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Abstract. The results of a study on mercury content in bottom sediments (BS) and muscles of bream 
(Abramis brama L., 1758) from four reaches of the Rybinsk reservoir, which differ in hydrological regime, 
hydrochemical conditions, and biological community structure, are presented. The spatial distribution 
pattern of Hg in the bottom sediments of the Rybinsk reservoir has remained stable for a long time. 
The maximum Hg content values in bottom sediments were recorded in the Sheksna reach, and the 
minimum – in the Mologa reach. The lowest metal concentrations in bream were found in fish caught 
in the Main and Sheksna reaches, while the highest were in bream from the Mologa reach. Significant 
differences in Hg content in muscles between different years of the study were revealed for bream from 
the Main and Sheksna reaches. No significant differences in Hg accumulation in the muscles of females 
and males were found, nor were significant correlations between Hg content in bream muscles and 
fish length, weight, sex, or age. A strong relationship was found between Hg concentration in bream 
muscles and in the reservoir's bottom sediments. In addition, a positive correlation was noted between 
Hg concentrations in bream muscles and chlorophyll concentration and the pigment index ratio E480/
E665 in BS, and a negative correlation with the proportion of organic matter. In the studied sample, Hg 
content in bream muscles and BS did not significantly depend on sediment particle size, water color, 
transparency, or flow velocity. Hg content in the reservoir's BS was positively correlated with chlorophyll 
concentration in water and negatively correlated with the concentration of sedimentary pigments in the 
sediment. Overall, the Hg content in BS and bream muscles falls within the range previously recorded 
for the Rybinsk reservoir by other authors and does not exceed established standards.
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Аннотация. Приведены результаты исследования содержания ртути в донных отложениях и мыш-
цах леща Abramis brama L., 1758 из четырех плесов Рыбинского водохранилища, различающихся 
гидрологическим режимом, спецификой гидрохимических условий и структурой биологических со-
обществ. Характер пространственного распределения Hg в ДО Рыбинского водохранилища дли-
тельное время остается стабильным. Максимальные значения уровня содержания Hg в донных 
отложениях (ДО) зарегистрированы в Шекснинском, а минимальные – в Моложском плесах во-
дохранилища. Наименьшие концентрации металла отмечены у лещей, выловленных в Главном 
и Шекснинском плесах, максимальные – у лещей, выловленных в Моложском плесе. Значимые 
различия содержания Hg в мышцах в разные годы исследования выявлены у лещей из Главного 
и Шекснинского плесов. Не установлено значимых различий накопления Hg в мышцах самок и 
самцов, а также значимых связей содержания Hg в мышцах леща с его размером, массой, полом и 
возрастом. Обнаружена сильная взаимосвязь между концентрацией Hg в мышцах леща и ДО водо-
хранилища. Кроме того, отмечена положительная связь концентраций Hg в мышцах леща с концен-
трацией хлорофилла и соотношением пигментного индекса Е480/Е665 в ДО, отрицательная – с долей 
органического вещества. В исследованной выборке содержание Hg в мышцах леща и ДО значимо 
не зависело от размера частиц грунта, показателей цветности, прозрачности и скорости течения. 
Содержание Hg в ДО водохранилища было положительно связано с концентрацией хлорофилла в 
воде и отрицательно – с концентрацией осадочных пигментов в грунте. В целом содержание Hg в 
ДО и мышцах леща находится в диапазоне значений, ранее зарегистрированных для Рыбинского 
водохранилища другими авторами, и не превышает установленных нормативов.  

Ключевые слова: тяжелые металлы, рыба, гранулометрия, осадочные пигменты, органическое 
вещество, Верхняя Волга
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Introduction
Mercury (Hg) and its compounds are highly toxic to all living organisms (Scheuhammer et al., 

2012). Hg enters the environment from natural (volcanic eruptions, evaporation from the ocean surface) 
and anthropogenic (fossil fuel combustion, cement production, oil refining, gold mining) sources (UN 
Environment..., 2019). The annual emission of the metal into the environment is estimated at about 
5–6 thousand tons; anthropogenic sources account for one‑third of this amount. The diversity of sources 
determining the intensity of metal input into terrestrial and aquatic ecosystems suggests both global 
and local Hg cycling. The local cycle is largely associated with human economic activities and leads 
to elevated Hg concentrations in ecosystem components located close to the metal source (Boening, 
2000). The residence time of Hg in the atmosphere during the global cycle is 6–12  months (Selin, 
2009). Such a long period facilitates its transport by air masses over long distances and determines the 
widespread distribution of the metal.

In natural waters, Hg content is low, on the order of 5–15 ng/L; however, due to atmospheric transport, 
it enters even water bodies remote from industrial sources, accumulating in bottom sediments (BS) and 
tissues of aquatic organisms (Fitzgerald and Lamborg, 2007). A significant amount of the metal is retained 
in bottom sediments, with up to 90% of the total Hg content there being immobile inorganic compounds 
unavailable to biota (Ulrich et al., 2010). Under favorable conditions, under the action of bacteria in the 
organic‑rich surface layer of sediment, Hg is converted into highly toxic monomethylmercury (CH3Hg+), 
leading to secondary input of the metal into aquatic ecosystems (Hudelson et al., 2020). Methylated 
compounds are the most toxic among all forms of mercury (Chételat et al., 2020).

