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Abstract

Fish and fish tissue are effective bioindicators due to their sensitivity to pollution and are frequently used for assessing
aquatic ecosystem health. Establishing baseline metal concentrations in freshwater fish tissues within aquatic ecosystems
is important prior to establishing industrial activities to help determine potential future industrial impacts. Historically,
North-Eastern European Russia has been an area with relatively low levels of industrial development and is still in pristine
condition. In this region, the noise-to-background ratio for industrial contaminants may be disproportionately high. This
study measured baseline metal concentrations in freshwater fish tissues collected from three study sites (the Bolshoi
Patok, Maly Patok and Kara Rivers) in northeastern European Russia as bioindicators of overall aquatic ecosystem health.
Seven fish species, namely, European Grayling, Arctic Char, Whitefish, Perch, Pike, Roach, and Peled, were studied over a
three-year period between 2000 and 2003. The copper (Cu), lead (Pb), cadmium (Cd), and zinc (Zn) concentrations were
analysed in fish tissue samples. Metal concentrations measured in fish tissues in this study were comparable to those
measured at remote sites in Alaska, the United States and Slovenia. Despite the small variation between the sampling
sites, the metal concentrations were relatively low and considered to be in pristine condition. Metal concentrations
measured in fish tissues in this study represent baseline conditions, which will be important for comparison against
monitoring programmes should the region experience future industrial development.

Keywords Metal contaminants - Freshwater fish tissue - Baseline assessment - Environmental effects monitoring -
Subpolar Urals

1 Introduction

Establishing baseline contaminant concentrations in different ecological matrices within aquatic ecosystems is important
prior to establishing industrial activities to help determine potential future industry-related impacts [1]. Effective aquatic
monitoring programs rely on acquiring reliable baseline data for use in comparing future conditions [2]. Once baseline
conditions are established in various ecological media, future environmental effects monitoring (EEM) data can be used to
compare positive or negative effects in aquatic environments, especially when threatened by industrial development [3,
4]. Aquatic monitoring programmes are designed to measure the effects of anthropogenic activities on aquatic receiving
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environments and thus are crucial components of industrial development [5]. Monitoring programmes vary by industry but
are designed to identify and determine the magnitude of environmental effects through biological, chemical, and physical
analyses while also evaluating the efficacy of regulations for protecting aquatic ecosystem health [3, 5, 6].

The Kara, Bolshoi Patok, and Maly Patok River basins located in northeastern European Russia are very sparsely populated
and comprise mostly large swaths of uninhabited natural and untouched landscapes. The Komi Republic, the area that holds
large parts of both the Kara, Bolshoi Patok, and Maly Patok River basins, has a population of approximately 900,000 people,
with a population density of 2.2/km? and is mostly (80%) urban; thus, most of the area is uninhabited and undeveloped
despite immense potential for extractive activities within the region [7]. Although EEMs are common within extractive indus-
tries, many remote undeveloped areas do not have readily available baseline data. The Kara, Bolshoi Patok, and Maly Patok
River basins are remote and only slightly anthropogenically disturbed [8, 9]. Therefore, measuring current metal concentra-
tions is important because baseline aquatic monitoring can help establish predictions of environmental impact assessments
(EIAs) [1, 2]. Baseline studies can also identify industry-related impacts and are a cornerstone for industrial compliance as
well as environmental due diligence (e.g., metal mining or pulp and paper industries) [4, 6, 10].

Historically, northeastern European Russia has been an area with relatively low levels of industrial development and
is still in pristine condition, where the noise-to-background ratio for industrial contaminants may be disproportionately
high [8, 9, 11]. Thus, by establishing baseline concentrations of metal contaminants, future industrial development can
mitigate the effects of wastewater effluent runoff through an understanding of pre-industrialization metal concentra-
tions. In recent decades, the Kara, Bolshoi Patok, and Maly Patok River basins (rich in oil and gas) in northeastern Euro-
pean Russia have been actively used for the operation of oil and gas production facilities and construction and pipeline
infrastructure [8, 9]. In the Komi Republic, the number of oil fields under development doubled (from 36 to 82) between
1995 and 2012. A total of 137 oil deposits have been discovered in the region. Between 2007 and 2012, accumulated
oil production increased from 470 to 536 million tons. There are 138 known natural gas fields in the Komi Republic, of
which only eight were developed by the end of 2012. Although most northern oil and gas reserves have not yet been
developed, the region is regarded as one of the richest mineral resource bases in Russia and is poised for increased
industrial development [9, 12].

