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Abstract

The study monitored mercury (Hg) contamination of fish muscle tissue at 13 geographical sites that can be regarded as crucial
points for an ecotoxicological assessment of the Czech Republic section of the Elbe River. The descriptive part of the study was
primarily aimed at comparative evaluation of the Hg load during the period 1991-1996. The conclusions were supported by
multivariate statistical analyses of the content of Hg in the muscle tissue of 1251 fish belonging to 23 species with four dominant
indicator species: Perca fluviatilis (n = 163), Abramis brama (n = 173), Rutilus rutilus (n = 148), and Leuciscus cephalus (n = 166).
Considering data from 3- to 5-year-old fish, significantly increased contamination was detected in typical predators compared to the
other fish species in all sites (P <0.001). On the other hand, omnivorous and planctivorous species were ranked as the least sensitive
for Hg pollution. Perch appeared to be the most contaminated species in the sample with muscle Hg concentration in the range of
0.840-1.398 mg Hg kg™". Although less contaminated than perch, muscle contamination of bream sensitively separated differently
contaminated sites; the highest load ranged from 0.368 to 0.543mgHgkg™!. Time-related comparison of sampling campaigns
revealed no significant trend changes, in either sediment samples or fish tissue. Thus, the analyses documented an evidently rather
stabilized total Hg pollution in the Elbe River environment. Multivariate multispecies analyses found the age of analyzed individuals
and the feeding strategy of a given species as the most important, however mutually interactive, covariates for Hg accumulation in
muscle tissue. The analyses revealed decreasing sensitivity of older predator individuals to differentiate highly and moderately
contaminated sites. Benthophagous species mostly kept their discrimination capacity toward contaminated sites in all age categories,
with the exception of bream that was rather linked to the pattern typical for predator species. The unclear position of omnivorous
species, represented namely by roach, corresponded with their weak bioindicator power, mainly in the young age categories.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

In recent years a number of wide-ranging monitoring
studies have been performed in order to estimate the
degree of mercury (Hg) contamination in freshwater
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ecosystems (Sliggers and Jager, 1993; Yamaguchi et al.,
2003). Knowledge regarding contamination of different
levels of the food chain is necessary for estimation of
total pollutant input fluxes and subsequent partitioning
among different phases in the aquatic system. The
growing international concern about this environmental
data is closely related to the strongly developing
ecological risk assessment activities. In addition, fresh-
water monitoring outputs hold a key position in the
estimation of the Hg dose consumed by the human
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population as it is highly dependent on fish consump-
tion.

The Elbe River represents one of the largest fresh-
water ecosystems in central Europe with a length of
1091 km and a total watershed area of 148,268 km>.
Monitoring of its environmental status reflects the
potential influence of 25 million people (6 million in
the Czech Republic). There had been several monitoring
studies concerned with heavy metal and polychlorinated
biphenyl (PCB) pollution of the Elbe River up to the
1990s (Tent, 1983; Forstner et al., 1990). The anthro-
pogenic load has been reported as steadily increasing to
its maximum in the 1980s and early 1990s when the Elbe
River was considered as one of the most contaminated
river in the Europe. Accordingly, an intensive working
group under the auspices of the International Commit-
tee for Elbe Protection (Internationale Kommission zum
Schutz der Elbe—www.ikse.de) was established in 1990
with programs dealing with complex monitoring studies,
emission inventories, and ecological risk assessment
surveys. The committee has initiated several complex
monitoring programs. Long-term examination of 13
model sites of the Czech Republic section of the river,
performed under projects Elbe I (1991-1994) and Elbe 11
(1995-1998), substantially contributed to the state of
environment knowledge; data on Hg load reported
herein also resulted from these projects. It should be
emphasized that results are not only of simply descrip-
tive importance—heavy contamination still present in
many sites of the Elbe River should be regarded as an
ideal model system for scientific monitoring programs
due to a wide variety of geographically and anthro-
pogenically distinguishable sites.