Hg content in living organisms increases along the trophic chain and reaches maximum values in 
representatives of higher trophic levels: predatory fish, piscivorous birds, and mammals (Scheuhammer, 
2007). In addition to its systemic toxic effects, Hg has mutagenic, teratogenic, and neurotoxic properties. 
Accumulating in organs and tissues, Hg can cause a wide range of disorders, including behavioral, 
reproductive, and physiological-biochemical abnormalities (Beckers and Rinklebe, 2017; Scheuhammer 
et al., 2015).

The Rybinsk reservoir is one of the largest freshwater artificial reservoirs in Russia, formed in the 
Mologa-Sheksna lowland after the construction of a hydroelectric dam upstream of the city of Rybinsk 
on the Sheksna and Volga rivers (Butorin et al., 1975). Based on morphological features of the bed, 
depth distribution, and water color gradations, four reaches are distinguished in the reservoir: Volga, 
Mologa, Sheksna, and Main (Ekologicheskie problemy..., 2001).

Bream  Abramis brama  L., 1758 is widely distributed throughout the Volga basin, is one of the 
abundant species, and forms the basis of the fishery (Ryby Rybinskogo..., 2015). The living conditions 
of bream in different reaches of the reservoir differ in hydrological and hydrochemical parameters, 
composition and abundance of representatives of various trophic groups of biological communities, 
and their distribution over the water area. Moreover, the reaches of the reservoir are subject to varying 
degrees of anthropogenic pressure (Ekologicheskie problemy..., 2001; Struktura..., 2018).

Previously, the main features of Hg accumulation in the Rybinsk reservoir were established for 
predatory fish species (perch, pikeperch, pike) (Ekologicheskie problemy..., 2001; Gremyachikh et al., 
2019). At the same time, for non-predatory fish, in particular bream, these patterns remain insufficiently 
studied (Gorbunov et al., 2018; Stepanova and Komov, 1997; Tyutin et al., 2019). Existing studies are 
limited because they were conducted on small samples and, in most cases, on material only from the 
Volga reach.

The aim of this work was to study the mercury content in bottom sediments and muscles of bream 
from different reaches of the Rybinsk reservoir and to identify the main ecosystem parameters affecting 
metal accumulation in fish.

Поступила в редакцию: 05.12.2025
Принята к печати: 11.02.2026
Опубликована онлайн: 31.07.2026
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Materials and methods
In 2016 and 2019, bottom sediments (BS) were sampled at the sites of bream capture (Ryby 

Rybinskogo..., 2015). Additionally, BS were collected in 2018 along an extended grid of stations across 
the reservoir (Structure and..., 2018). A modified Ekman‑Birge bottom grab (DAK‑250) with a sampling 
area of 1/40 m² was used for sampling. The surface BS layer (7–10 cm thick) was collected in triplicate, 
air-dried, and ground in an inert mortar with a pestle. A total of 60 BS samples were taken.

Grain-size composition of BS was determined by wet sieving using an electromagnetic shaker 
“Analysette-3” (Alfred Fritsch & CO, Germany). Individual size fractions were rinsed from the sieves 
and dried in a water bath. Fractions with particle diameters > 1, 1.0–0.1, 0.1–0.01, and < 0.01 mm 
were separated and used to calculate the mean particle size. Bulk density, natural moisture, and 
organic matter (OM) content were determined by conventional methods (Butorin et al., 1975; Teoriya 
i praktika..., 2006).

Pigments in BS were used as indicators of plant-derived organic matter. Concentrations of chlorophyll 
a (Chl a) and its degradation products (pheopigments, Ph) were determined spectrophotometrically in 
a 90% acetone extract. Chl+Ph concentrations were calculated using Lorenzen’s equations per 1 g dry 
BS. The ratio E480/E665 (analogous to the E480/E664 index used for phytoplankton) – the ratio of optical 
densities of the extract at 480 nm (a carotenoid absorption maximum where Chl absorption is minimal) 
and 665  nm (Chl absorption maximum) – was used as an indicator of the ratio of yellow to green 
pigments (Sigareva, 2012).

Bream is a predominantly freshwater benthivore and does not migrate over long distances within 
riverine sections and reservoirs. This allows sampling with reference to specific zones within the range 
of local populations. It is known that bream in the Rybinsk reservoir form a single population consisting 
of local herds (groupings) (Ryby..., 2015). These differ in the scale of migration during spawning and 
feeding periods; both sedentary and mobile individuals that travel long distances in search of food occur.

Bream were caught using a bottom trawl in four reaches of the reservoir: Mologa, Main, Volga, and 
Sheksna (at stations Protivye, Pervomayka, Vsekhsvyatskoye, Volkovo, Koprino, Myaksa, and Lyubets) 
(Struktura i..., 2018). To assess Hg content in bream muscles, 43 individuals (18 females and 25 males) 
were collected in August 2016, and 66 fish (38 females, 13 males, and 15 juveniles) in October 2019. 
Immediately after capture, weight, Smith length, and body length to the end of the squamation were 
measured, and sex was determined. Weight of fish without abdominal organs was measured, and 
scales were taken for age determination (Pravdin, 1966). Dorsal muscle samples (15–20 g) were taken 
from the left side below the dorsal fin. Muscles were placed in plastic bags, frozen, and stored at −14 °C 
until analysis.

