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Abstract

The Rybinsk Reservoir (Russia) is the largest artificial waterbody in Europe (4550 km2) and provides drinking water for population of
the cities located along the coast line. Industrialization in Cherepovets at the northeastern portion of the reservoir, including one of the
largest metallurgical facilities in Europe, has resulted in chemical contamination of the reservoir. The extent of polychlorinated biphenyls
(PCB) contamination in bream liver, a common fish species, taken from six locations in the Rybinsk Reservoir and Volga River, and
biochemical and morphometric biomarkers of fish health were investigated. Liver PCB concentrations ranged from non-detected to
3.4 lg/g wet wt of liver, with the greatest concentrations found in fish taken near the industrialized area in Sheksna Reach of Rybinsk
Reservoir. The source of the bream contamination is the PCB pollution of bottom organisms and sediments conditioned with industri-
alization facilities of Cherepovets. The patterns of the PCB congeners in the livers of bream taken near Cherepovets were similar at all of
the stations that were sampled around the reservoir and Volga River. Among the common fish health biomarkers used only liver total
ChE activity and liver-somatic index in bream near Cherepovets can reflect environmental pollution. Other morphometric (FCF, Clark’s
condition factors, and spleen-somatic index) and biochemical (protein content and acetylcholinesterase activity in the brain) biomarkers
related with fish health varied among locations, but were not correlated to the concentrations of PCBs in the bream livers.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The Rybinsk Reservoir (Fig. 1) is located in northeast-
ern European Russia (58�30 0N), (38�30 0E) and was formed
during 1941–1947 at the confluence of the Volga, the Shek-
sna and the Mologa Rivers. These rivers form the four
parts of the reservoir: Volga Reach, Sheksna Reach,
Mologa Reach, and Main Reach. The Rybinsk Reservoir
0045-6535/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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is the largest reservoir in Europe. It is approximately
56 km wide by 80–90 km long and has a surface area of
4550 km2 and total volume of 25.4 km3. The reservoir is
relatively shallow with an average depth of 5.6 m, while
the area deeper than 20 m amounts to less than 1% of the
total surface, and the deepest point is only 30.4 m. The per-
iod of complete water exchange in the reservoir is about
0.83 year (Fortunatov, 1979).

The Rybinsk Reservoir serves as the main source of
fresh water and reliable transportation for cities located
in the area. Fish from the Rybinsk Reservoir provide a
large part of the dietary protein for the surrounding popu-
lation. Two large cities, Rybinsk and Cherepovets (with
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Fig. 1. Collection sites on the Upper Volga River and the Rybinsk Reservoir in the Yaroslavl Region of northwestern European Russia. Bream samples
were collected at: (1) Lavrovo, on Volga Reach upstream of Rybinsk City near the settlement of Lavrovo; (2) Volkovo, on Sheksna Reach upstream of
Rybinsk City near the settlement of Volkovo; (3) Miaksa, on Sheksna Reach downstream of Cherpovets near the village of Miaksa; (4) Pervomika, on
Mologa Reach near the settlement of Pervomika; (5) Yaroslavl, on Volga River downstream of Yaroslavl City; (6) Uglich, on Volga River upstream of the
city Uglich.
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populations totaling 300–400 thousand people), and num-
erous smaller cities and settlements are directly located
along the shores of the reservoir. Industrialization in large
cities, especially in Cherepovets located upstream on the
Sheksna River (Fig. 1) at the northern part of the reservoir,
is a potential source of pollution. Industrial complex in
Cherepovets consists of more 65 plants including two large
chemical producing plants, steel rolling plants, and metal-
lurgical facilities with full processing cycle which are among
the largest in Europe. Wastewaters from these facilities are
discharged directly or through a wastewater treatment plant
into the Sheksna River and then go to the reservoir. More-
over, emissions from this large industrial complex also can
contaminate the surrounding environment through atmo-
spheric transport and deposition of chemicals.

In the winter of 1986–1987, several accidental spills of
concentrated sulfuric acid (more than 1000 m3) from metal-
lurgical facilities and a chemical plant ‘‘Ammophos’’
destroyed the microbial processes of the wastewater treat-
ment plant, and the untreated wastewaters flowed out to
the reservoir for at least four months (Flerov, 1990). As a
result, significant chemical contamination and ecological
damages occurred to essentially all components of the
Rybinsk Reservoir. The most striking changes were
reported in Sheksna Reach near Cherepovets. For exam-
ple, two months after the accidents the total concentrations
of polycyclic aromatic hydrocarbons (PAH), and oil prod-
ucts in water were 54 and 10 lg/l, respectively. Metal con-
centrations in water and bottom sediments were also
markedly increased (Flerov, 1990). Nine months later the
total PAH concentrations in bottom sediments which
included methylnaphthalenes, diphenyl, dimethylphtha-
lenes, acenaphthene, dibenzofuran, and fluorene ranged
from 0.12 to 22 lg/g wet weight (wet wt) in inverse propor-
tion to their distance from Cherepovets (Kozlovskaya
et al., 1990). As a result, the abundance and species diver-
sity of zooplankton organisms decreased 10-fold (Riv’er,
1990), and six months afterward the reservoir water was
still acutely toxic to ceriodaphnia (Ceriodaphnia affinis)
(Chalova, 1990).