Both ecological and human risk assessments assume
that evaluation is based on exposure data representative
of important components of the investigated ecosystem.
Within both approaches, a distinction is made between
simple indicator systems (using the most vulnerable,
interesting, or suspect part of an ecosystem) and more
complex (multicomponent or multispecies) assessments
including space and time variability. Contamination of
selected indicator fish species appears to be a valuable
early warning model (Marcovecchio and Moreno, 1993;
van Dam et al., 1998) with rather limited interpretation
toward the other parts of an ecosystem. Although a
variety of biological species or environmental compart-
ments are used in the monitoring of freshwater
ecosystems, the analyses of bottom sediments, zoo-
benthos, and tissues of selected fish species are most
frequently combined in the case of pollution by heavy
metals (Kristensen and Hansen, 1980; Lodenius, 1991;
Prego and Cobelo-Garcia, 2003). In Europe, various fish
species were effectively used for bioindication of
contamination, with dependence on the region, e.g.,
Abramis brama in monitoring of the Elbe River
(Kammann, 1995) and the Weser River (Busch et al.,

1995), Leuciscus cephalus in the Morava River (Gelnar
et al., 1994), L. cephalus in the Rhone River (Devaux et
al., 1998), Esox lucius in the Oder River (Meinelt et al.,
1997), Anguilla anguilla in the Dutch Rhine delta
(Pieters and Geuke, 1994), and the Thames Estuary
(Langston et al., 2002).

On the other hand, more than one fish species should
be analyzed in comparative environmental studies due
to substantial variations in pollution processes (Burger
et al.,, 2002). In addition to regional variability the
results of monitoring programs might be biased due to
different time profiles of exposure in examined sites.
Multispecies comparisons covering different feeding
habits of fish and a wide range of age categories have
the potential to distinguish recent exposure from long-
term load. However, although multispecies sampling
strategy provides outputs close to real-life situations in
the ecosystem, it also strongly increases requirements on
the input data and subsequent statistical analyses. A
reasonable application of statistical methods is then very
much needed because it could greatly assist reliable
comparison of pollution even in very different sites
(Jensen and Cheng, 1987). A variety of quite different
statistical techniques ranging from narrative descrip-
tions to complex multivariate analyses could be applied
for that purpose. Among others, age (or weight) of
monitored fish populations appears to be the factor
most frequently standardized by statistically oriented
techniques. Some authors standardize the actual content
of Hg to a selected young age category (e.g., Lange
et al., 1993) prior to any statistical treatment. Biocon-
centrations of Hg positively correlated with age or size
of fish could be evaluated using regression models fitted
to the experimental data (Jackson, 1991; Mueller and
Serdar, 2002). Hg accumulated in tissues was also
effectively related to the fish age as an independent
variable in a Bertalanffy-type function (Morrison and
Thérien, 1995).

Since Hg has the potential to bioaccumulate in food
chains, the representative selection of an indicator
species for a specified ecosystem appears to be a crucial
step for reliable interpretation, particularly in long-term
studies. The descriptive part of the study was primarily
aimed at comparative evaluation of the Hg load in 13
model sites along the Czech section of the Elbe River
sampled during the period 1991-1996. The conclusions
were supported by multivariate statistical analyses of the
content of Hg in the muscle tissue of 1251 fish belonging
to 23 species with three dominant indicator species:
Perca fluviatilis, A. brama, and Rutilus rutilus. The
indicator potential of these species, which represent
three different feeding strategies, was related to the
whole spectrum of analyzed species in order to identify
and classify their information value. Uncertainty asso-
ciated with sediment-related input data and data
reflecting contamination of fish species differing in
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feeding habits was previously discussed. We endea-
voured to document the utility of the multivariate
comparative approach as an effective tool for the
treatment of a heterogenecous environmental data set
including the variability related to multispecies differ-
ences, age of fish, space, and time attributes.

2. Materials and methods
2.1. Geographical site description

Pollution of the Elbe River originated mainly from
indirect loads reaching the river via water from the
catchment area contaminated by municipal wastes and
industrial discharges (chemical industries, paper mills,
waste water works, shipbuilding yards, and docks). That
is why sites located downstream from the large cities on
the river are the most representative model points for
long-term monitoring surveys (Beuge and Kramer, 1982;
Truckenbrodt and Einax, 1995). However, industrial
and municipal wastes were not the only sources
responsible for the total metal burden in this region.
The Elbe River also flows through agricultural regions
and nonpoint sources could have accounted for the
pollution by Hg, namely due to uncontrolled erosion,
soil leaching, and surface runoff (Adams et al., 2001).
For example, for decades, cereals grown in the area of
interest were treated by the fungicide Agronal contain-

Vlitava River

ing phenylmercury. The geographical locations of the
study sites are displayed in Fig. 1 and major environ-
mental characteristics are described in Table 1.