Prior to analysis, BS and muscle samples were dried at +40 °C to constant weight. Hg concentrations 
(μg/g dry weight) were determined by pyrolysis atomic absorption spectrometry using a RA‑915+ 
spectrometer with a PYRO attachment (Lumex, Russia). Analytical accuracy was controlled using 
certified biological materials DORM-2 and DOLM-2 (Institute for Environmental Chemistry, Ottawa, 
Canada) and certified soil reference samples SDPS GSO 2498-83-2500-83 (NPO Taifun, Obninsk, 
Russia). Measurements were performed in triplicate; the lower detection limit for Hg was 0.002 μg/g. 
The coefficient of variation for repeated measurements ranged from 0.05 to 2.5%. When comparing our 
data with literature values where Hg content was measured in wet samples, recalculation to dry weight 
was performed (Campbell et al., 2008).

Statistical analysis was performed using STATGRAPHICS Centurion XV.I. Data are presented 
as medians (Me), means and their standard errors (x ± SE). Differences between parameters were 
assessed using the Kruskal-Wallis H-test (non-parametric ANOVA). Correlation analysis (Spearman’s 
rank correlation coefficient, rs) was used to identify relationships and evaluate their strength and direction. 
Differences were considered statistically significant at p < 0.05.
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Results
Hg content in the bottom sediments (BS) of the Rybinsk reservoir ranged from 0.001 to 0.361 mg/kg 

(CV = 74%) (Table 1). The mean and median concentrations were 0.093 and 0.086 mg/kg, respectively. 
Mean Hg concentrations were higher in the BS of the Sheksna reach and lower in the Mologa and 
Main reaches (Fig. 1A). Due to the high variability of Hg concentrations in BS, differences between the 
reaches were not significant (p > 0.05). Maximum mercury concentrations were recorded in the BS of 
the Sheksna reach, and minimum in the sediments of the Mologa and Main reaches (Fig. 1A).

Based on grain-size composition, four sediment types were distinguished: sands, silty sands, 
sandy silts, and clayey silts. Clayey silts predominated among the studied BS samples. All sediment 
types occurred in each reach. Different sediment types differed significantly in Hg content (p < 0.001). 
Significantly higher Hg concentrations were found in clayey silts compared to sands (Table 2). Sandy 
silts formed a homogeneous group with both sands and clayey silts in terms of Hg content. Hg content 
in individual BS types was highly variable (CV = 38–85%).

The OM fraction in the BS of the reservoir ranged from 2 to 56% (CV = 57–70%) (Table 1). Significant 
differences in OM content in BS between reservoir reaches were observed. Maximum OM concentrations 
were recorded in the Main reach and minimum in the Volga reach (Fig. 1B).

Different sediment types differed significantly in OM content (p < 0.001). The OM fraction in clayey 
silts was significantly higher compared to other BS types (Table 2). OM concentrations in individual BS 
types were highly variable (CV = 34–55%).

Sedimentary pigment concentrations in the BS of the Rybinsk reservoir varied widely (Fig.  1C, 
Table 3). In the BS of the Mologa reach, Chl concentration was higher than in the BS of the Sheksna 
reach (p < 0.05). At the same time, sedimentary pigment content (Chl+Ph) in BS did not differ significantly 
between reaches. The values of the pigment index E480/E665 indicated different degrees of chlorophyll 
and carotenoid degradation in BS. The mean values of the E480/E665 index were minimal for the Main 
reach and maximal for the Volga reach, suggesting a lower degree of transformation of the algal pigment 
complex in BS of the lacustrine part of the reservoir.

The distribution of sedimentary pigments over the reservoir bed was consistent with the distribution 
of different BS types. Mean Chl+Ph concentrations increased in the sequence: sand → silty sand → 
sandy silt → clayey silt (Table 2).

Hg content in the reservoir BS was significantly positively correlated with water chlorophyll 
concentration and significantly negatively correlated with sedimentary pigment concentration in BS 
(Table 4). No significant correlations were found between Hg content in BS and water color, transparency, 
flow velocity, or BS OM, Chl, and E480/E665 ratio.

Bream length ranged from 185 to 365 mm, body weight from 142 to 1145 g. The mean age of 
individuals ranged from 4+ to 10+ years. Overall, bream samples from different reservoir reaches did 
not differ significantly in length, weight, or age (Table 5).

Hg concentrations in bream muscles from different reservoir reaches differed significantly (Table 5). 
Regardless of the year of study, low metal concentrations were found in the muscles of bream caught in 
the Main and Sheksna reaches, and the highest in the Mologa reach (Fig. 1D). Significant differences 
in Hg content in bream muscles between the study years were observed for the Main and Sheksna 
reaches. In October 2019, metal concentrations in fish muscle from these reaches were 1.7 and 
1.4  times higher, respectively, compared to August 2016 (Table 5). No significant correlations were 
found between Hg concentration in muscles and bream length, weight, or age (rs = 0.082, 0.071, and 
0.002, respectively; p > 0.05).

No significant differences in Hg accumulation in muscles were found between male and female bream 
(Fig. 2). Hg content in muscles of females from the Mologa reach was significantly higher compared to 
females from other reaches. Minimal Hg concentrations were observed in muscles of males from the 
Main and Sheksna reaches, and maximal in males from the Mologa reach.