Due to increased interest in resource extraction, environmental monitoring in the region is urgently needed to help
establish baseline conditions and metal concentrations. Given that the European northeast includes tundra and forest-
tundra zones, long-term monitoring in both zones is needed. Environmental monitoring of regions involved in intensive
industrial development involves monitoring, evaluating, and predicting changes due to anthropogenic activity in natural
ecosystems and their various components [1]. The aquatic monitoring system allows us to avoid some formalization
inherent in the physical and chemical assessment of the degree of technogenic pollution, and in combination with the
latter, it brings closer the solution of the problem of environmental quality management. Adequate monitoring of eco-
systems is based on the use of functional (for example, bioproductivity, flows of substances) and structural (composition
of communities, number of species, biomass) biological parameters [13].

Fish and fish tissue are effective bioindicators due to their sensitivity to pollution and are frequently used for assessing
aquatic ecosystem health [14]. Fish are versatile bioindicators because they allow for the evaluation of toxic impacts,
such as bioaccumulation of metals in different tissues; histological and hematological approaches; and the detection of
morphological anomalies [15]. Fish are used as bioindicators because they occupy the upper trophic structure of aquatic
ecosystems and serve as important food resources for humans [16-18]. The goal of this study was to measure baseline
metal concentrations in freshwater fish species collected from three a priori‘pristine’rivers within the Pechora River basin
in northeastern European Russia prior to extraction of ore deposits and industrial development as bioindicators of overall
aquatic ecosystem health. The selection of fish species as bioindicators was based on their abundance and availability.

2 Materials and methods

2.1 Studyarea

Northeastern European Russia has not been subject to widespread industrial development, but due to discovery of ore
deposits, heavy industrialization in the area is poised for development (Fig. 1). The region has aquatic ecosystems that

are sufficiently remote from sources of pollution such as the major coal mining city of Vorkuta and generally still preserve
their pristine characteristics [9]. These pristine aquatic ecosystems include the Bolshoi and Maly Patok rivers located on
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the western slopes of the Subpolar and Polar Urals, as well as the Kara River located in the northeastern Bolshezemels-
kaya tundra (Fig. S1).

Coal deposits were discovered on the western slopes of the Polar Urals nearly two centuries ago, and in the 1920s,
there was a boom in the coal industry, specifically in the Vorkuta River, which is located southwest of the Kara River Basin
[19]. The largest town around the Kara River is Vorkuta (approximately 200 km to the South), an industrial town with a
population of 52,500. The largest towns near the Bolshoi Patok and Maly Patok rivers are Pechora (population 43,500),
located approximately 100 km northwest of Yugyd Va National Park, and Ukhta (population 99,500), located approxi-
mately 300 km west of Yugyd Va National Park. The Maly Patok and Bolshoy Patok River Basins are located > 100 km from
the nearest pipelines that transport oil and gas from Siberia and the Yamal Peninsula. The basins of the Maly Patok and
Bolshoy Patok rivers are located entirely within Yugyd Va National Park and are thus considered pristine [20, 21].