2.2. Sampling design and analyses

Four sampling campaigns have been performed at all
13 sites of the Elbe I and Elbe II projects. At all the sites,
sediment samples were taken and analyzed for total Hg
content in both 1994 and 1995 according to Blomqvist
(1985) and Fukuhara and Sakamoto (1987). Standard
fishing by gill net was performed throughout the
experimental period. Each collected fish was immedi-
ately measured, weighed, and aged (according to its
scales). Samples of muscle, liver, kidney, and gonads
were stored at —18 °C. Total Hg content was determined
by flameless atomic absorption spectrometry after
previous mineralization of analyzed tissues (Studnicka
et al., 1974).

A total of 1251 fish individuals (915 herbivorous and
336 piscivorous) belonging to 23 species was analyzed
for content of Hg in the muscle tissue. Most representa-
tive samples were obtained from the four indicator fish
species (P. fluviatilis: n = 163; A. brama: n=173; R
rutilus: n = 148; and L. cephalus: n = 166) due to their
relatively high abundance in the studied ecosystems.
These four species formed nearly 52% of the whole data
set. The list of examined fish species with their feeding
guilds is displayed in Table 2.

Site 3 239 km

Fig. 1. Site geographic location.
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Table 1

Basic environmental characteristics of the sites examined during the period 1991-1996%

Site (influencing town) Location (km)

Sample size

Mean annual Mean annual Major anthropogenic

(n) *® flow (m>s™) temperature (°C) influence

I. Opatovice Downstream (256) 144 30 10.6 Typical background sites,
without significant
anthropogenic influence

II. Pardubice Upstream (244) 100 32 10.8

II1. Pardubice Downstream (239) 67 32 11.0 Municipal wastes from
Pardubice town

IV. Kolin Upstream (200) 50 45 11.1 Industrial production—
chemical plant

V. Kolin Downstream (189) 74 45 11.5 Industrial + municipal
wastes from Kolin town

VI. Celdkovice Downstream (144) 71 56 11.5

VII. Neratovice Downstream (122) 127 68 11.6 Chemical production

VIIL. Stéti Downstream (90) 32 165 11.7 Paper mills located
upstream (Vltava River)

IX. Lovosice Downstream (60) 77 190 11.9 Chemical industry

X. Vanov Downstream (50) 49 215 12.0 Ship-building yard, docks

XI. Usti n. Labem Downstream (40) 67 265 12.1 Municipal wastes from
towns located upstream,
chemical industry, organic
waste discharges

XII. Décin Downstream (15) 316 295 12.1

XIII. Hrensko Downstream (5) 77 308 12.2

#Data collected in four sampling campaigns: 1991, 1992, 1993, 1996.
"Total number of examined fish.

2.3. Statistical data analyses

A log-normal distribution, typically with an extreme
position of the upper tail, was clearly proved for the
content of Hg in analyzed tissues. Prior to statistical
analyses, these data were logarithmically transformed in
order to reach normal distribution (3> test, Shapiro—
Wilks’ test) and homogeneity of variance within selected
categories (Bartlett’s test). All numeric and graphic
outputs were based on the geometric mean and its
confidence limits (Parkin and Robinson, 1992). If
necessary, the final estimates of the geometric mean
were corrected to reduce bias due to small n (Parkin et
al., 1990). One-way ANOVA followed by Tukey’s
multiple-range test was applied for comparison of more
than two fish species, sites, or time periods. Both
parametric Pearson’s correlation coefficient and Spear-
man’s rank correlation coefficient were applied to find
significant relationships between Hg concentration in
tissues and fish age (Zar, 1984). Comparison of the sites
was summarized by multivariate clustering based on
median content of Hg in muscle tissues. Matrix of
Euclidean distances and furthest neighbor algorithms
were found to provide the most reliable discrimination
among the sites.