A negative correlation was found between Hg levels in bream muscles and in BS (rs = −0.74). At the 
same time, no statistically significant correlations were found between Hg concentrations in muscles 
and parameters such as sediment particle size, water color, transparency, and flow velocity (Table 4). 
A positive correlation of Hg content in bream muscles was observed with chlorophyll concentration 
and the E480/E665 ratio in BS, and a negative correlation with the OM fraction. In addition, Hg content in 
reservoir BS correlated positively with water chlorophyll concentration and negatively with sedimentary 
pigment concentration in the sediment.
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Table 1. Mercury and organic matter contents in bottom sediments of the reaches of the Rybinsk reservoir, 2018. Superscript 
letters indicate significant differences between the reaches at p < 0.05.

30

Reach n X ± SD Median Min–Max CV, %

mercury content, μg/g

Mologa 9 0.069 ± 0.050 0.081 0.011–0.160 72

Main 9 0.070 ± 0.055 0.096 0.007–0.142 78

Volga 12 0.096 ± 0.053 0.094 0.017–0.182 56

Sheksna 30 0.106 ± 0.081 0.085 0.001–0.361 74

organic matter content, %

Mologa 9 11.3 ± 7.9ab 9.7 4.0–29.1 70

Main 9 19.7 ± 16.5b 20.9 3.3–56.1 84

Volga 12 10.9 ± 6.9a 9.5 2.0–22.5 63

Sheksna 30 13.9 ± 7.9ab 12.3 2.6–38.0 57

Табл. 2. Contents of mercury, organic matter, and sedimentary pigments in different types of bottom sediments of the Rybinsk 
reservoir, 2018. Notations as in Table 1.

Type of BS n X ± SD Median Min–Max CV, %

mercury content, μg/g

Sand 4 0.013 ± 0.005a 0.013 0.007–0.017 38

Silty sand 7 0.019 ± 0.017a 0.014 0.001–0.052 85

Sandy silt 10 0.062 ± 0.037ab 0.049 0.011–0.117 60

Clayed silt 39 0.123 ± 0.065b 0.109 0.021–0.361 53

organic matter content, %

Sand 4 3.8 ± 1.3a 3.9 2.2–5.1 34

Silty sand 7 4.5 ± 2.2a 4.0 2.0–7.7 48

Sandy silt 10 9.3 ± 2.8a 10.0 5.5–14.2 30

Clayed silt 39 17.6 ± 9.7b 14.2 3.6–56.1 55

sedimentary pigment content (Chl+Ph), μg/g dry sediment

Sand 4 9.0 ± 5.0 5.7 2.8–21.7 96

Silty sand 7 10.8 ± 2.8 8.6 2.2–23.3 64

Sandy silt 10 31.1 ± 6.1 22.6 19.3–72.0 59

Clayed silt 36 100.8 ± 14.7 71.2 15.9–488.8 86
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Fig. 1. Spatial variability of some components of bottom sediments of the Rybinsk reservoir: A – mercury, B – organic matter, 
C – sedimentary pigments; D – spatial variability of mercury concentration in bream muscles. I – Mologa, II – Main, III – Volga, 
IV – Sheksna reach.
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Reach n Chl, μg/g
dry sediment

Ph, μg/g
dry sediment

Chl+Ph, μg/g
dry sediment Е480/Е665

Mologa 9 21.4 ± 39.7b

0.9–125.4
76.9 ± 101.8
5.9–323.5

98.4 ± 140.6
6.8–448.8

3.0 ± 0.7ab

2.3–4.4

Main 9 20.9 ± 20.9ab

59.4–59.0
88.3 ± 77.2
2.4–195.7

109.2 ± 96.6
2.8–255.1

2.5 ± 0.5a

1.6–3.5

Volga 11 7.7 ± 6.3ab

0.7–23.4
58.6 ± 40.3
5.5–154.0

66.2 ± 46.5
6.2–177.4

3.1 ± 0.5b

2.3–4.0

Sheksna 28 7.2 ± 7.6a

0.8–26.0
44.7 ± 44.8
1.4–323.5

52.0 ± 51.2
2.2–448.8

2.9 ± 0.9ab

1.4–5.8

Parameter
Correlation coefficient, rs

bottom sediments bream muscles

particles of bottom sediments > 0.01 (2.1–93.7 %) 0.14 −0.33

particles of bottom sediments < 0.01 (0.9–41.8 %) 0.20 −0.33

organic matter in BS (1.9–38.9 %) 0.31 −0.77

Chl in BS (0.4–125.4 μg/g dry sediment) −1.00 0.74

Chl+Ph in BS (9.2–275.6 μg/g dry sediment) −0.74 0.26

Е480/Е665 ratio in  BS (2.04–2.70) −0.32 0.58

Chl in water* (10.1–28.5 мкг/л) 0.82 −0.51

water color  (40–240 Pt‑Co) −0.09 0.35

water transparency (80–170 cm) −0.27 0.47

flow velocity (0.1–0.89 m/s) −0.23 0.37

Table 3. Sedimentary pigment content in bottom sediments of the reaches of the Rybinsk reservoir, 2018. Notations as in Table 1. 
The numerator shows the X ± SD; the denominator shows the minimum and maximum values.

