 lakes
were transformed into storage reservoirs. As a result of
feeding with canal waters, the rate of water exchange in
the lakes increased and its quality and trophic condition
improved. The hydrotechnological facilities are efficient,
carefully maintained and failure-free. The waters in the
reservoirs are exchanged several times in a hydrological
year, irrespective of the natural feeding system. Studied
reservoirs are characterized by permanent and long-
lasting blooms of cyanophyte. Emergent vegetation
is dominated by common reed (Phragmites australis
(Cav.) Trin. ex Steud.), bulrush (Schoenoplectus lacustris
(L.) Palla), and broadleaf cattail (Typha latifolia L.).
Submerged vegetation is limited to very small, single
stands of rigid hornwort (Ceratophyllum demersum
L.) and sago pondweed (Stuckenia pectinata L.). Lake
Syczynskie was characterized by intensive development
of emergent vegetation, dominated by reed (Phragmites
communis Trin.) and temporal blooms of Planktothrix
agardhii (Gomont).

Analysis of Physical and Chemical Parameters
of Water

The water samples for chemical analysis were taken
from littoral and pelagial studied lakes on a monthly
basis from April to November 2012 and 2013. The
following physical and chemical factors were examined:
temperature, pH, conductivity, total organic carbon
(TOC), chlorophyll a, ammonium-nitrogen, nitrate-
nitrogen, and phosphates. Temperature, conductivity, and
pH were recorded in situ using a multiparametric probe
(YSI 556, USA). Total organic carbon was determined
using the multiparametric UV analyzer (Secomam,
France), and the remaining factors were analyzed
in the laboratory. Chlorophyll a was determined by
spectrophotometric analysis of the acetone extract of the
algae. Hg concentration in the bottom sediments were
stored in a refrigerator at 0-6°C and then weighed and
inserted into the Hg/MA-2000 system (NIC, Japan). In
order to remove any interfering substances (generated
during thermal decomposition of a sample, resulting
in adverse affect measurements), gas washing was
performed. Total Hg content was calculated based on
1 kg dry mass of sediments.
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Fish Sampling and Data Analysis

For analysis of content of total Hg in muscles (HgM)
and gills (HgG), fish were purchased from local fishermen
who conducted fish harvesting in five lakes using multi-
mesh gillnets (our study was carried out in accordance
with the criteria outlined in the guiding principles of the
European Community Council Directive for the Care and
Use of Animals).

All caught fish were determined for species, total
length (TL, in cm), and body mass (W, in g).

The caught fish were divided according to 2 criteria:
total length of fish (TL) and trophic groups. In term of
the total length the 2 size classes were TL<20 cm and
TL>20 cm, while the terms by trophic groups — predatory
(P) (pike, pikeperch, and perch with TL>14 cm) and other
non-predatory fish (NP) — were determined. Muscle and
gill samples were taken from fish and kept frozen (-20°C)
until analysis.

The analysis of the content of Hg was carried out in
a total of 180 fish from 5 studied lakes, among them 26
individuals of predatory fish and 154 individuals of non-
predatory fish.

Analysis of Hg Content in Muscles and Gills

Samples of fish muscles and gills were immediately
deep-frozen, freeze-dried (lyophilized), and
homogenized. Homogenized samples were stored in
a refrigerator at 0-6°C and then weighed and inserted
into the Hg/MA-2000 system (NIC, Japan). In order
to remove any interfering substances (generated

during thermal decomposition of a sample, resulting in
adversely affecting measurements), gas washing was
performed. Total Hg content was calculated based on
wet tissue mass.

Statistical Analysis

Normality of the data was assessed by a Shapiro-
Wilk test, and homogeneity of variance by Bartlett’s test.
Because data were skewed, log transformations were
applied to attain normal distributions and homogenous
variances. Differences among species, lakes, trophic
groups, and size class of fish were assessed by analysis
of variance with log-transformed data, and between
specific sites by HSD Tukey’s post hoc test. Differences
in Hg concentration of Hg in the fish tissues (muscles
and gills) was determined using a t-test. The changes of
Hg concentration in tissue of fish from different trophic
groups and different size classes using the regression
analysis were determined. All analysis was performed at
a significance level of p<0.05.