2.2 Characteristics of the Bolshoi, Maly Patok and Kara Rivers

The Bolshoi Patok and Maly Patok rivers (located in the North Taiga zone) are both second-order tributaries of the
Pechora River, which is the largest European river draining into the Arctic Ocean. The Kara River is located to the north
of the western slope of the northernmost part of the Polar Urals, eastern spurs of the Pai-Khoi range, and the outermost
northeastern part of the Bolshezemelskava Tundra [22, 23]. The Kara River basin covers an area of 13,400 km?. The Kara
River flows in the northernmost region of the Polar Urals and on the northeastern slopes of the Pai-Khoi ridge, located
in the central part of the Ugra Peninsula. The Kara riverbed is located within the northernmost border between Europe
and Asia. The general direction of the Kara River and most of its course are oriented from south to north. The Kara River
(the Bolshaya and Malaya Kara Rivers) is located at 400-800 m a.s.l. Currently, the population living in the Kara River
basin includes reindeer herders, fishermen and hunters who lead a nomadic seasonal lifestyle. In the last decade, the
Yamal-Europe gas pipeline was constructed and now crosses the river. The Kara River Basin has a thin soil mantle that
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Fig. 1 Study area in northeastern European Russia. The three study sites; the Kara, Bolshoi Patok, and Maly Patok River Basins
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includes peat bogs and peat gleys as major soil types. Moss lichens, tundra shrubs, dwarf birches, and willows make up
much of the foliage, accounting for less than 5% of the total boreal forest cover [23]. Snow is found in the river basin on
average from 10th October to 5th June [24].

The Bolshoi Patok River is 121 km long with a catchment area of 2520 km? and is the largest tributary of the Shchu-
gor River; it is located on the western slopes of the subpolar Urals. This watercourse originated on the Research Ridge
between the Orel and Kvartsitnaya peaks at an altitude of approximately 600 m a.s.l. (Fig. S1). The same area contains
the sources of the Manya River (the basin of the Northern Sosva, Eastern slopes of the Ural Mountains). The basin of the
Maly Patok River is located on the border of the southern part of the subpolar Urals. This watercourse is 73 km long and
has a catchment area of 800 km? [25]. Both the Bolshoi Patok and Maly Patok Rivers are located within Yugyd Va National
Park. Both rivers flow in trough valleys with steep rocky riverbeds, which often form rapids and waterfalls [26]. These
rivers are free from any form of human economic activity and have long been devoid of settlements and permanent
populations. The variety of landscapes (mountain, plain, tundra) in this territory, the presence of many different types of
mountain lakes, and the uniqueness of aquatic and terrestrial fauna help support rich aquatic and terrestrial biodiversity
and pristine ecosystems [27].

2.3 Study area and fish tissue sampling

Three study sites (the Bolshoi Patok, 65°58'24”N 58°01'17"E, Maly Patok 64°18'54"N 59°04'40"E and Kara Rivers,
69°12'12.79"N, 62°36'28.03"E) were sampled for seven fish species, namely, Arctic Grayling (Thymallus arcticus), Arctic
Char (Salvelinus alpinus), Whitefish (Coregonus lavaretus), Perch (Perca fluviatilis), Pike (Esox lucius), Roach (Rutilus rutilus),
and Peled (Coregonus peled), over a three-year period (2000 to 2003) (Table 1).

Study sites were chosen based on previous interdisciplinary studies and biodiversity assessments of northeaestern
European Russia (e.g., [28]). Due to the pristine and remote nature of the region, samples were collected opportunisti-
cally. Arctic Grayling and Arctic Char were collected from the Kara River in March 2003. Maly Patok River fish samples were
collected in June 2002 and included five fish each, Whitefish, Perch, Arctic Grayling, Pike, and Roach. Bolshoi Patok River
samples were collected in June 2002 and included five samples from Arctic Grayling, four samples from Perch and five
samples from Peled. Fish sample collection was performed using standard ichthyofaunal methods [29, 30]. A standard set
of Finnish gill nets, each 30 m long, 1.8 m high and varying in 10-60 mm mesh diameter, was used for fishing. Fish were
also caught with rods and lines using spinners. During collection, the date, time, location of gear, size and composition
of catches, as well as the indicators, were recorded. The following parameters were collected according to Ponomarev
and Shubin [31]: fork length, standard fish length, total mass, sex and maturity. Age was determined in the laboratory
by examining scales. Autopsies were performed on fish samples immediately in the field after capture according to
Ponomarev and Shubin [31]. Extracted tissues were subsequently frozen at — 20 °C and transported to the laboratory
until further analysis [20]. Although the limited number of samples per species is acknowledged as a limitation of this
study, the relative metal concentrations in fish tissue samples will serve as a baseline for future studies should aquatic
ecosystem health become impacted due to extraction of ore deposits and industrial development.