Environmental contamination of the Rybinsk Reservoir
by PCBs has been examined in two studies; four to seven
years after the accidental spills (Kozlovskaya and German,
1997; German and Kozlovskaya, 1999). Elevated amounts
of PCB were reported in various components of the reser-
voir ecosystem near Cherepovets reaching maximal values
of 7.16 lg/g dry wt in bottom sediments and 15.8 lg/g
wet wt in fish liver. PCBs were also found in industrial
wastewaters and bottom sediments near Cherepovets, sug-
gesting that industry in this city as a source of PCB con-
tamination of the reservoir ecosystem. The presence of
PCBs in aquatic ecosystems has been reported throughout
the world (Van der Oost et al., 1988; Marthinsen et al.,
1991; Tillitt et al., 1992; De Boer et al., 1993; Lake et al.,
1995). The persistent nature of PCBs along with their vol-
atility has also lead to the global distribution of PCBs
through atmospheric transport. Owing to their lipophilic
character and stability, PCBs can accumulate in fish-eating
birds, wildlife, and humans, and cause adverse effects (Til-
litt et al., 1992).



G.M. Chuiko et al. / Chemosphere 67 (2007) 527–536 529
The first objective of this study was to determine the
extent of PCB contamination in fish from different loca-
tions around the Rybinsk Reservoir. Bream (Abramis

brama), a common fish species in this reservoir, was used
as the indicator species in our studies. Firstly, bream are
widespread throughout the entire reservoir and are also
the dominant species with the highest yield for the commer-
cial fishery (Malinin and Strel’nikov, 1990). Secondly,
bream are an important vector for the transfer of persistent
contaminants from bottom sediments, through food chains
to humans. Bream are a benthivorous fish that are the main
dietary source of fish for consumption by the local popula-
tions. Therefore, it was also our objective to assess the gen-
eral health status of bream in the Rybinsk Reservoir and to
use the concentrations of PCBs as an indicator of chemical
contamination at strategic locations in the reservoir. Brain
AChE activity is more known as a biomarker of fish expo-
sure to neurotoxins such as organophosphorus compound,
carbamates, etc. However, earlier it has been demonstrated
that the brain AChE activity can serve as a bioindicator of
fish stress (Pavlov et al., 1994). Moreover, recently it was
found that chub (Leuciscus cephalus) living in Lambro
River (Italy) had a decreased brain AChE activity when
the total PCB content in fish was increased (Barra et al.,
2001). Also, liver enzyme activities including cholinester-
ases can be indicative of general health and well being or
physiological condition of organism. Therefore, cholines-
terase activity (in both the brain and liver) was used as a
general biochemical indicator of organism health in our
study. To further evaluate the general health of these fishes,
we made morphometric measures, including condition fac-
tor, and organ-somatic indices on bream collected from six
locations on the Rybinsk Reservoir.

2. Materials and methods

2.1. Sampling

Sites were selected for sampling in June–August 1994
(Fig. 1). Four sites were located on the Rybinsk Reservoir:
two sites in Sheksna Reach; one in the northern part near
Cherepovets City (Miaksa); and another in the southern
part, downstream, near Rybinsk City (Volkovo). The third
and fourth sampling sites were located in Mologa Reach
(Pervomaika) and the southern part of the Volga Reach
(Lavrovo), respectively. Two more sampling sites were on
the Volga River, upstream (Uglich) and downstream
(Yaroslavl) of the reservoir.

Six to ten bream of both sexes, ranging in standard
lengths from 221 to 324 mm (263 ± 25; mean ± SD) and
weights from 225 to 737 g (375 ± 114; mean ± SD) were
sampled using a trawl net. The age of fish was not deter-
mined, but as it was reported previously that bream of this
size correspond with five to eight-year old fish (Zhiteneva,
2000). Total weight, eviscerated weight (±1 g), and stan-
dard length were measured. Liver and spleen were removed
and weighed. Liver samples were immediately frozen at
�18 �C and stored under these conditions until biochemi-
cal and PCB analyses were initiated.