Detrended correspondence analysis (DCA) was used
to measure and illustrate the variability gradient indicated
by the fish. Because the length of the gradient was
<2, redundancy analysis (RDA) was used to determine
the variables that best predicted the distribution of
fish and Hg concentration in their tissues. The set of
environmental variables was reduced to a few orthogonal
axes as composite environmental gradients structuring
distribution patterns. Stepwise forward selection was
used to include significant variables (p<0.05) in the
model. Automatic forward selection of environmental

Table 1. Physical and chemical parameters of water and concentration of Hg in the bottom sediments in the lakes studied (mean 2012-

2013 +SD); SD — standard deviation.

Dratow Biate Sosnowickie Domaszne Syczynskie Czarne Sosnowickie
Parameters Unit
Mean+SD Mean+SD Mean+SD Mean+SD Mean+SD
Temperature °C 16.3£5.4 17.1£5.6 17.4+6.5 15.8£9.9 17.4+6.0
pH pH 8.3240.31 8.12+0.10 7.41+0.98 7.94+0.61 7.44+0.25
Conductivity uS cm! 128+22 183+9 188+19 492495 149+14
Oxygen mg O,L" 10.65+0.56 11.34+0.42 9.53+0.95 11.69+£3.28 7.20+2.37
N-NH, mg NH, L"! 0.085+0.069 0.168+0.082 0.134+0.063 0.548+0.283 0.835+0.095
N-NO, mg NO,L! 0.096+0.112 0.138+0.048 0.057+0.025 0.185+0.238 0.636+0.202
P-PO* mg POL! 0.024+0.020 0.037+0.032 0.058+0.060 0.232+0.185 0.037+0.031
P, mgPL! 0.191+0.010 0.256+0.118 0.242+0.066 0.499+0.098 0.146+0.057
Chlorophyll a mg L 79.06+41.64 55.18+4.87 29.76+14.93 73.84+39.24 14.52+10.01
TOC mg CL! 6.7+0.7 6.3+0.9 4.3+0.1 7.1+1.4 24.5+4.9
mg kg! dry mass
Hg of bottom 0.0062+0.0001 | 0.0078+0.0001 0.0062+0.0002 | 0.0012+0.0002 0.0211£0.0001
sediments
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Fig. 1. The relationship between mercury concentration in
fish muscles (HgM in mg-kg') and chlorophyll a concentration
(Chl ¢ in mg dm?) in water from studied lakes.

variables and the Monte Carlo permutation test (999
permutations) were used to determine the most important
variables. The proportion of variance explained by the
environmental variables was quantified using variance
partitioning. Ordination analyses were performed by
means of CANOCO 4.5 for Windows.

Results

Physical and Chemical parameters
of Water

The water temperature varied among reservoirs,
ranging from 15.8°C in Lake Syczynskie to 17.4°C in
Czarne Sosnowickie. Differences among the studied
reservoirs were found for conductivity, P, N-NH,,

tot”

P-PO,, contents of chlorophyll a, and Hg. Although
conductivity, concentrations of P_, and P-PO, were
highest in Syczynskie, the remaining parameters
(chlorophyll a, N-NH,, TOC, and Hg) showed highest
values in lakes Dratow, Biale Sosnowickie, and/or
Czarne Sosnowickie (Table 1).

Concentration of Hg in Fish:
General Results

The Hg concentration in fish muscle was dependent
(p>0.05) on trophy of lakes expressed by chlorophyll
a. Fish from Czarne Sosnowickic had the highest
concentration of Hg in muscle, and according to the
amount of increasing chlorophyll ¢ in the lake, the Hg
concentration in fish tissues decreased (Fig. 1). From
10 analyzed fish species found in the investigated lakes
the 4 belonged to predatory species (i.e., perch, pike,
pikeperch, and asp) and 6 species belonged to non-
predatory fish (i.e., roach, Prussian carp, bream, silver
bream, rudd, and brown bullhead). Analysis of the results
showed that the Hg concentrations in both tissues of
fish — muscle (HgM) and gills (HgG) — were dependent
on the studied lake (HgM, ANOVA F (4, 165) = 62.22,
p<0.0001; HgG ANOVA, F4, 175) = 21.54, p<0.0001).
Simultaneously, its contents in the gills of all fish
species was significantly lower (t-test, t=13.81, df = 358,
p<0.001; Table 2). A significant dependence (p<0.001)
of Hg concentration in fish gills to Hg concentration
in fish muscles (log transformed data) can be described
by the regression equation HgG = -3.14+0.36 HgM.