Table 4. Correlations between Hg content in bottom sediments and bream Abramis brama muscles with some parameters from 
the fishing sites in the Rybinsk reservoir. Statistically significant differences are shown in bold; the range of the parameter is given 
in parentheses. * – according to: Mineeva and Semadeni, 2020.
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Discussion
The spatial distribution pattern of Hg in the bottom sediments (BS) of the Rybinsk reservoir has 

remained stable for a long time. The highest metal content is recorded near the city of Cherepovets and 
gradually decreases downstream along the Sheksna river up to the dam area of the reservoir, reaching 
concentrations of 0.100 μg/g (Chuiko et al., 2015). In the BS of the Uglich reservoir, located upstream, 
average Hg concentrations were 2.5 times higher compared to the BS of the Rybinsk reservoir (Udodenko 
et al., 2018a). In contrast, in the BS of the Gorky and Cheboksary reservoirs, located downstream, Hg 
concentrations were 1.5 times lower (Udodenko et al., 2018b).

Hg content in BS depends on the origin of sedimentary material, the quantity and composition of 
organic matter (OM), water pH, etc. (Dickson et al., 2019). In BS, Hg is present in a form unavailable 
to biota, but part of the metal is bound to OM components or sorbed onto fine‑particle surfaces (He 
et al., 2019). Hg enters the trophic web primarily as methylmercury, most of which is produced by 
microorganisms (Hudelson et al., 2020). The rate of methylmercury production in aquatic ecosystems is 
determined by the physicochemical parameters of water, BS, and suspended matter (pH, quantity and 
composition of dissolved substances, oxygen content, etc.) (Ullrich et al., 2007). At the same time, it has 
been shown that the rate of methylmercury formation is weakly correlated with the total Hg content in 
the environment. Thus, under certain conditions, BS can be a source of Hg input into local food webs.

The results of the present study are consistent with previously published data on bream caught 
from the Rybinsk reservoir (Gorbunov et al., 2018; Stepanova and Komov, 1997; Tyutin et al., 2019), 
which, however, were based on limited sample sizes (< 30 specimens) and mainly concerned the Volga 
reach. Comparison with data from other reservoirs of the Volga basin revealed both similarities and 
significant differences. For example, Hg concentrations in bream muscle reported by A.V. Gorbunov et 
al. (2018) for reservoirs of the Volga basin (mean 0.045 μg/g wet weight, or ~0.225 μg/g dry weight) are 

Fig. 2. Mercury content in the muscles of female and male bream from the Rybinsk reservoir in 2016 and 2019. Different letter 
indices indicate significant differences between individuals of the same sex from different reaches of the reservoir (p ≤ 0.05).

34
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comparable to our values (0.353 μg/g dry weight). In contrast, the values obtained by T.I. Moiseenko et 
al. (2005) for the Ivankovo reservoir (0.019 ± 0.003 μg/g dry weight) are approximately 18 times lower. 
Probable reasons for such discrepancies include the temporal factor (sampling in August–September 
2000) as well as differences in sample preparation and analytical methods.

In our study, regardless of the year of observation, low metal concentrations were recorded in the 
muscles of bream caught from the Sheksna and Main reaches, and the highest in those from the Mologa 
reach. Significant differences in Hg content in bream muscles between years were registered for the 
Sheksna and Main reaches. In October 2019, metal concentrations in bream muscle from these reaches 
were 1.7 and 1.4 times higher, respectively, compared to August 2016. Earlier, B.A. Flerov (1990) noted 
that in autumn, bream may migrate to the Sheksna reach for wintering from uncontaminated areas 
of the Rybinsk reservoir. Thus, due to bream migration during the year, a single sample may contain 
both individuals residing in industrially polluted areas and those that have moved there from cleaner 
locations. A study of heavy metal (Cd, Pb, Al, Cr, Cu, Mn, Fe, Co, Ni, V) accumulation in bream muscle 
from the Rybinsk reservoir revealed intensive accumulation of Al, Fe, and Co in individuals caught from 
the Sheksna reach (Payuta et al., 2023a).

Fish size and age largely determine their Hg content (Wiener et al., 2002). Unlike other trace 
elements, Hg accumulation in the body is generally positively correlated with fish length and weight 
(Dang and Wang, 2012; Hanna et al., 2015). However, in our study, no significant correlations were 
found between metal concentration in bream muscle and fish length, weight, or age. Earlier, Gorbunov 
et al. (2018) also noted the absence of a relationship between Hg concentration in muscle and body 
weight of bream from the Volga basin.

No significant differences in metal accumulation in muscles between females and males were found 
in this study (Fig. 2). Generally, Hg concentrations in female bodies are higher because they need to 
consume more food to cover the energy costs of egg production, but only a small portion of the metal is 
transferred to the eggs and eliminated from the body during spawning (Nicoletto and Hendricks, 1988).

We observed a negative correlation between Hg content in bream muscles and in BS of the reservoir 
reaches (rs = −0.74). Earlier, using the example of drainage‑free neutral and acidic lakes in the Darwin 
state nature biosphere reserve (Vologda Oblast), a negative relationship was also shown between Hg 
concentrations in fish muscles and its content in BS. At the same time, maximum metal concentrations 
in BS were characteristic of neutral lakes, while in fish muscles they were characteristic of acidic lakes 
(Stepanova and Komov, 2004).