The principal component analysis (PCA) was
used to characterize the multispecies relations through
linear transformation of median Hg content in
muscle tissues arranged according to individual
samples (rows) and species with distinguished
age category (columns). The new variables, called
principal components (PCs), were calculated as eigen-
vectors of a multispecies correlation matrix. In order
to prevent certain species from having more influence
than others due to the scaling effect, the median
Hg content data were standardized prior to PCA
(i.e., original variables were centered to obtain a
zero average and normalized to obtain a variance of
1). Data pretreated in this way provided the most
meaningful bilinear projections showing the relation
between species and groups of species (Arnold
and Collins, 1993). PCA was carried out in order
to provide (1) component loading vectors sufficient
to explain the relationships among species and their
mutual position with respect to feeding habits, and (2)
component score vectors as pairwise noncorrelated
variables that were used for additional multispecies
comparisons (Jolliffe, 1986; Legendre and Legendre,
1998). Component weight vectors were scaled to the
length of 1.
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Fish species

Feeding guilds

Abramis brama
Alburnoides bipunctatus
Alburnus alburnus

Bream
Spirlin, riffle minnow
Bleak

Benthophagous
Planctivorous
Planctivorous

Anguilla anguilla European eel Predator
Aspius aspius Asp Predator
Barbus barbus Barbel Benthophagous
Blicca bjoerca White bream, Benthophagous
silver bream
Carassius auratus Gibel carp Planctivorous
Esox lucius Pike Predator
Gobio gobio Gudgeon Benthophagous
Gymnocephalus cernua Ruffe, pope Benthophagous
Ictalurus nebulosus Catfish, Benthophagous
brown bullhead
Leuciscus cephalus Chub Omnivorous
Leuciscus idus Ide, orfe Omnivorous
Leuciscus leuciscus Dace Omnivorous
Perca fluviatilis Perch Predator
Rutilus rutilus Roach Benthophagous
Salmo trutta Trout Predator
Scardinius erythrophthalmus Rudd Phytophagous
Silurus glanis Wels, sheatfish Predator
Stizostedion lucioperca Pikeperch, zander Predator
Thymallus thymallus Grayling Benthophagous
Vimba vimba Vimba bream Benthophagous

3. Results

3.1. General comparison and multivariate grouping of

model sites

Keeping species identity as variables, the spatial

similarity pattern of the sites was identified by clustering
of the median Hg levels in muscle tissues of fish 3—5
years old (Fig. 2A) and younger individuals (1-2 years,
Fig. 2B). Contamination of older fish clearly defined
three distinct groups of sites with the slightly out-
standing position of site 6 (Fig. 2A): background sites
(Group I: Opatovice and Pardubice); sites with moder-
ate Hg load (Group II: Kolin, Stéti, Lovosice, Usti n.
Labem); and heavily contaminated sites (Group III:
Celakovice, Neratovice, Vatiov, D&in, Hiensko). Con-
tamination of younger fish significantly separated back-
ground sites (Group I) from most of the heavily polluted
sites (Group III); the middle polluted group of sites
revealed a rather unclear position and was partially
superimposed with heavily polluted ones (Fig. 2B). The
outstanding position of site 6 was significantly more
extreme than in the case of older individuals (Figs. 2A
and B).

The results of multispecies clustering suggested
ranking of the sites qualitatively similar to Hg levels in
sediments (Table 3). This fact indicates rather long-term
environmental load in most of the sites belonging to
groups II and III. Because of data homogeneity within
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Fig. 2. Multivariate clustering of examined sites based on Euclidean
distance. (A) Individuals 3-5 years old; (B) individuals 1-2 years old.

these groups (clustered data reached a very reasonable
coefficient of variance up to 24%), the trinomial
categorization of the sites was retained in any further
species-specific and time-related analyses. Using data
from fish 3-5 years old, Table 3 numerically defines
long-term bioaccumulated levels of Hg in analyzed fish
communities. Although contamination of muscle of all
the evaluated species was significantly lower in back-
ground sites S1-3, only data from bream and clustered
benthophagous species contributed to statistically sig-
nificant separation of heavily polluted sites (Group III)
from moderate ones (Group II).

Considering data from 3- to 5-year-old fish, signifi-
cantly increased contamination was detected in typical
predators compared to herbivorous or omnivorous fish
species in all groups of sites (Table 3, P<0.001). Perch,
as partially benthophagous species with a substantial
portion of fish in food, appeared to be the most
contaminated species in the sample (muscle Hg con-
centration in the range of 0.840-1.398 mgHgkg™").
Although less contaminated than perch, muscle con-
tamination of bream sensitively separated all three
groups of sites; the highest metal load ranged from
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Grouping of the sites (S1-S13) into three categories reflecting gradient in mercury load (I<II<III): characteristics summarized for the whole

sampling period 1991-1996*
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Characteristics

Group I (S1, S2, S3)