The highest average concentration of total HgM
was reported in fish from Czarne Sosnowickie
(mean 0.0504 mgkg'), while this was significantly
lower in Dratéw (mean 0.0127 mgkg') (MANOVA,
F(8, 338) = 14.066, p<0.001). The concentration of this
element in the muscles of fish of the other 3 lakes is not

Table 2. Trophic group, morphological characteristics (TL, in cm; W, in g), and concentration of Hg in fish tissues (HgM — muscles,
HgG — gills) (in mg kg') of sampled fish from the lakes; Trophic group: NP — non-predatory fish, P — predatory fish, N — number of

sampled fish; SD — standard deviation.

Trophic | No. of TL HegM HgG
Lake . N
group | species Mean+SD Mean+SD Median Range Median Range
NP 5 21 | 17.32+£2.42 | 71.774£35.12 0.0120 | 0.0032-0.0220 | 0.0114 | 0.005 - 0.041
Dratow
P 1 1 36.50+£0.00 | 395.25+0.00 0.0185 0.0185-0.0185 | 0.0093 | 0.009 - 0.009
Biale NP 6 39 | 17.55£3.24 | 54.63+32.73 0.0220 | 0.0090 - 0.0480 | 0.0096 | 0.001 - 0.024
Sosnowickie P 2 5 19.70+2.73 73.71£30.91 0.0249 | 0.0210-0.0554 | 0.0141 | 0.005 - 0.022
NP 4 41 14.61+2.74 33.454+22.45 0.0211 0.0100 - 0.0453 | 0.0108 | 0.006 - 0.034
Domaszne
P 3 11 | 17.26+4.55 51.48+44.32 0.0333 0.0177-0.0708 | 0.0120 | 0.002 -0.018
NP 2 22 | 16.40£1.99 | 53.88+26.89 0.0234 | 0.0143-0.0400 | 0.0091 | 0.006-0.016
Syczynskie
P 2 2 23.80£8.77 | 124.72486.06 | 0.0385 | 0.0325-0.0445 | 0.0118 | 0.008 -0.016
Czarne NP 4 31 | 16.43+£2.65 | 46.04+34.27 0.0460 | 0.0267 - 0.0900 | 0.0222 | 0.007 - 0.043
Sosnowickie P 3 7 22.28+6.00 |154.70+108.22| 0.0566 | 0.0325-0.0816 | 0.0246 | 0.018 - 0.030
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Fig. 2. The mercury concentration in muscles (HgM, in mg-kg™")
in dominant fish species in studied lakes, explanation of
graphics: whiskers — minimal and maximal values, line — mean
value, box — standard error. The other letter on particular species
bar — differences statistically significant.

significantly different and ranged from 0.0249 mgkg’'
in Biate Sosnowickie to 0.0255 mg'kg' in fish muscles
from Domaszne. The concentration of Hg in gills was less
variable and we found significantly higher concentrations
only in fish from Czarne Sosnowickie (MANOVA,
F(8, 338) = 14.066, p<0.001; Table 2). The concentration
of Hg in muscles was widely varied depending on the fish
species, and its highest concentration was observed in the
predatory fish such as asp and perch (MANOVA, Wilks
lambda = 0.647, F(20, 336) = 4.0897, p<0.001), while
the lowest concentrations of this element were found
in Prussian carp, bream, and rudd (Table 3). Statistical
analysis showed that the concentration of Hg in the
gills of the different fish species were not statistically
different between each other. The highest concentrations
were found in gills of pikeperch, roach, and asp, and
the lowest in brown bullhead, pike, and Prussian carp
(Table 3). Regression analysis of Hg concentration
depending on the total length of fish (TL) showed that
only in the perch was there a significant increase in the
concentration of Hg in both tissues with increasing total
length. In addition, a significant decrease of HgG with
increasing total length was reported in roach (Table 3).
From among fish species present in most of the studied
lakes the roach and bream had significant differences of
value of HgM between the lakes (MANOVA, for roach
Wilks lambda = 0.111, F(8, 132) = 33,00, p<0.001; for
bream: Wilks lambda = 0.111, F(6, 48) = 7.52, p = 0.001)
(Fig. 2), whereas for roach and perch the concentrations
of Hg in gills were significantly higher only in Czarne
Sosnowickie.