Hg methylation in water layers plays an important role because the water volume is generally much 
larger than the volume of surface BS (Bezel et al., 1983). The vast majority of Hg in the water column is 
associated with suspended matter (the Hg accumulation coefficient by suspended matter is 1.34–1.88 × 
10⁵). Thus, suspended particles (less than 20–0.45 μm) contain 10⁵ times more Hg than in dissolved 
form (Moore and Ramamoorthy, 1987).

Phytoplankton plays an important role in reservoir ecosystems. Through photosynthesis, it creates 
the main pool of OM, thereby participating in the main processes of transformation and transport of trace 
metals (including Hg) in aquatic ecosystems. In the Rybinsk reservoir, the highest mean chlorophyll a 
concentrations are observed in the Volga and Sheksna reaches, intermediate in the Main Reach, and 
low in the Mologa reach (Semadeni, 2023). Thus, the distribution of chlorophyll a in water corresponds 
to the spatial distribution pattern of sedimentary pigments in BS (Fig. 1C).

The Mologa and Sheksna reaches are fed mainly by runoff from wetland areas of highly colored 
surface waters containing significant amounts of dissolved OM. In the presence of larger amounts 
of highly colored OM, Hg forms stable complexes with humic substances (Linnik and Nabivanets, 
1986; Sukhenko, 1995). Earlier, it was shown that the presence of wetlands in the catchment, water 
humification, and low pH values are often associated with Hg accumulation in fish organs and tissues 
(Moiseenko and Gashkina, 2016; Rask et al., 2021).

The amount of Hg entering the human body with food in the Russian Federation suggests limiting 
the consumption of fish with metal concentrations above the regulatory values: 0.30 mg/kg for non-
predatory and 0.60 mg/kg for predatory freshwater fish1. In our study, Hg concentrations recalculated 
to wet weight were 0.10 ± 0.01 mg/kg wet weight for the Mologa reach, 0.06 ± 0.00 mg/kg for the Main 

1 SanPiN 2.3.2.1078-01. Hygienic requirements for safety and nutritional value of food products.
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reach, 0.07 ± 0.01 mg/kg for the Volga reach, and 0.05 ± 0.00 mg/kg for the Sheksna reach. Earlier, 
when assessing the accumulation levels of trace metals (Cd, Pb, Al, Cr, Cu, Mn, Fe, Co) in bream 
muscle, the safety of its consumption by humans was also noted (Payuta et al., 2023a). Moreover, no 
potential non-carcinogenic risk to human health from the concentrations of the same trace metals in 
bream muscle was demonstrated (Payuta et al., 2023b). Thus, the obtained results indicate no health 
risk for humans consuming bream from the Rybinsk reservoir. The exception is individual specimens 
from the Mologa reach: according to calculations based on WHO/FAO, European Food Safety 
Authority, and US Environmental Protection Agency recommendations, restrictions should apply to 
3%, 1%, and 0% of fish caught for children aged 2–5 years, 6–10 years, and adults, respectively 
(Gremyachikh et al., 2022).

Conclusions
The spatial distribution of Hg in the bottom sediments (BS) and muscles of bream from the Rybinsk 

reservoir exhibits pronounced heterogeneity. The maximum Hg concentrations in BS were observed in 
the Sheksna reach, and the minimum in the Mologa reach. At the same time, Hg content in the BS of the 
Rybinsk reservoir is 2.5 times lower than in the upstream Uglich reservoir, but 1.5 times higher than in 
the downstream Gorky and Cheboksary reservoirs.

Regardless of the year of observation, the lowest Hg concentrations in bream muscles were recorded 
in individuals from the Sheksna and Main reaches, and the highest in those from the Mologa reach. No 
statistically significant differences in Hg accumulation were found between males and females; however, 
in the Mologa reach, individuals of both sexes were characterized by higher metal content compared to 
the other reaches of the reservoir. Correlation analysis revealed no significant relationships between Hg 
accumulation and fish length, weight, or age.

A significant negative correlation was found between Hg content in bream muscles and in BS (rs = 
−0.74). Hg concentration in muscles correlated positively with the content of chlorophyll and sedimentary 
pigments (Chl+Ph) in BS and negatively with the proportion of organic matter.

In contrast, Hg content in the reservoir BS was positively correlated with chlorophyll concentration 
in water and negatively correlated with sedimentary pigment concentration in the sediment. Water color, 
transparency, and flow velocity parameters did not significantly affect the studied variables.

In most cases, Hg content in the BS and bream muscles of the Rybinsk reservoir is comparable to 
data from other researchers and does not exceed established standards.

References
Beckers, F., Rinklebe, J., 2017. Cycling of mercury in the environment: Sources, fate, and human health 

implications: A review. Critical Reviews in Environmental Science and Technology 47 (9), 693–794. 
https://doi.org/10.1080/10643389.2017.1326277

Bezel, W.S., Andryashkin, Yu.G., Korshun, M.N., Skripkin, V.A., 1983. K voprosu otsenki posledstvii 
zagryazneniya vodnikh ekosistem promishlennimi vibrosami rtuti [On the issue of assessing the 
consequences of pollution of aquatic ecosystems by industrial mercury emissions]. In: Pokrovskiy, A.V. 
(ed.), Kolichestvennie metodi v ekologii pozvonochnikh [Quantitative methods in vertebrate ecology]). 
Ural Scientific Center of the Russian Academy of Sciences, Sverdlovsk, USSR, 141–157. (In Russian).