2.2. Morphometric data

Fulton’s and Clark’s condition factors (CF) (Anderson
and Gutreuter, 1983; Siddall et al., 1994), spleen-somatic
(SSI) and liver-somatic (LSI) indices (Heath, 1995) were
calculated for each fish based on total weight (TW) or evis-
cerated weight (EW), standard length (L), and total spleen
(SW) or liver (LW) weight according to the following
equations:

ð1Þ Fulton’s CF ¼ 100 TW=L3 and

ð2Þ Clark’s CF ¼ 100 EW=L3;

ð3Þ SSI ¼ 1000 SW=EW and

ð4Þ LSI ¼ 100 LW=EW;

where all weights are in grams (g) and lengths are in centi-
meters (cm).

2.3. Sample preparation for PCB analysis

Three to six fish from each site were analyzed for PCB
content. A 5-g liver portion from each fish was dried with
20 g of anhydrous sodium sulfate (99%; Merck, St. Louis,
MO, USA) and ground. Samples were then shipped to
the Columbia Environmental Research Center (Columbia,
MO, USA) for further processing and analysis. The sam-
ples were homogenized and column extracted with CH2Cl2.
Using methods similar to those described by Schmitt et al.
(1985), a portion of each sample was used to gravimetri-
cally determine the lipid content. The remainder of each
extract was treated by two stages of reactive sulfuric
acid-treated silica gel column clean-up, followed by a high
performance gel permeation chromatography (Steingrae-
ber et al., 1994). The purified sample extracts were brought
to 1 ml in isooctane for immunoassay or gas chromato-
graphic analyses (Zajicek et al., 1996).

2.4. Enzyme-linked immunosorbent assay analysis (ELISA)

The concentrations of total PCBs in all of the samples of
bream livers were determined by ELISA analysis using the
Ohmicron PCB RaPID Assay R after a solvent exchange to
50% methanol/water (Zajicek et al., 1996). A horseradish
peroxidase-labeled PCB analog and H2O2/3,3 0,5,5 0-tetra-
methylbenzidine was used as PCB enzyme conjugate and
substrate/chromogen, respectively.

Individual samples were analyzed in duplicate at room
temperature (21–27 �C). The conjugation reaction was
run for 15 min. The color reaction was stopped after
20 min, and the absorbance of each sample solution was
measured at 450 nm with a model RPA-1TM spectropho-
tometer (Ohmicron). The concentrations of PCBs in the
livers of bream were calibrated against four calibration
standards of Aroclor 1254 (0, 0.25, 1.0 and 5 ng/ml) based
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upon the similarity of the congener profiles with this tech-
nical standard. The concentrations were calculated auto-
matically, corrected for sample dilutions, and reported as
lg/g liver wet wt.
2.5. Gas chromatographic analysis

Four of the samples of bream livers representing Volga
Reach (Lavrovo), Sheksna Reach (Volkovo, Miaksa near
Cherepovets), and Mologa Reach (Pervomaika) were
selected for a more detailed analysis of PCBs by high reso-
lution gas chromatography. The purpose of this analysis
was to confirm the accuracy of the results from the ELISA
assays and allow a comparison of the patterns of the cong-
eners found in bream livers from the various locations on
the Rybinsk Reservoir. One-microliter aliquots of purified
extracts were analyzed by capillary gas chromatography
with electron capture detection to determine total PCB
concentration as the sum of 108 PCB congeners contained
in 84 peaks and calibrated against a mixed Aroclor stan-
dard composed of equal parts of Aroclors 1242, 1248,
1254, and 1260 as percent weight (Steingraeber et al.,
1994). The recovery of procedural internal standards,
PCB 030 and PCB 204 (Ballschmiter and Zell, 1980) added
to samples prior to extraction, were greater than 95% for
all samples. Total PCB concentrations were reported as
lg/g liver wet wt, uncorrected for recoveries.
2.6. Biochemical analysis

A 0.5 g portion of each liver or whole brain was homog-
enized (stainless steel homogenizer; East Germany) and
diluted (1:20) with 0.1 M phosphate buffer (pH 7.5). The
homogenates were centrifuged at 5000 rpm at 4 �C for
10 min, and the supernatant analyzed for acetylcholinester-
ase (AChE) in the brain or total (acetyl- and butyrylcholin-
esterase) cholinesterase (ChE) activity in the liver samples
and soluble protein (SP) content in both. Supernatants
were diluted 500-fold (liver) and 1500- or 3000-fold (brain)
prior to analysis. AChE and ChE activities were deter-
mined following (Ellman et al., 1961) at a wavelength of
412 nm, temperature 30 �C, and run time 10 min. Acetyl-
thiocholine iodide (Sigma, St. Louis, MO, USA;
Table 1
Concentrations of polychlorinated biphenyls (PCBs) and lipid contents in live

Sampling site2 N3 Li

(1) Lavrovo 5 1.
(2) Volkovo 5 2.
(3) Miaksa 5 1.3
(4) Pervomaika 5 2.
(5) Yaroslavl 3 1.
(6) Uglich 5 4.