Table 1 Study sites and fish

- . River Species Collection date
species sampled (n=5) in
northeastern European Russia  Kara River Arctic Grayling, Thymallus arcticus (Linnaeus, 1758) March 2003
Arctic Char, Salvelinus alpinus (Linnaeus, 1758)
Maly Patok Arctic Grayling June 2002

Whitefish, Coregonus lavaretus (Gmelin, 1788)
Perch, Perca fluviatilis (Linnaeus, 1758)
Pike, Esox lucius (Linnaeus, 1758)
Roach, Rutilus rutilus (Linnaeus, 1758)

Bolshoi Patok Arctic Grayling April 2000
Perch November 2000
Peled, Coregonus peled (Gmelin, 1789)
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2.4 Analysis of metal concentrations in fish tissue

Samples were frozen until analysis for metal concentrations, at which point samples were processed at room tem-
perature. Fish tissue samples were analysed for metal concentrations via atomic absorption spectroscopy in five
different tissues, namely, the skeleton, liver, kidney, gills, and muscle. In total, fifteen metals were analysed, namely,
copper (Cu), lead (Pb), cadmium (Cd), zinc (Zn), iron (Fe), calcium (Ca), manganese (Mn), nickel (Ni), chromium (Cr),
cobalt (Co), magnesium (Mg), potassium (K), sodium (Na), aluminium (Al), and strontium (Sr), but only Cu, Pb, Cd, and
Zn are presented because of their toxicity in aquatic environments [32]. The four metal concentrations presented in
this study are also listed on the Agency of Toxic Substances and Disease Registry (ATSDR) substance priority list in
the following rank order: Pb, 2nd; Cd, 7th; Zn, 74th; Cu, 120th [33].

Chemical analysis of the fish tissue samples was conducted in accordance with regulatory protocols of the Russian
Federation. Fish tissue samples up to 0.5 g were digested by autoclaving in a microwave with a mixture of 10 mL of
concentrated nitric acid and 1 mL of hydrogen peroxide. The organic matrix was digested using Minotaur-1 micro-
wave mineralizers (Lumex group, Russia) in Teflon autoclaves at 200 °C and a pressure of 8 bars. Excess nitric acid was
removed by evaporation without depressurizing the autoclave. Deionized water was added to the extract, which was
cooled to room temperature and mixed. The resulting solution was transferred through a paper filter with a pore size
of 8-12 microns to a plastic graduated tube. The walls of the extractor were washed with small portions of deionized
water, which were subsequently transferred to the same graduated tube. The volume of the solution was adjusted to
14 mL, and the solution was thoroughly mixed. Blank samples were prepared in parallel with the analysed samples
under identical conditions. At least one blank, one blind field duplicate and one laboratory duplicate was included
for a maximum of every 12 samples. Metal concentrations in the digests were measured via atomic absorption spec-
troscopy in an air-acetylene flame and electrothermically using a Hitachi 180-60 (Japan) and a MGA-915 (Lumex
group of companies, Russia), respectively.

2.5 Quality control

Certified mixtures prepared from single-element standard samples (Agilent Level lll—ISO 17034 reference materials,
Russia) were used for calibration. In accordance with the internal quality control methodology, the following calibra-
tion dependence characteristics were monitored: signal intensity of the idle solution, standard deviation of the blank
solution intensity, coefficient of calibration dependence, and correlation coefficient (not less than 0.9998). The stabil-
ity of the calibration dependences was evaluated with an acceptable deviation of no more than 10%. Verification of
the accuracy of the calibration dependencies (trueness) was performed using multielement reference samples, with
an acceptable deviation not exceeding 40% of the total error of the measurement method.

Reproducibility of measured metal concentrations was controlled using stock samples. Control and blank sam-
ples were analysed for every 10 samples. The accuracy of the measured metal concentrations was controlled using
reference samples of fish tissues. If control standards were not met, measurements were repeated until satisfactory
control results were obtained. Detection limits for Cu, Cd, Pb, and Zn were 0.1,0.01, 0.01, and 1.0 ug/g, respectively.