Concentrations of Hg in Fish vs. Trophic Group
and Size Structure

Comparison of Hg concentrations in the muscles of
fish by trophic groups showed that the predatory fish
had significantly higher concentrations of this element
in the muscles (N = 26, mean 0.0400 mg-kg"') than non-
predatory fish (N = 154, mean 0.0272 mgkg') (ANOVA,
F=16.318, df (1, 178), p = 0.0019), whereas those trophic
groups did not differ in terms of the concentration
of Hg in the gills and it amounted to 0.0148 and
0.0132 mgkg!, respectively (ANOVA, F = 0.839, df
(1, 178), p = 0.361). Analysis of Hg concentrations in
both tissues in fish from groups that differ in size class
(TL<20 and TL>20 cm) showed that they did not
differ statistically (p>0.05). Slightly higher concentrations
of Hg were observed in the muscles of fish with
TL>20 cm (mean 0.031 mgkg') than in muscles of
smaller fish (TL<20 cm, mean 0.029 mgkg'), whereas
this group of fish had a higher concentration of
Hg in gills (mean 0.0348 mgkg'). Regression analysis
showed that the concentration of Hg in muscles as
well as gills of non-predatory fish decreased with
increasing total length of the fish. But in the case
of HgG this decrease was statistically significant
(HgG(log) = -2.00-0.89TL(log); p<0.001), whereas in the
predatory fish group the concentration of Hg in tissues
increased with increased total length (not statistically
significant). Analysis of changes of concentrations of
Hg in the tissues depending on the class size of fish
showed that for individuals with a total length up to
20 cm, Hg concentration showed a decreasing trend with
increasing length of fish (in the case of gills on borderline
of significance, ie., HgG(log) = -2.65-0.66TL(log);
p = 0.047), whereas in large fish (TL>20 cm) Hg
concentration in tissues increased with increasing length
of the fish, but was statistically significant only in the
case of muscle (HgM(log) = -8.31+1.48TL(log); p = 0.03).

Hg Concentrations in Fish vs. Physical
and Chemical Parameters of Water

The direct relationships between Hg concentrations
in fish tissues were specified using redundancy
analysis (RDA). The concentration of Hg in fish
tissues was affected by 4 variables, including N-NH,
(A, = 0.16, F = 1792, P = 0.002), chl-a (A, = 0.12,
F = 1472, P = 0.029), oxygen saturation (A, = 0.04,
F=5.49, P =0.035), and temperature (A, = 0.07, F = 9.90,
P =0.04), and the first two axes explained 78.9% of total
variance in Hg concentration. N-NH, correlated to Hg
concentration in tissues of Rutilus rutilus and Scardinius
erythrophthalmus, and chl-a affected Hg concentration in
Ameiurus nebulosus, Alburnus alburnus, and Carassius
gibelio, whereas oxygen saturation was related to Hg
concentration in Abramis brama. Temperature showed
no clear relationship to Hg concentration of any species
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Fig. 3. Redundancy analysis biplot for fish assemblages showing mercury concentration in tissues (muscles a) and gills b) and
environmental variables. Species codes: Rut.rut. — Rutilus rutilus, Car.gib — Carassius gibelio, Abr.bra — Abramis brama, Ame.neb —
Ameiurus nebulosus, Eso.luc — Esox lucius, Blic.bjo — Blicca bjoerkna, San.luc — Sander lucioperca, Alb.alb — Alburnus alburnus, Per.
flu — Perca fluviatilis, Sca.ery — Scardinius erythrophthalmus, Asp.asp — Aspius aspius.

(Fig. 3a). The same variables, namely N-NH, (A = 0.21,
F=11.00,P=0.002), chl-a (A = 0.17, F = 9.60, P = 0.028),
oxygen saturation (7»a =0.09, F =703, P = 0.037), and
temperature (A, = 0.07, F' = 2.54, P = 0.042) affected the
concentration of Hg in gills. Although the first two axes
explained 60.9% of total variance in Hg concentration,
distribution of environmental variables and species on
RDA biplot suggest that environmental variables equally
influenced the concentration of Hg in gills for all species
(Fig. 3b).