Butorin, N.V., Ziminova, N.A., Kurdin, V.P. 1975. Donnie otlozheniya verkhnevolzhskikh vodokhranilishch 
[Bottom sediments of the Upper Volga reservoirs]. Nauka, Leningrad, USSR, 160 p. (In Russian).

Campbell, L., Verburg, P., Dixon, D.G., Hecky, R.E., 2008. Mercury biomagnification in the food web 
of Lake Tanganyika (Tanzania, East Africa). Science of The Total Environment 402 (2–3), 184–191. 
https://doi.org/10.1016/j.scitotenv.2008.04.017

Chételat, J., Ackerman, J.T., Eagles-Smith, C.A., Hebert, C.E., 2020. Methylmercury exposure in 
wildlife: A review of the ecological and physiological processes affecting contaminant concentrations 
and their interpretation. Science of The Total Environment 711, 135117. https://doi.org/10.1016/j.
scitotenv.2019.135117

36



37Lozhkina, R.A. et al., 2026. Ecosystem Transformation 9 (3), 24–43

Chuiko, G.M., Zakonnov, V.V., Komov, V.T., Brodsky, E.S., Shelepchikov, A.V., Lobus, N.V., 2015. 
Prostranstvennoe raspredelenie polikhlorirovannikh bifenilov i rtuti v donnikh otlozheniyakh 
Ribinskogo vodokhranilishcha [Spatial distribution of polychlorinated biphenyls and mercury in 
bottom sediments of the Rybinsk кeservoir] Materiali dokladov konferentsii “Sovremennie problemi 
gidrokhimii i monitoringa kachestva poverkhnostnikh vod” [Proceedings of the conference reports 
“Modern problems of hydrochemistry and monitoring of surface water quality”]. Rostov-on-Don, 
Russia, 131–135. (In Russian).

Dang, F., Wang, W.-X., 2012. Why mercury concentration increases with fish size? Biokinetic explanation. 
Environmental Pollution 163, 192–198. https://doi.org/10.1016/j.envpol.2011.12.026

Dickson, J.O., Mayes, M.A., Brooks, S.C., Mehlhorn, T.L., Lowe, K.A. et al., 2019. Source relationships 
between streambank soils and streambed sediments in a mercury-contaminated stream. Journal of 
Soils and Sediments 19 (4), 2007–2019. https://doi.org/10.1007/s11368-018-2183-0

Ekologicheskie problemi Verkhnei Volgi [Environmental problems of the Upper Volga], 2001. Yaroslavl 
State University, Yaroslavl, Russia, 427 p. (In Russian).

Fitzgerald, W.F., Lamborg, C.H., 2007. Geochemistry of mercury in the environment. Treatise on 
Geochemistry 9, 1–47. https://doi.org/10.1016/B0-08-043751-6/09048-4

Flerov, B.A. 1990. Ekologicheskaya obstanovka na Ribinskom vodokhranilishche v rezultate avarii na 
ochistnikh sooruzheniyakh g. Cherepovtsa v 1987 g. [The environmental situation at the Rybinsk 
Reservoir as a result of the accident at the Cherepovets wastewater treatment plant in 1987.]. 
In:  Flerov,  B.A. (ed.), Vliyanie stokov Cherepovetskogo promishlennogo uzla na ekologicheskoe 
sostoyanie Ribinskogo vodokhranilishcha [The impact of wastewater from the Cherepovets industrial 
hub on the ecological state of the Rybinsk reservoir]. Institute for Biology of Inland Waters of the 
USSR Academy of Sciences, Rybinsk, Russia, 3–11. (In Russian).

Gorbunov, A.V., Lyapunov, S.M., Okina, O.I., Sheshukov, V.S., 2018. Bioakkumulyatsiya rtuti v tkanyakh 
presnovodnikh rib [Bioaccumulation of mercury in tissues of freshwater fish]. Ekologiia cheloveka 
[Human Ecology] 25 (11), 26–31. (In Russian). https://doi.org/10.33396/1728-0869-2018-11-23-31

Gremyachikh, V.A., Lozhkina, R.A., Komov, V.T., 2019. Spatial-temporal variability of mercury content 
in the river perch Perca fluviatilis Linnaeus, 1758 (Perciformes: Percidae) of the Rybinsk Reservoir 
at the turn of the XX–XXI centuries. Ecosystem Transformation 2 (2). https://doi.org/10.23859/estr-
180816

Gremyachikh, V.A., Lozhkina, R.A., Kotikov, D.E., Komov, V.T., 2022. Kontsentratsii rtuti v mishtsakh 
raznikh vidov rib iz vodoemov Yaroslavskoi oblasti i prilegayushchikh territorii [Mercury concentrations 
in the muscles of different fish species from water bodies of the Yaroslavl region and adjacent 
territories]. Trudy Instituta biologii vnutrennikh vod im. I.D. Papanina RAN [Transactions of Institute 
for Biology of Inland Waters, Russian Academy of Sciences] 100 (103), 35–56. (In Russian). https://
doi.org/10.47021/0320-3557-2022-34-56

Hanna, D.L., Solomon, C.T., Poste, A.E., Buck, D.G., Chapman, L.J., 2015. A review of mercury 
concentrations in freshwater fishes of Africa: patterns and predictors. Environmental Toxicology and 
Chemistry 34 (2), 215–223. https://doi.org/10.1002/etc.2818