2.6 Statistical analysis

Statistical analyses were performed in Minitab to assess significant differences in mean metal concentrations (ug/g
dry weight, = standard deviation, SD) between rivers for each tissue. Significant differences were determined by
one-way analysis of variance (ANOVA) followed by Tukey’s test. Within each measured attribute, tissues or river sites
with the same letters were not significantly different, and tissues or river sites with different letters were significantly
different at the p value <0.05 level.
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3 Results

Metal concentrations measured in fish skeletal, liver, kidney, gill, and muscle tissues, for each study site are shown
in Table 2. Figure 2 shows differences in Cu, Cd, Zn, and Pb concentrations in the Arctic Grayling (Thymallus arcticus)
across all three study sites (except for Zn in the Bolshoi Patok River). Different letters denote significant differences
for which the p value was < 0.05.

In addition, the Arctic Grayling from the Bolshoi Patok River had higher Cu concentrations in four tissues (exclud-
ing the skeletal tissue) than did the other rivers (p <0.013) (Fig. 3). Similarly, the Zn concentrations in all five tissues
from the Bolshoi Patok River were significantly greater than those in the other rivers (18.88 +4.6 to 90.58 +21.6 ug/g,
p= <0.0002). Zinc concentrations in the Arctic Grayling River from the Kara and Maly Patok Rivers ranged from
4.68+1.64to24.4+5.8 ug/g and 3.06+1.08 to 28 + 7 pg/g, respectively. Although Cd concentrations varied markedly
between different tissues Arctic Grayling, there were no significant differences between rivers. Lead concentrations
were only measured in the Arctic Grayling in the Kara and Maly Patok Rivers and were similar for all tissues, except
for the kidneys, where the Kara River had significantly greater concentrations (p =0.01). Mean Pb concentration in
Kara River kidney tissue samples was 0.40+0.15 ug/g but was an order of magnitude lower in the Maly Patok River
(0.03+£0.02 ug/qg) (Table 2).

Copper concentrations in Perch (Perca fluviatilis) liver, gill, and muscle tissues from the Bolshoi Patok River (rang-
ing from 0.83 £0.43 to 4.93+2.27 ug/g) were significantly greater (p =0.004, 0.005 and 0.017, respectively) than
those from the Maly Patok River (ranging from 0.31+0.18 to 1.9 +0.86 ug/g) (Fig. 3). Similarly, Cd concentrations in
skeletal, gill and muscle tissues from the Bolshoi Patok River were significantly greater than those in tissues from
the Maly Patok River (p < 0.02 for all three tissues) but not significantly different in liver tissues (p =0.07). Cadmium
concentrations in the Bolshoi Patok River ranged from 0.06 + 0.03 to 0.14 + 0.06 pug/g but were much lower in the
Maly Patok River which ranged from 0.01 +£0.003 to 0.54 +0.12 pg/g. Zinc concentrations in all Perch tissues from
the Bolshoi Patok River were significantly greater than those from the Maly Patok River (p < 0.009 for all four tissues).
Zinc concentrations in the Bolshoi Patok River ranged from 20.25+4.75 to 91.95+21.5 pug/g but were much lower
in the Maly Patok River which ranged from 5.32+1.86 to 41.6+ 10 ug/g. Lead concentrations were only measured in
the Maly Patok River Perch, so no statistical comparisons were made (Table 2).

Metal concentrations in Arctic Char (Salvelinus alpinus) tissues are shown in Table 2 and Fig. S2. Arctic Char was only
sampled in the Kara River, so no statistical comparisons were made. Copper concentrations in all tissues in Arctic Char
ranged from 0.32+0.19 to 11 £3.16 ug/g, which were higher than ranges measured in Arctic Grayling and Perch in
the same river. Cadmium concentrations in Arctic Char tissues were significantly lower (p <0.005) than those in other
species measured in the Kara River and ranged from 0.02 + 0.01 to 0.22 £ 0.09 pg/g. Zinc concentrations in Arctic Char
tissues ranged from 5.42+1.92 to 32.2+7.8 ug/g and were comparable to Zn concentrations in Arctic Grayling in the
Kara and Maly Patok Rivers but were lower than the Zn concentration in the Bolshoi Patok River. Lead concentrations
in Arctic Char tissues ranged from 0.04+0.03 to 1.30+ 0.41 pg/g, which are comparable to Pb concentrations in gills
and muscle measured in other species from other rivers.