Discussion

Trophic Status and Physical and Chemical
Parameters of Lakes vs. Hg Concentrations
in Fish

Our study showed that the Hg concentration in the
fish tissues varied depending on the lake and on the
species, size, and food preferences of the fish. The study
contributes to the attempts made in recent years to find
links between Hg in the tissues of fish or other organisms
from the aquatic ecosystem and the physicochemical
parameters of the water or trophic relationships between
organisms [27-28]. However, it has been proven difficult
to find a model showing changes in the content of this
element at different levels of the trophic pyramid or in
fish [29], and as reported by [2], analysis of a dozen or so
lake ecosystems in Canada indicates that the content of
Hg in fish tissues is often closely dependent on the lake
itself. The present study found relatively high variation in
Hg content in fish tissues depending on the concentration
of chlorophyll a in the water, as Hg concentration in the

fish from the lakes tested was found to decrease as the
concentration of chlorophyll @ in the water increased
(Fig. 1). A similar negative correlation between Hg
accumulation and chlorophyll a concentration has
been found in some species of fish in North America
(largemouth bass Micropterus salmoides, smallmouth
bass Micropterus dolomieu, walleye Sander vitreus, and
yellow perch Perca flavescens) [30], and in many species
of fish in African lakes [19].

Physicochemical  conditions and  parameters
characterizing the level of eutrophication influence the
specific character of trophic levels and the productivity of
lakes. Kidd et al. [29] noted the highest Hg concentration
in the food web in large, highly productive lakes.
According to Pickhardt et al. [31] and Clayden et al. [2],
in eutrophic lakes the concentration of Hg in plankton,
zooplankton, and fish was lower than in oligotrophic
lakes. The productivity of water bodies appears to be a
key factor, since increased plankton density accompanied
by greater plankton biomass caused a decrease in total Hg
concentration in this element of the food web. In contrast,
Chen and Folt [17] report that lower productivity in lakes
and lower plankton density led to greater transfer of Hg
to fish. This is confirmed by studies by Kidd et al. [10]
and Chen et al. [18], in which higher Hg concentration
was found in the fish of lakes with lower productivity.
Contrasting results, i.e., low Hg content in fish,
were obtained by Yan et al. [32] in the hypertrophic Lake
Taihu and by Cheng et al. [33] in aquaculture ponds with
higher productivity. On the other hand, the complexity
of the phenomenon was demonstrated by Chen and
Folt [17], who found similar Hg values in the tissues of
2 species, trout and bullies, from lakes with different
trophic status.
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Analysis of our results showed that in the shallow lakes
studied in the temperate zone, the parameters affecting
the concentration of Hg in the analysed fish tissues,
apart from chlorophyll a and N-NH, concentrations,
included oxygen saturation and temperature. It should be
emphasized that the effect of these parameters on the Hg
accumulated in the gills was somewhat less pronounced.
The significance of other water parameters on Hg
concentration in the food web or in organisms has been
a subject of discussion in recent years and has not been
clearly established. However, as noted by McMurtry et
al. [34], analysis of fish from Lake Ontario indicates
that the best prognostic factor may be dissolved organic
carbon (DOC). Lower Hg concentration in fish in lakes
with lower DOC has also been observed by Gilmour et
al. [35] in the northern Everglades. According to Pollman
[36], this parameter is a key factor and should be taken
into account in models simulating Hg circulation in the
ecosystem. On the other hand, a study by Simonin et
al. [30] showed that this parameter did not significantly
affect the content of Hg in the tissues of yellow perch
and bass.

Fish Species, Size, and Food Preferences vs. Hg
Concentrations in Fish Tissues

Our observations showed that Hg content varied
depending on the species of fish, and was markedly
higher in predatory species such as asp and perch.
However, significant differences were noted only in the
case of Hg concentration in the muscles (Table 3). The
accumulation of greater quantities of Hg in predatory
fish has been observed in recent years by researchers
such as Moreno et al. [37], and is linked to the trophic
level occupied by these species (top-predators) [9, 38].
However, these authors state that this is not a rule, as this
relationship was not confirmed in the case of yellowfin
tuna. Further observations are undoubtedly needed, but
it is a fact that the main source of Hg in fish is their food
[9]. The effect of diet on Hg concentrations in walleye
was studied by Johnson et al. [25], whose observations
showed that concentrations in individual fish fed on
invertebrates was almost 10 times lower than in fish
fed on fish. In our study, the lowest Hg concentrations
in the tissues were also noted in non-predatory species
(Prussian carp, bream and rudd) (Tables 2 and 3).