Group II (54, S5, S8, S9, S11)

Group III (S6, S7, S10, S12, S13)

Total no. of fish individuals
Hg in sediments (mgkgg},)°

331
0.46 (0.29; 1.16)*

290
3.08 (2.24; 5.16)®

630
6.12 (4.72; 9.30)¢

Hy in muscle tissue (mg kg~ )°: major indicator species and groups of species joined according to their feeding strategy

Perca fluviatilis (predator)
Rutilus rutilus (omnivorous)
Abramis brama (benthophagous)
Other predator species®®

Other omnivorous species®

Other benthophagous species¢

n=22
0.152 (0.089; 0.219)*
n=16
0.106 (0.089; 0.124)*
n=15
0.171 (0.108; 0.237)*
n=206
0.237 (0.196; 0.282)*
n=48
0.091 (0.072; 0.129)*
n=28
0.133 (0.109; 0.157)

n=19
0.729 (0.559; 0.973)B
n=22
0.353 (0.265; 0.445)8
n=16
0.309 (0.243; 0.359)®
n=25
0.781 (0.614; 0.868)%
n=234
0.221 (0.182; 0.294)®
n=>57
0.336 (0.297; 0.369)®

n=233

1.06 (0.840; 1.398)"
n=235

0.375 (0.335; 0.415)®
n=21

0.415 (0.391; 0.597)¢
n=45

0.814 (0.712; 0.953)®
n=_8I1

0.306 (0.244; 0.417)®
n=47

0.428 (0.361; 0.564)C

Statistical comparison of grouped sites: numbers within one row followed by the same superscript capital letter are not significantly different.

®Only individuals 3-5 years old were selected for the comparisons.

“Numbers represent geometric mean supplied with corresponding 95% confidence limits (in parentheses).

dData from these species were joined on the basis of preliminary ANOVA test indicating statistically negligible differences between single species.
CEsox lucius, Silurus glanis, Stizostedion lucioperca, Anguilla anguilla, Aspius aspius.

YAlburnus alburnus, Alburnoides bipunctatus, Scardinius erythrophthalmus, Leuciscus cephalus.

€Blicca bjoerkna, Barbus barbus, Gobio gobio, Carassius auratus, Ictalurus nebulosus, Vimba vimba.

0.368 to 0.543mgHgkg~'. Data from omnivorous and
benthophagous species could not be statistically distin-
guished in sites with low and moderate metal burden;
benthophagous species as a category, however, revealed
significantly increased contamination of muscle tissues
in heavily polluted sites (P <0.05; Group III).

3.2. Time-related comparisons of mercury load

Pairwise comparison of two major sampling cam-
paigns, 1991-1992 and 1993-1996, objectively divided
periods of increasing international interest focused on
the Elbe River environment. Based on strict statistical
analyses of data arranged in a temporal sequence, no
significant trend changes were detected in any examined
fish species, although some fish species revealed a shift of
values associated with time, namely in young individuals
(Figs. 3A and B). There were no significant time-related
changes, after 1990, in either sediment samples or fish
tissue of older individuals (3—5 years). Thus, we have
observed an evidently rather stabilized total Hg pollu-
tion (Fig. 3, Table 3). Indeed, Hg levels in muscle tissues
of young perch and other predator species (1-2 years
old, Figs. 3A-I and B-III) caught in sites with moderate
contamination even indicated a decreasing trend in
bioaccumulation of Hg over time. On the other hand,
heavily contaminated sites clustered in Group III
seemed to be steadily polluted up to 1996 as reflected
by the increased Hg levels in young individuals of all

indicator fish species and predator species (Figs. 3A-I
and B-III).

3.3. Bioindicator potential of different species—
multivariate comparison

Apart from time trends, data shown in Fig. 3 also
revealed substantial differences between fish species in
their potential to discriminate sites according to gradient
of Hg pollution. Reasonably expressed confidence limits
justified the clustering of less abundant predator,
omnivorous, and benthophagous species (coefficient of
variance did not exceed 28% within these groups).
Predator species, and namely the most contaminated
perch, revealed important indicator potential even at a
young age for the maximum content of Hg accumulated
in muscle tissue. However, predator individuals older
than 3 years living in moderately and heavily polluted
sites (groups II and IIT) were all strongly contaminated
with negligible statistically significant differences. A
similar pattern, i.e., decreasing sensitivity of older
individuals to differentiate highly contaminated sites,
was obtained analyzing muscle tissue of bream that
appeared to be more similar to the predator species than
to the other benthophagous species. Clustered data of
other benthophagous species (bream not included)
reflected a Hg gradient in sites, including the stage
between moderately and heavily polluted sites (Fig. 3).
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Perca fluviatilis [ n = 77]