1 Mean ± standard error and extreme values in parentheses; means with s
p < 0.05).

2 The number before sampling site name corresponds to site location numb
3 The number of fish analyzed.
4.3 · 10�4 M final concentration) was used as the substrate
for both AChE and ChE determinations. Enzyme activity
was expressed as lmol substrate hydrolyzed per g tissue
per hour. SP content was determined by the meth-
ods described in Bradford (1976). Measurements were
conducted using an UV–VIS SP26 spectrophotometer
(LOMO, St. Petersburg, Russia). Each sample was run in
duplicate and measured twice. Means and standard errors
(SE) were calculated and results analyzed using ANOVA,
followed by Tukey test procedure at 95% level of signifi-
cance. Pearson correlation analysis was conducted to esti-
mate relationships between pairs of measures (Zar, 1984).
3. Results

3.1. PCB content in bream liver

The concentrations of PCBs in the livers of bream col-
lected from nearly all areas of the Rybinsk Reservoir were
relatively low, with the exception of those collected near
Cherepovets (Miaksa) (Table 1). The concentrations of
PCBs in the livers of bream collected from Lavrovo, Vol-
kovo, Pervomaika, Yaroslavl, and Uglich were all below
0.09 lg/g, except for one fish from Pervomaika which
had a liver PCB content equal 0.64 lg/g (Table 1). In con-
trast, the livers of bream collected near Miaksa had signi-
ficantly (p < 0.05) greater average concentrations of PCBs
(0.22–3.4 lg/g wet wt) than the livers of fish collected in
other parts of the reservoir.
3.2. PCB congener patterns

The gas chromatographic patterns of PCB congeners of
the selected samples were compared with one another and
that of technical Aroclor standards as a point of reference
(Fig. 2). Penta- and hexa-chlorinated congeners were pre-
dominant in all of the samples analyzed, followed by the
tetrachlorinated biphenyl congeners. The patterns of PCBs
in the livers of bream were similar at all of the locations
and were not remarkably different from the congener pro-
file of Aroclor 1254 (Fig. 2). The similarity in PCB patterns
among the samples and the Aroclor 1254 standard verified
it as the appropriate standard for ELISA quantification
r of bream collected from locations on the Rybinsk Reservoir1

pid contents, % lg PCB/g wet wt

3 ± 0.5 0.019 ± 0.006ab (0.010–0.041)
6 ± 1.3 0.019 ± 0.010b (0–0.057)

± 0.4 1.092 ± 0.583c (0.220–3.400)
8 ± 1.3 0.159 ± 0.121b (0.015–0.640)
0 ± 0.5 0.033 ± 0.007b (0.020–0.045)
0 ± 1.3 0.031 ± 0.009b (0.010–0.059)

ame letter superscript are not significantly different (Tukey’s HSD test,

er given in Fig. 1.



Fig. 2. Gas chromatographic patterns of polychlorinated biphenyls observed in the livers of bream collected from the Lavrovo, Miaksa, and Pervomika
on the Rybinsk Reservoir, referenced against the Aroclor 1254 technical standard.
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procedures. The source and type of technical PCB mixture
in this reservoir is unknown, but is thought to be Sovol, the
technical mixture most commonly used in Russia. Addi-
tionally, the consistent patterns of PCB congeners in the
livers of bream suggest a single source of contamination
was predominant in this reservoir system.
3.3. Morphometric analysis

No significant differences were found in Fulton’s and
Clark’s CFs among bream from different sites (Table 2).
In contrast, spleen-somatic indices and LSI of bream var-
ied significantly (p < 0.05) among different sites (Table 2).
The highest values of spleen-somatic indices were found
in fish from Yaroslavl (4.57), Volkovo (4.12) and Uglich
(3.94), while the smallest value was observed from Perv-
omaika (2.20). The largest LSI values were in bream col-
lected near Miaksa (3.00) and Lavrovo (2.93), while the
lowest were in bream collected from Pervomaika (1.87)
and Uglich (1.76). No significant correlations were found
between liver PCB content and any morphometric mea-
sures of these fish (Table 4).
3.4. Biochemical analysis

Brain AChE activity and SP content was found to be sig-
nificantly different (p < 0.05) among fish from different sites
(Table 3). The greatest brain AChE activity values were
found in bream from Volkovo (1197 lmol/g/h), while the
lowest were in the fish from Pervomaika (630 lmol/g/h).