Mean Cu, Cd, Zn and Pb concentrations were measured in Whitefish (Coregonus lavaretus) tissues from the Maly
Patok River (Table 2; Fig. S3). Mean Cu concentrations for all tissues, except kidney tissues, were comparable to those
of the Grayling samples collected from the same river and ranged from 0.41 +0.24 to 3.08 + 1.44 ug/g and were not
significantly different. Mean Cd concentrations ranged from 0.03 +0.01 to 0.54+0.18 pug/g and were lower than those
of species from the same river but comparable to Cd concentrations measured in the Kara River, with no significant
differences. Mean Zn concentrations ranged from 6.12 £ 2.14 to 82.8 + 20 ug/g and were greater than those of spe-
cies from the same river and the Kara River, but not significantly different. Mean Pb concentrations ranged from
0.02+0.01 t0 0.40+£0.17 pg/g.

Mean Cu, Cd and Zn concentrations were measured in Peled (Coregonus peled) tissues from the Bolshoi Patok River
(Table 2; Fig. S4). Mean Cu concentrations ranged from 0.37 £0.21 to 6.83 +3.1 ug/g and were comparable to Cu
concentrations measured in Whitefish from the Maly Patok River. In contrast, mean Cd concentrations ranged from
0.005tn/a to 0.75+0.20 pg/g and were lower than Cd concentrations measured in Whitefish from the Maly Patok
River. Mean Zn concentrations measured in all five tissues ranged from 23.05+ 5.4 to 212.5+ 50 pug/g and were much
greater than Zn concentrations measured in Whitefish from the Maly Patok River.

Mean Cu, Cd, Zn and Pb concentrations measured in Pike (Esox lucius) tissues sampled from the Maly Patok River
ranged from 0.31+0.18 to 3.28 +1.52 ug/g, 0.004 + 0.002) to 0.11 £0.05 pg/g, 11.1+3.04 to 109.2 £ 25.4 ug/g, and
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Fig.2 Copper, cadmium, zinc, and lead concentrations (ug/g dry weight) in Arctic Grayling tissues. Error bars represent£SD. The letters
above the bars denote significant differences between the study sites in the Maly Patok, Bolshoi Patok and Kara Rivers

0.01+0.005 to 0.01 £0.01 pg/g, respectively (Table 2; Fig. S5). Mean Cu, Cd, Zn and Pb concentrations measured in
Roach (Rutilus rutilus) tissues sampled from the Maly Patok River ranged from 0.34+0.19 to 20.18 £5.2 ug/g, 0.02+0.01
t00.30+£0.13 pug/g, 39.24+9.08 to 180.8 +44.8 ug/g, and 0.01 £0.01 to 0.33+£0.17 pug/qg, respectively (Table 2; Fig. S6).

4 Discussion

Until recently, monitoring of pollution loads in aquatic ecosystems in the Russian Arctic has received little attention
outside of Russia. This study measured and compared baseline metal concentrations in fish species in the relatively
untouched and pristine Bolshoi Patok, Maly Patok and Kara River basins. Despite small variation between sampling sites,
metal concentrations were relatively low and considered to be in pristine condition. For example, metal concentrations
measured in fish tissues in this study were more favorable than those measured in remote sites in Alaska in the United
States and Slovenia [34, 35] (Table 3). Metal concentrations measured in fish tissues in this study represent baseline con-
ditions, which will be important for comparison against monitoring programmes should the region experience future
industrial development [1]. Background metal concentrations measured in fish tissue in this study differ markedly from
those measured at sites located near metal mining and metal smelting facilities in the Russian Federation and Canada
[36-38] (Table 3).