L. Major indicator species: age category 1 - 2 years

Rutilus rutilus[ n = 47]

Abramis brama [ n=24]
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Fig. 3. (A) Time profile of Hg content in tissue of indicator species. (B) Time profile of Hg content in tissue of other examined species.
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Table 4

Correlation structure of data expressing mercury level in muscle tissue of indicator and the other fish species®

Perca fluviatilis Rutilus rutilus

Abramis brama

Other predator species® Other omnivorous species®

(A) Individuals with age <3 years
Other benthophagous species®

Other omnivorous species + +
Other predator species® +
Abramis brama +

Rutilus rutilus

(B) Individuals with age 3—5 years
Other benthophagous species®
Other omnivorous species

Other predator species®

Abramis brama +
Rutilus rutilus

+ +
+
+

+ Correlation significant at the level P< 0.05; + + Correlation significant at the level P<0.01.
#Pearson’s correlation coefficients evaluated on geometric means of mercury level in each sample.
"Data from these species were combined because of statistically negligible heterogeneity within the subgroups (see Table 3).

Omnivorous and planctivorous species were ranked as
the least sensitive indicators for Hg pollution. Contam-
ination of young omnivorous individuals did not permit
a statistically significant separation of background sites
from the others; individuals older than 3 years revealed
increased Hg content with dependence on environmen-
tal conditions, however, without any difference between
moderately and heavily polluted sites. Roach as an
abundant indicator species appeared to be the most
representative species of this group (Fig. 3).

Hg levels in muscle tissues of species grouped
according to feeding strategy were mutually related in
correlation matrices displayed in Table 4. As expected,
benthophagous species strongly correlated with preda-
tor species only in the case of young individuals; data
from individuals 3-5 years old led to a weaker, but still
significant, correlation. Omnivorous species were not
correlated significantly either with predator or with
benthophagous groups. Roach as a representative
species of this group correlated highly significantly with
data from omnivorous species. Similarly, perch and
bream correlated with groups of species they belong to
but their representative position was less significant,
namely in the case of bream.

Multivariate comparison of different species was
summarized on the basis of median levels of Hg in
muscle tissues. A PCA was successful within both
included age categories; two-dimensional projections
of extracted PCs exhausted more than 80% of total
variability. Biplots displayed in Fig. 4 summarized two
types of analyses: (1) interrelationship of primary data
from single species (Figs. 4A and C) and (2) analysis
relating separated indicator species to groups of species
clustered according to different feeding strategies (Figs.
4B and D). The analysis again concluded a high
indicator potential of young (1-2 years) predator
species, namely perch, toward differently contaminated

sites (Figs. 4A and B), while data from older predator
individuals could not distinguish moderately and heavily
polluted sites (Figs. 4C and D). Benthophagous species
kept their discrimination capacity toward highly con-
taminated sites in both age categories, with the
exception of bream that was rather linked to the pattern
typical for predator species. The unclear position of
omnivorous species, represented by roach, corresponded
with their weak bioindicator power, mainly in the young
age categories (Fig. 4).

4. Discussion

Clearly proved increasing accumulation of Hg in
tissues over the lifetime of examined fish can be regarded
as an indication of contamination (Rincon et al., 1993;
Niimi and Kissoon, 1994; Mueller and Serdar, 2002)
and age-related changes then represent a crucial
variability component in biomonitoring studies. The
significantly varying contamination of tissues in relation
to the fish age or weight has been reported for numerous
fish species both for Hg and for methylmercuric salts
(Bache et al., 1971; Svobodova and Hejtmanek, 1985;
Barak and Mason, 1990; Jackson, 1991; Friedmann et
al., 1996; Neumann and Ward, 1999; de Pinho et al.,
2002). Another widely known factor is the tendency of
fish species to accumulate Hg relative to their position in
the food web and feeding habits of indicator fish species
are therefore emphasized in many ecotoxicological
studies (Rincon et al., 1993; Burger et al., 2002; Sager,
2002).