Table 2
Morphometric indicators of health in bream from the Rybinsk Reservoir1

Sampling site2 N3 Condition factor Index

Fulton’s Clark’s Spleen-somatic Liver-somatic

(1) Lavrovo 9 2.01 ± 0.09a 1.71 ± 0.07a 3.67 ± 0.31ab 2.93 ± 0.20a

(2) Volkovo 10 2.04 ± 0.03a 1.83 ± 0.03a 4.12 ± 0.42a 2.61 ± 0.16ab

(3) Miaksa 10 2.07 ± 0.03a 1.79 ± 0.03a 2.91 ± 0.42ab 3.00 ± 0.15a

(4) Pervomaika 6 1.98 ± 0.03a 1.78 ± 0.03a 2.20 ± 0.33b 1.85 ± 0.10c

(5) Yaroslavl 6 1.98 ± 0.06a 1.80 ± 0.06a 4.57 ± 0.65a 1.96 ± 0.33bc

(6) Uglich 10 1.96 ± 0.04a 1.75 ± 0.03a 3.94 ± 0.03a 1.76 ± 0.08c

1 Mean ± standard error are presented; means with same letter superscript are not significantly different within the same column (Tukey’s HSD test,
p < 0.05).

2 The number before sampling site name corresponds to site locations number given in Fig. 1.
3 The number of fish analyzed.

Table 3
Acetylcholinesterase (AChE) and total cholinesterase (ChE) activities and soluble protein content (SP) in the brain and liver of bream collected from the
locations on the Rybinsk Reservoir1

Sampling site2 N3 Brain Liver

SP4 AChE5 SP ChE

(1) Lavrovo 9 49.3 ± 2.1a 1149 ± 83ab 53.0 ± 3.6a 83.2 ± 8.6ab

(2) Volkovo 10 63.7 ± 3.7b 1197 ± 123b 67.8 ± 6.6ab 73.0 ± 9.1a

(3) Miaksa 10 59.1 ± 2.0ab 900 ± 56abc 51.8 ± 4.1a 48.6 ± 5.5a

(4) Pervomaika 6 53.0 ± 3.9ab 630 ± 81c 58.2 ± 4.9ab 73.6 ± 8.3a

(5) Yaroslavl 6 58.7 ± 3.8ab 1031 ± 144abc 72.9 ± 4.9ab 148.9 ± 23.9c

(6) Uglich 10 58.7 ± 1.4ab 840 ± 52ac 75.5 ± 3.0b 131.0 ± 15.8bc

1 Mean ± standard error is presented; means with same letter superscript are not significantly different in the same column (Tukey’s HSD test, p < 0.05).
2 The number before sampling site name corresponds to site locations number given in Fig. 1.
3 The number of fish analyzed.
4 SP content is presented as mg/g (wet wt).
5 AChE and ChE activities are presented as lmol/g/h (wet wt).
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In the other sites the differences were not significant. The
greatest difference in brain SP content was between fish
from Volkovo and Lavrovo (63.7 and 49.3 mg/g, respec-
tively). Fish from other sites had values for brain SP content
that did not differ from bream collected near Volkovo and
Lavrovo. There was a strong positive correlation between
these two biochemical measures (r = 0.56, p < 0.0001)
among fish from different locations. No significant correla-
tion was observed between liver PCB content and these bio-
Table 4
Pearson correlation matrix (r, p-value) for chemical, biochemical, and morph
Reservoir, Russia

[PCB]l [SP]l [ChE]l [AChE]b [SP

½PCB�l
a – �0.34; 0.077 �0.43b; 0.023 �0.25; 0.192 �0.

[SP]l – – 0.56; 0.0000 �0.03; 0.812 0.08
ChEl – – – 0.02; 0.911 0.07
AChEb – – – – 0.56

[SP]b – – – – –
FCF – – – – –
CCF – – – – –
SSI – – – – –
LSI – – – – –

a Subscripts ‘‘l’’ and ‘‘b’’ indicate measures for liver and brain, respectively.
b Bold numbers indicate significant (p < 0.05) correlation between measures.
chemical measures from the brains of the bream collected in
the Rybinsk Reservoir (Table 4).