Hg concentration was also found to vary considerably
between the tissue types analysed. Markedly lower
concentrations were noted in the gills than in the muscles
(Table 3). Studies by some authors have shown that the
skin and gills serve as a medium by which Hg passes
from the environment (water, substrate, sediment, etc.)
to other tissues [9], while it is mainly accumulated in the
muscles and liver [23, 39].

The available literature indicates that Hg concentration
increases with the age and size of fish [23, 39-41]. The
same tendency was observed in our study in all species
of fish, irrespective of the trophic status of the lake (Fig.
1), but the increase was statistically significant only in

the case of perch (Table 3). According to Sonesten [24],
perch is one of the species that can be treated as a model
species for determining Hg concentration vs. fish-size
dependence. Of course this is possible when we have
an adequate number of samples with a wide range of
individual total lengths. On the other hand, Liu et al. [39]
found a negative correlation between Hg concentration in
tissues and fish size in sea bass. Similarly, Moreno et al.
[37] found no correlation in whitefish in different seasons
of the year. Sonesten [24] suggest that this may also be due
to numerous environmental factors, including lake pH,
specific conductivity, and concentrations of chlorophyll
a and Hg in the water. According to Stafford and Haines
[42], analyses are usually based on a small, limited
number of samples; hence the correlation between Hg
content and fish size cannot always be treated as a rule.
In our observations this was visible in the case of roach,
in which Hg content in the gills decreased substantially
as body length increased. It is possible that in the case
of individuals with small dimensions and biomass the
relative concentration of Hg may be greater than in larger
individuals.

Potential Impact on Human Health

An extremely important issue is the use of fish
from the investigated lakes as food. According to
Commission Regulations (EC) [43-44], the level of Hg
for most fish should not exceed 500 pgkg!, while in
the case of certain predatory species, e.g., pike, a level
of Hg contamination of up to 1,000 pug-kg'is permitted
[44]. The Hg concentrations found in the fish muscles
in our study should be regarded as low. In all of the
muscle samples analysed, from both predatory and non-
predatory fish, the content of this element was well below
the permissible limits.

The fact that intake of even trace amounts of Hg poses
a health risk, while the use of fish as food is a tradition
in the area studied, raises the question of whether and
to what degree the presence of Hg in the tissues of
consumed fish may harm the local population. The
potential risk is associated not only with the quantity of
Hg, but primarily with the form in which it is consumed.
According to Sedlackova et al. [45], nearly all of the
Hg contained in fish occurs in its most toxic form, i.c.,
methyl Hg. Our previous studies (unpublished) revealed
that in fish from lakes from the examined area methyl
Hg concentrations amounted to 67.5% and 86.5% of
the total Hg in non-predators and predators, respectively.
The provisional tolerable weekly intake (PTWI) of methyl
Hg compounds from all sources for a healthy person
has been established by the Joint FAO/WHO Expert
Committee on Food Additives (JECFA) as 1.3 pgkg!
body weight, i.e., 112 pg for a person weighing 70 kg
[46-47]. Assuming the highest level of contamination
found in the muscles of fish in our study (0.09 mgkg™),
consumption of 1 kg of fish a week would mean intake
of 90 ng of Hg a week, or 80% of the PTWI for methyl
Hg. Consumption of fish from monitored sites is safe for
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the moderate consumer. However, given that the PTWI
index must take into account all of the Hg entering the
body from all sources (e.g., air, water, or food additives),
consumption of large quantities of fish may raise concerns
regarding toxicity.

Conclusions

In conclusion, our study found variations in Hg content
in fish depending on the lake and the species. In addition,
Hg concentration in the tissues was inversely correlated
with the level of chlorophyll @ in the lakes. Content of
Hg in the tissues was markedly higher in predatory fish,
and increased with their body length. In non-predatory
fish this correlation was less clear. The gills of the fish
contained lower concentrations of Hg than the muscles,
but the level showed similar tendencies as in the case of
the muscle tissue, though it was less dependent on the
physicochemical parameters of the water in the lakes.
Although the Hg content in the fish from the lakes was
substantially lower than the acceptable limits, the fish
could pose a potential health risk if consumed in large
quantities by the local population.
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