Similarly in our study, quantitatively more significant
differentiation of background and polluted sites was
reached in the case of older fish as a consequence of
higher Hg levels accumulated in their muscle tissues
(Figs. 3 and 4). However, data obtained from older fish
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Fig. 4. Biplot presentation of bioindicator potential of (A, C) individual examined species and (B, D) indicator groups of species.

individuals reflected long-term exposure with many
influencing factors and furthermore, not all included
species equally contributed to the final pattern.
Although sensitive to increased contamination, resulting
biological data could not necessarily indicate a real
environmental gradient of pollution. Uncertainty asso-
ciated with retrospective studies should be sharply
reduced by an optimum combination of qualitative
and quantitative points of view, which of course implies
analysis of more than one indicator species represented
by individuals of at least two distinct age categories.
Therefore, we found the age of analyzed individuals and
the feeding strategy of a given species as the most
important, however mutually interactive, covariates for
Hg accumulation in muscle tissue.

Young predator species (1-2 years) very sensitively
differentiated contaminated sites while older predator
individuals (3-5 years) living in moderately and heavily
polluted sites were all strongly contaminated with
negligible statistical differences. It seems that their
enormous sensitivity to Hg bioaccumulation in the

trophic structure reduced the potential to react on
continually increasing metal load. On the other hand,
benthophagous species of any age category very
effectively indicated underlying Hg gradient in sites,
with the exception of bream, which was rather similar to
predator species. Omnivorous and planctivorous species
were ranked as the least sensitive indicators for Hg
pollution. Contamination of young omnivorous indivi-
duals did not permit a statistically significant separation
of background sites from the others, indicating that
increased Hg level in these species is strongly dependent
on long-term exposure.

Based on these results, one can propose a dual
concept in the interpretation of biomonitoring of Hg
load in freshwater ecosystems. The first component of
the concept reflects the absolute amount of Hg
accumulated in the analyzed tissues that depends to a
great degree on the position of a given species in the
trophic chain (Van der Zanden and Rasmussen, 1996;
Bowles et al., 2001). The second component implements
the discriminative power of a given species toward
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environmental pollution gradient and time profile of
exposure, and deals with an interactive interpretation of
the age structure and spectrum of feeding habits that
occurred in the actual analyzed sample.

The long-term evaluation of 13 heterogeneous model
sites presented here enabled identification of three
environmentally important parts of the whole fish
community:

1. Early warning indicators. Young individuals (1-2
years) of predator species, and of bream, appeared
to be a sensitive part of the community, indicating
recent increases in metal load in even highly polluted
sites. Even at a young age, predator species could
accumulate relatively high absolute amounts of Hg,
which further potentiated their informative value.
Young perch individuals appeared to be the most
representative for this group.

2. Sensitive indicators of long-term exposure to Hy.
Individuals of predator species and of bream 3-5
years old were unambiguously assorted to this
indicator group. These species are characterized by
high sensitivity to Hg accumulation due to their
feeding strategy and therefore, under long-term
exposure, they could reach relatively high Hg load
in even moderately polluted sites. On the other hand,
however, these characteristics appeared to reduce
their potential to discriminate moderately and heavily
polluted freshwater ecosystems.

3. Safe indicators of underlying environmental gradient.
Benthophagous species with the exception of bream
appeared to accumulate Hg in positive correlation
with its sediment content. Although the accumulated
Hg content was not as high as in the case of predator
species, it has significant potential to discriminate
between differently polluted sites in even higher age
categories of fish.

As previously specified in the Introduction, the study
was scientifically aimed mainly on multivariate compar-
ison of different fish species with respect to their ages
and feeding strategies. We can conclude that selection of
indicator species should not be restricted only to certain
levels of the food chain. The early warning monitoring
programs should be primarily directed at top predators
in low age categories, but without neglecting other,
mainly benthophagous, species. Input data from larger
predator fish species are frequently limited in sample size
in common river ecosystems and thus the other fish
species can be regarded as important receptors with
potential to transfer pollution load to higher levels of
the food chain. In long-term or retrospective studies,
special emphasis should be placed on examination of
benthophagous species that are subjected to a more or
less direct impact of the pollution substance. Multi-
species sampling could be recommended particularly for

comparative retrospectively oriented studies because it
reflects the biological integrity of a given ecosystem.