Biochemical measures of the liver were found to be sig-
nificantly different (p < 0.05) among fish from different sites
(Table 3). Both, ChE activity and liver SP content values
were lowest in fish from Miaksa while the highest values
were found in fish from Yaroslavl and Uglich. There was
a strong positive correlation between these two biochemical
measures (r = 0.56, p < 0.0001) among fish from different
ometric measures in bream collected from the locations in the Rybinsk

]b FCF CCF SSI LSI

22; 0.253 �0.16; 0.405 �0.32; 0.099 0.03; 0.864 0.27; 0.165
; 0.553 0.05; 0.742 0.08; 0.577 0.06; 0.677 �0.35; 0.011
; 0.620 �0.23; 0.098 �0.11; 0.461 0.26; 0.068 �0.6; 0.0000

; 0.0000 �0.18; 0.205 �0.19; 0.179 0.33; 0.012 0.01; 0.942
0.002; 0.985 0.11; 0.435 0.26; 0.061 �0.19; 0.195
– 0.91; 0.0000 �0.04; 0.78 0.43; 0.002

– – �0.05; 0.71 0.15; 0.293
– – – �0.08; 0.594
– – – –
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locations (Table 4). Moreover, liver ChE activity was neg-
atively correlated with the concentrations of liver PCBs
(r = �0.43; p < 0.05). Both liver ChE and liver SP content
were also negatively correlated with LSI and positively cor-
related with FCF values (r = �0.6, �0.35, and 0.43;
p < 0.01, respectively).

4. Discussion

In our study total PCB concentrations in bream livers
varied among two locations in Volga River (Uglich, Yaro-
slavl) and three locations in Rybinsk Reservoir (Lavrovo,
Volkovo, and Pervomaika) from non-detectable quantities
(<0.02 lg/g) to 0.09 lg/g wet wt. Only a single fish from
Pervomaika had a PCB concentration of 0.64 lg/g wet wt
in liver. This concentration is within the range that was
found in livers of fish caught in the Sheksna Reach
(Miaksa) where the average liver PCB content is 1.092
lg/g wet wt. That is, 30–60-fold greater than in the livers
of fish collected from other five locations. The reason for
the elevated amount of PCBs in this specimen was not
known exactly. However, it might be the result of a causal
migration of this individual from the Sheksna Reach
toward Mologa Reach. As a rule, bream in Rybinsk Reser-
voir form schools in accordance with reaches. The migra-
tory patterns of bream are such that they usually travel
only short distances related with seasonal periods of
spawning, summer feeding, and over-wintering. However,
sometimes long distance migrations by individuals or small
groups of bream among reservoir reaches can occur (Pod-
dubny, 1971).

In general, our results are in a good agreement with the
results of another study on PCB distribution in the
Rybinsk Reservoir, carried out in 1989–1993. In that study
bream liver PCB content, measured as Clophen A-40 and
A-50, varied among locations from non-detectable quanti-
ties in Mologa Reach to 15.8 lg/g wet wt, observed in
bream taken from Sheksna Reach in locations closest to
Cherepovets (Kozlovskaya and German, 1997; German
and Kozlovskaya, 1999). PCB concentrations found in
the bream livers from Rybinsk Reservoir in both studies
spanned the range of PCB concentrations observed in fish
biomonitoring conducted in the United States (Schmitt
et al., 1990).

Discriminate PCB contents in bream liver from different
parts of Rybinsk Reservoir are corresponded very well with
PCB contents in bottom sediments. Earlier it has been
shown that the PCB concentrations in grey mud sediments
of the Sheksna Reach, determined as Clophen A-40 and
A-50, reached 7.16 lg/g dry wt at Cherepovets and
decreased to 0.06 lg/g dry wt at a distance of 30 km down-
stream from the city. PCB traces were only found in the
bottom sediments that were collected upstream of Chere-
povets and in Mologa Reach of the Rybinsk Reservoir.
A similar tendency was reported for PCB content in ben-
thic organisms. The highest PCB concentrations were
found in oligocheate worms (1.8 lg/g), mosquito’s larvae
(0.67 lg/g), and zebra mussels (1.4 lg/g) collected just
downstream of Cherepovets (Kozlovskaya and German,
1997). As known, the basic diet of bream in Rybinsk
Reservoir after two-year age consists of mosquito larvae,
oligocheate worms, mollusks, as well as bottom mud
(Zhiteneva, 1981). Feeding bottom organisms and bottom
mud bream accumulate large amount of persistent, hydro-
phobic chemicals, such as PCB. These chemicals are not
water-soluble. After discharging into the water they adsorb
to suspend organic and inorganic particles, settle together
with them to the bottom, and accumulate in bottom sedi-
ments enriched with organic carbon not so far from the
sources of discharge (Suffet et al., 1994).