According to Moiseenko and Kudryavtseva [38], the Cu and Zn concentrations in whitefish and Arctic char tissues
were well above the background levels measured in other studies (Table 3). The authors measured metal concentrations
in Whitefish and Arctic char tissues from contaminated lakes on the Kola Peninsula, an area widely known as the most
industrially developed Arctic region [39]. Pollution around the metallurgical complexes on the Kola Peninsula has been
classified as severe, and the area has been described as an‘industrial desert’[39, 40]. Copper-nickel, iron, rare earth metals,
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Fig.3 Copper, cadmium, zinc, and lead concentrations (ug/g dry weight) in Perch tissues. Error bars represent+SD. The letters above the
bars denote significant differences between the study sites in the Maly Patok, Bolshoi Patok, and Kara Rivers

and other ores have been mined in the region since the 1930s and peaked in the 1980s with corresponding pollution
impacts to aquatic ecosystems [39, 41]. However, since the 1990s, there has been a decline in metal contaminant loads in
nearby aquatic ecosystems [42]. For example, Gashkina et al. [42] reported a 2- to tenfold reduction in metal contaminant
loads in the kidneys of Whitefish collected from Lake Imandra.

High concentrations of metals such as Zn, Cu, Pb, and Cd in aquatic environments can result in toxicity in aquatic biota
(e.g., fish) and humans who consume contaminated fish tissues [32]. This study was designed to establish baseline metal
concentrations in fish tissues to be used as a reference for comparison for future development in the region. However,
there were significant differences in the concentrations of some metals among the different river metal concentrations.
For example, Zn concentrations were greater in all five tissues in both perch and graylings in the Bolshoi Patok River. Aside
from the varying levels of Zn, there were also significant differences found between Cu concentrations in Graylings and
Bolshoi Patok River samples with elevated concentrations. This could be due to naturally elevated levels of Zn-Cu sulfide
deposits in the Polar Urals where the Pechora River originates [43]. The western slopes of the northern and subpolar Urals
are composed of mountain tributaries of the Pechora River, such as the Bolshoi Patok River and Maly Patok River [20].
This mountainous area comprises natural deposits that affect the Bolshoi River more than the other two regions involved
in the study due to the geographic position of the river. The Bolshoi River is the southernmost tributary of the Pechora
River, much like the Maly Patok River, which is located slightly further north. These rivers flow southeast to northwest,
with the Bolshoi Patok River flowing into the mouth of the Pechora before the Maly Patok River. The southeastern region
of the Bolshoi Patok River subjects this river to runoff from the polar mountains before the other two rivers are involved
in the study, especially the Kara River, which is not a tributary of the Pechora River Basin.

Certain metals that occur naturally in geological deposits within the mountains are primarily concentrated in the
Bolshoi Patok River. Deposits of Zn-Cu in the Urals are found due to bimodal rhyolite-basalt assemblages [37]. These
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deposits located in the Ural Mountains explain the significantly higher concentrations of both Zn and Cu in the Bolshoi
Patok River (Fig. 2). Both Zn and Cu are essential elements, and elevated levels of these elements could also be attributed
to varying physiological requirements between species involved in the study [37]. However, since both perch and gray-
lings captured from the Bolshoi had higher levels of both Zn and Cu than did those from the other study sites, we can
safely assume that these differences are due to the Cu-Zn sulfide deposits of the Polar Urals as well as the southeastern
position of the Bolshoi Patok River.

Although cadmium concentrations were highest in the Bolshoi Patok River for Grayling muscle and in Perch skeleton,
gill, and muscle tissues, these concentrations were comparable to those in pristine areas measured elsewhere (Table 3).
Lead concentrations measured in all fish tissues in Kara and Maly Patok were relatively low and below the Canadian
Food Inspection Agency (CFIA) guidelines of 0.5 pg/g, except for kidney tissue Pb concentrations (1.30 pg/g) measured
in Arctic Char in the Kara River. CFIA tissue data are based on dry weight. Allen-Gil and Martynov [37] stated that neither
Pb nor Cd has a recognized physiological function in fish but can vary naturally due to external factors such as diet. For
example, Cd can be elevated in certain tissues if a species’ diet comprises primarily crustaceans [37]. Elevated Pb concen-
trations in kidney could also be due to the presence of metallothionein, which is a lead-binding protein present in the
liver and kidney [37, 44]. While implementing data from five different tissues is a powerful tool for comparative analysis,
it may not be as effective as just focusing on one tissue. Toxins and contaminants vary greatly across tissues due to each
tissue’s physiological function. Kidney and liver tissues often have higher concentrations of contaminants than muscle,
or skeletal tissue. Authman et al. [45] explained that metals naturally accumulate at much higher concentrations in fish
kidneys and livers and may not always be adequate bioindicators for environmental monitoring studies. Thus, studies
geared toward the human consumption of fish, rather than entire ecosystem health, have studied only the edible parts
of fish, which are primarily muscle tissue [46].