Apart from the suggested ecotoxicological classifica-
tion, the levels of Hg content in muscle tissue of different
species analyzed in the presented study corresponded to
a commonly known pattern. Contamination of pre-
dators typically more than twice exceeded Hg levels
found in herbivorous or omnivorous fish species (Table
3, Fig. 3). Although the included species have very
heterogeneous habitat preferences, they could be
grouped according to Hg levels in muscle tissues in the
following decreasing order: benthophagous and preda-
tor species with a substantial portion of fish in their food
(e.g., P. fluviatilis)>typical predators with fish promi-
nent in food (Silurus glanis, E. lucius)> typical bentho-
phagous species (A. brama, Blicca bjoerkna, Carassius
auratus)>omnivorous and clearly planctivorous fish
species (R. rutilus, Scardinius erythrophthalmus). The
study apparently emphasized the degree of sediment
ingestion and associated direct exposure to contami-
nated particles as the most important factors influencing
indicator values of a given fish species. Benthophagous
species preying close to the bottom were recognized as
susceptible indicators of environmental gradient of Hg
as has already been reported, for example, by Zarski
et al. (1995) and Svobodova et al. (1999).

The species composition of the samples reflected the
actual situation in the biodiversity of fish communities
inhabiting the investigated part of the Elbe River with
abundant perch, roach, chub, and particularly bream as
the most dominant species (Vostradovsky et al., 1994).
Bream, particularly, has very frequently occurred in
catches from highly polluted sites, which could indicate
eutrophic changes and subsequent oxygen disturbances.
A. brama is a fish of relatively low requirements to water
purity and oxygen content and it then becomes a
predominant and ecotoxicologically important species
in common stretches of European rivers (Zarski et al.,
1995).

Temporal oxygen deficiency is widely known to
enhance methylation of Hg and its mobility in fresh-
water ecosystems (Friedmann et al., 1996; Boening,
2000; Boszke et al., 2002). In addition to aeration,
temporal fluctuations in water pH values or in content
of dissolved organic carbon could also partially con-
tribute to the increased bioaccumulation of Hg. The
contamination of fish tissues in freshwater reservoirs or
lakes was frequently documented to be inversely
correlated with the pH of water (Lange et al., 1993;
Greenfield et al., 2001; Boszke et al., 2002). Highly
probable oxygen disturbances (<7mg of dissolved
0O,kg™") in polluted parts of the Elbe River (Guhr
et al.,, 1999) could intensify bacterial methylation
processes and thus potentiate uptake of Hg especially
by benthophagous species including bream. Levels
of methylmercury in the Elbe River sediments are
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estimated to range from 1% to 2% (Robertson et al.,
1987) to 10% of total Hg content (Wilken and Hitel-
man, 1991). The increase in methylmercury concentra-
tion can be strongly site specific, not necessarily related
to the absolute anthropogenic enrichment of Hg. Even
temporal changes in physical and chemical conditions
can substantially enhance the bioavailability of Hg to
fish, even in the absence of high Hg concentrations in
sediments and water (Phillips et al., 1987; Benoit et al.,
2003).

Although 13 selected sites cover a wide spectrum of
environmental conditions in the Elbe River ecosystem,
the results of biological monitoring suggested that a
substantial part of the pollution is received from closely
located towns, the chemical industry being the most
important contributor. More or less intensive local
influences cause progressively increasing heavy metal
burden with increasing distance downstream of the town
of Pardubice as was reflected by the resulting grouping
of the sites (Table 1, Fig. 2). In agreement with
previously performed investigations (Svobodova et al.,
1993), the outstanding site 6 (Celakovice) was correctly
linked to the cluster of heavily polluted sites.

In conclusion, the results should be compared with
other surveys of the Elbe River performed during the
period 1985-1994 (Svobodova and Hejtmanek, 1985;
Svobodova et al., 1996; Guhr et al., 1993; Reincke,
1993). Considering the overall situation in the Czech
Republic, the obtained data documented a still high
exposure of fish populations to Hg in all identified
heavily polluted sites. Already published decreasing
trends in Hg levels in sediments and fresh water could be
biased due to frequent flood situations and flow
variability (Guhr et al., 1994); biological monitoring
concluded only generally stabilized environmental con-
ditions. However, no negative and statistically signifi-
cant trends in the contamination of the fish population
since 1991 were detected in this 6-year study as a
consequence of new water treatment plants constructed
in the main upstream sources of pollution (Adams et al.,
2001).
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