The patterns of the PCB congeners observed in bream
liver collected from different locations in the Rybinsk
Reservoir and Volga River were all quite similar (Fig. 2).
Congener-specific analysis was not studied before and per-
formed simply to provide an initial screen of the congener
profiles in the bream and an indication of the appropriate-
ness of our calibration standard for the ELISA analysis.
We did not analyze enough samples by congener-specific
analysis to allow more comprehensive investigation of the
patterns, such as by principle components analysis. How-
ever, the rank-order of the concentrations of the major
PCB congener peaks is similar among all locations (data
not presented). Congeners PCB 138 (2,2 0,3 0,4,4 0,5-hexa-
chlorobiphenyl) or PCB 101 (2,2 0,4,5,5 0-pentachlorobiphe-
nyl) were found at the highest concentrations in all of the
samples of bream liver analyzed. The congeners found in
the next three greatest concentrations within a given sam-
ple were PCB 153 (2,2 0,4,4 0,5,5 0-hexachlorobiphenyl),
PCB 118 (2,3 0,4,4 0,5-pentachlorobiphenyl), or (2,2 0,4,4 0,5-
pentachlorobiphenyl). The rest of the predominant congen-
ers were also similar in the five individual samples of bream
collected from Volga Reach (Lavrovo), Sheksna Reach
80 km downstream of Cherepovets (Volkovo), near Chere-
povets (Miaksa), and Pervomaika (data not presented).

The elevated concentrations of PCBs in samples from
the Cherepovets region of the reservoir, in conjunction
with the similarity in congener PCB profiles suggest a single
source of PCB contamination in the reservoir. In other
words, the contamination of bream liver with PCB in Shek-
sna Reach has a local origination and relates to their high
concentrations in bottom sediments and benthic organisms
near Cherepovets. Thus, evidence from our study, as well
as previous reports, suggest that the PCB contamination
of bream, bottom organisms, and sediments in Seksna
Reach of Rybinsk Reservoir has the single source of
industrial activities in Cherepovets. However, definitive
conclusions regarding this require further more detailed
investigations.

The general health of bream collected from different
locations was evaluated with several measures in our study.
Fulton’s and Clark’s CF of bream were similar from all
sampling sites, including Cherepovets (Miaksa). These
measures reflect the nutritional state or ‘‘well-being’’ of fish
and are sometimes interpreted as an index of growth rate
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(Busacker et al., 1990). Therefore, our data suggest that
there are no differences in nutritional states and growth
rates among bream from the different locations. We also
observed no correlation between the liver PCB content
and either CFs. In general, total metabolic expenditures
and growth in these fish appeared to be balanced and were
not affected by PCB contamination. However, four years
prior to our study (summer of 1990) bream of similar size
collected from Sheksna Reach near Cherepovets had mark-
edly lower Clark’s CF and higher PAH content in liver
than the fish from other parts of reservoir (Siddall et al.,
1994; Kozlovskaya and German, 1997). A decrease in
Clark’s CF has been associated with fish weight loss (loss
of muscle), which may take place as a result of decreases
in feeding efficiency or fish food conversion capability. It
is possible that the lower Clark’s CF observed in the sum-
mer of 1990 was due to the chronic effects of contaminant
exposure on fish and benthic organisms in Sheksna Reach
after an accidental wastewater spill from Cherepovets in
the winter 1987 (Flerov, 1990). Such poisonings can result
in altered behavior including feeding efficiency, etc. (Little
et al., 1993). Also, contaminants can alter the numbers and
diversity of food organisms, which may affect foraging effi-
ciency (Munkittrick and Dixon, 1989). The contaminant
content (for instance, total PAHs) in fish immediately after
the spill in 1987 approached 1000-fold greater than was
observed prior to the spill (Kozlovskaya et al., 1990). Mor-
tality and pathological alterations of the internal organs of
the fish were reported during and even one year after the
accident (Kozlovskaya et al., 1990; Mikryakov et al.,
1990; Volodin, 1990). PCB analysis has not been under-
taken for that time. Six years later in 1993, when the con-
tamination decreased, the condition of the fish improved in
Sheksna Reach, as indicated by an increase of Clark’s CF
from 1.33 to 1.79 in bream obtained in our study.