The practice of capturing and analysing metal concentrations in freshwater fish tissue as a means of environmental
monitoring is common. To quantify and assess metal concentrations in fish tissues present in these three rivers, five
other similar studies were used for comparison. These studies were conducted in Sudbury, Canada, and Arctic Alaska, US.
Compared to the data from other regions, the metal contaminants in the study sites measured in this study were consid-
erably lower than those in regions that have undergone some type of industrial activity. For example, the Perch muscle
in Sudbury, Ontario, Canada, had a Cu concentration of 30.64 + 1.23 ug/g [36]; however, compared to those in the Maly
and Bolshoi Patok Rivers (0.31+0.18 and 0.83 +0.43 pug/g dry weight, respectively), the Cu concentrations in Perch muscle
tissue were approximately 26 x greater in Sudbury, where Cu smelters have been operating for decades [36]. Allen-Gil
et al. [35], who sampled Grayling muscle tissue in Arctic Alaska, USA, reported a Cu concentration of 1.68 ug/g dry weight,
which is higher than but comparable to that of the Bolshoi Patok River (1.30+0.62 pg/g dry weight). However, this amount
is eight times greater than that of the Grayling muscle tissue in the Kara River and more than six times greater than that
in the Maly Patok River. Evidently, areas with industrial activity will have higher concentrations of metals in surrounding
ecosystems than the Maly Patok, Kara and Bolshoi Patok Rivers, as they are considered untouched and undeveloped.

Disparities between regions highlight the importance of baseline monitoring in the extractive mining industrial
sector. Fish species selected for this study are extremely widespread in northeastern European Russia. Therefore, metal
concentrations present in fish tissues obtained from the rivers of these protected areas of the Maly and Bolshoi Patok
Rivers in Yugyd Va National Park and from remote areas of the Kara River in the Bolshezemelskaya tundra offer useful
monitoring tools for comparing regions already involved in intensive economic development or those that will be com-
mercially exploited in the foreseeable future. By establishing baseline metal concentrations using fish bioindicators via
aquatic monitoring, future developers could use background levels as a point of reference in EEMs and ElAs. Environ-
mental monitoring plays an integral role in risk management for large industrial operations where there is potential for
environmental contamination; therefore, this study provides a solid foundation for sustainable management of future
economic development in the Pechora and Kara River basins.

5 Conclusions

This study measured baseline Cu, Cd, Pb and Zn concentrations in Arctic Grayling, Arctic Char, Whitefish, Perch, Pike,
Roach, and Peled Rivers over a three-year period between 2000 and 2003 in the Bolshoi Patok, Maly Patok and Kara
Rivers in northeastern European Russia. Despite the small variation between sampling sites, metal concentrations were
relatively low and considered to be pristine compared to those at remote sites in Alaska in the U.S. and Slovenia. Metal
concentrations measured in the fish tissues in this study represent baseline conditions that can be used for comparison
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to help determine potential future industrial impacts should the region experience future industrial development. The
limited number of tissue samples per fish species for each given tissue type (i.e., five) was too low to conduct correlation
analyses, thus potential relationship may appear to be present even though they may not exist. Although limited metal
pollution loads were detected in fish tissues sampled between 2000 and 2003 (over 20 years ago at the time of publica-
tion), much of the region remains semi-pristine allowing for any future changes in environmental pollution in aquatic
ecosystems, specifically fish, to be easily recognized.
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