Conversely, the LSI values of bream indicated that
health differences still existed among fish from different
locations. Measurement of the LSI as well as of the CFs
is a common tool to assess fish health or general condition.
LSI generally reflects the changes in the liver size and is
related to the nutritional status of fish at the time of cap-
ture. These changes in the liver size are associated with
energy accumulation and are largely caused by fluctuations
in glycogen and fat content (Busacker et al., 1990; Heath,
1995). Chronic stress and exposure to toxicants can affects
LSI values also. Usually chronic stress is followed by
energy expenditures, which are supplied by glycogen and
fat stores from the liver. These expenditures can result in
decreases of LSI values. Thus, a simultaneous decrease in
CFs and LSI may indicate the exhaustion of energy stores
and the nutritional status of both individuals and popula-
tions. Long-term exposure of fish to organic contaminants
leads to an increase in LSI (Slooff et al., 1983; Everaarts
et al., 1993; Heath, 1995). The enlargement of fish liver
can be due to hyperplasia and/or hypertrophy or fat degen-
eration of hepatocytes. It may be associated with an
increased capacity to metabolize xenobiotics and indicates
adaptation to contaminated conditions (Hinton et al.,
1992; Heath, 1995). In our study, we did not do histopa-
thology analysis. However, liver hypertrophy followed with
proliferation of endoplasmic reticulum was reported earlier
in channel catfish after subacute exposure to Aroclor 1254
(Klaunig et al., 1979). Although other study have not
shown significant increases of the LSI values in rainbow
trout chronically exposed per os to Aroclor 1254 (Nestel
and Budd, 1975). These contradictory findings are more
likely due to the time of toxic exposure and PCB doses
accumulated with fish. We observed that bream near Che-
repovets (Miaksa) had the greatest LSI values (p < 0.05) in
the Rybinsk Reservoir and Volga River. Since bream in all
locations had similar CFs it may be supposed that the high
LSI values are a result of a chronic stress, possibly expo-
sure to some organic chemical, rather than alterations in
the nutritional state. Even though we did not observe a
strong correlation between liver PCB content and LSI in
bream, the health status of bream collected from Cherepo-
vets appeared to have been compromised by some fac-
tor(s), of which may include PCBs. Also, the enlargement
of the liver caused by hypertrophy and accompanied with
activation of xenobiotic-metabolizing enzymes has been
reported in bream that inhabited more contaminated loca-
tions in the River Rhine and its tributaries in Netherlands.
The LSI values of those bream were similar to the ones
reported in present study (Slooff et al., 1983). However,
in order to confirm hepatotoxic reason of liver enlargement
in bream from Miaksa further studies with histopathology
analysis should be undertaken.

The distribution pattern of SSI values in bream among
locations is other than those of LSI. Highest bream SSI
values are in southern sites (Yaroslavl, Uglich, Volkovo)
while lowest ones are in northern sites (Pervomaika,
Miaksa). The distance between southern and northern sites
is more than 80 km. Since Pervomaika is reference and
more low polluted sites, but Miaksa is more contaminated
therefore the reasons of these differences may be rather a
geographic-spatial factor than contamination.

In the present study, we found considerable variability
in liver ChE and brain AChE activities in bream among
locations. Inhibition of these enzymatic activities by anti-
cholinesterase inhibitors such as organophosphorus or car-
bamate pesticides is hardly probable since the use of these
chemicals is extremely rare around Rybinsk Reservoir at
that time. Although it is known PCBs are not ChE inhibi-
tors, negative correlations between PCB content and liver
total ChE activity, on the one hand, and liver total ChE
activity and LSI, on the other hand, may indicate an indi-
rect manifestation of hepatotoxic effect. More than likely,
the observed decrease of ChE activity, as well as liver SP
content, was due to an increase in liver weight caused by
hypertrophy. In this case the total amount of ChE protein
remains constant, but total liver weight is increased. Such
conditions occur when liver hypertrophy is associated with
fat degeneration. Increases in lipids are known to occur in
hepatocytes of rainbow trout after chronic administration



G.M. Chuiko et al. / Chemosphere 67 (2007) 527–536 535
of Aroclor 1254 (Hacking et al., 1977). The variability of
brain AChE activity in bream from different locations
may also be due to geographic-spatial factors, since the
lowest values were observed in fish inhabiting the northern
portion of Rybinsk Reservoir, Miaksa and Pervomaika.

Thus, our study showed bream from Sheksna Reach of
Rybinsk Reservoir is more contaminated with PCB. The
source of the bream contamination is PCB pollution of
bottom organisms and sediments conditioned with indus-
trialization facilities of Cherepovets. Among the common
fish health biomarkers used only liver total ChE activity
and liver-somatic index in bream near Cherepovets can
reflect environmental pollution. Further investigations are
required which include a broader range of specific fish
health indicators and the determination of more chemical
contaminants (i.e. PAHs, organochlorines, heavy metals)
in order to identify the true extent of chemical effects on
fish population in the Rybinsk Reservoir.
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