He, M., Tian, L., Braaten, H.F.V., Wu, Q., Luo, J. et al., 2019 Mercury-organic matter interactions in 
soils and sediments: angel or devil? Bulletin of Environmental Contamination and Toxicology 102 (5), 
621–627. https://doi.org/10.1007/s00128-018-2523-1



38 Lozhkina, R.A. et al., 2026. Ecosystem Transformation 9 (3), 24–43

Hudelson, K.E., Drevnick, P.E., Wang, F., Armstrong, D., Fisk, A.T., 2020. Mercury methylation 
and demethylation potentials in Arctic lake sediments. Chemosphere 248, 126001. https://doi.
org/10.1016/j.chemosphere.2020.126001

Linnik, P.I., Nabivanets, B.I. 1986. Formi migratsii metallov v presnikh poverkhnostnikh vodakh [Forms 
of metal migration in fresh surface waters]. Gidrometeoizdat, Leningrad, USSR, 268 p. (In Russian).

Mineeva, N.M., Semadeni, I.V., 2020. Sezonnaya i mezhgodovaya dinamika khlorofilla v planktone 
Ribinskogo vodokhranilishcha (2015–2019 gg.) [Seasonal and interannual dynamics of chlorophyll 
in plankton of the Rybinsk reservoir (2015–2019)]. Trudy Instituta biologii vnutrennikh vod 
im. I.D. Papanina RAN [Transactions of Institute for Biology of Inland Waters, Russian Academy of 
Sciences] 92 (95), 11–27. (In Russian). https://doi.org/10.47021/0320-3557-2021-11-27

Moiseenko, T.I., Gashkina, N.A., 2016. Bioaccumulation of mercury in fish as indicator of water pollution. 
Geochemistry International 54 (6), 485–493. https://doi.org/10.1134/S0016702916060045

Moiseenko, T.I., Gashkina, N.A., Sharova, Yu.N., Pokoeva, A.G., 2005. Ekotoksikologicheskaya 
otsenka posledstvii zagryazneniya vod r. Volgi [Ecotoxicological assessment of the consequences of 
pollution of the Volga river waters]. Vodnie resursi [Water Resources] 32 (4), 410‒424. (In Russian).

Moore, J.W., Rakmamurthy, C., 1987. Tyazhelie metalli v prirodnikh vodakh. Kontrol i otsenka vliyaniya 
[Heavy metals in natural waters. Applied monitoring and impact assessment]. Mir, Moscow, USSR, 
286 p. (In Russian).

Nicoletto, P.F., Hendricks, A.C., 1988. Sexual differences in accumulation of mercury in four species 
of centrarchid fishes. Canadian Journal of Zoology 66 (4), 944–949. https://doi.org/10.1139/z88-140

Payuta, A.A., Flerova, E.A., Zaitseva, Yu.V., 2023a. Otsenka riska potrebleniya leshcha iz Ribinskogo 
vodokhranilishcha [Risk assessment of bream consumption from the Rybinsk reservoir]. Vestnik 
KrasGAU [Bulletin of the Krasnoyarsk State Agricultural University] 12, 252–259. (In Russian). https://
doi.org/10.36718/1819- 4036-2023-12-252-259

Payuta, A.A., Flerova, E.A., Zaitseva, Yu.V., 2023b. Soderzhanie tyazhelikh metallov v mishtsakh 
leshcha iz raznikh plesov Ribinskogo vodokhranilishcha [Heavy metal content in bream muscles 
from different reaches of the Rybinsk reservoir]. Vestnik KrasGAU [Bulletin of the Krasnoyarsk State 
Agricultural University] 1, 103–108. (In Russian). https://doi.org/10.36718/1819-4036-2023-1-103-
108

Pravdin, I.F., 1966. Rukovodstvo po izucheniyu rib (preimushchestvenno presnovodnikh). [Guide to 
the study of fishes (especially freshwater)]. Pishchevaya promishlennost, Moscow, USSR, 374 p. (In 
Russian).

Rask, M., Malinen, T., Olin, M., Nyberg, K., Ruuhijärvi, J. et al., 2021. High mercury concentrations of 
european perch (Perca fluviatilis) in boreal headwater lakes with variable history of acidification and 
recovery. Water, Air, & Soil Pollution 232 (9), 382 https://doi.org/10.1007/s11270-021-05303-z

Ribi Ribinskogo vodokhranilishcha: populyatsionnaya dinamika i ekologiya [Fishes of the Rybinsk 
reservoir: population dynamics and ecology], 2015. Gerasimov, Yu.V. (ed.). Filigran, Yaroslavl, 
Russia, 418 p. (In Russian).

Semadeni, I.V., 2023. Spatial distribution and photosynthetic activity of phytoplankton in the Rybinsk 
Reservoir in the summer period of 2018–2020. Ecosystem Transformation 6 (2), 19–32. https://doi.
org/10.23859/estr-220414



39Lozhkina, R.A. et al., 2026. Ecosystem Transformation 9 (3), 24–43

Scheuhammer, A.M., Meyer, M.W., Sandheinrich, M.B., Murray, M.W., 2007. Effects of environmental 
methylmercury on the health of wild birds, mammals, and fish. AMBIO: A Journal of the Human 
Environment 36 (1), 12–19. https://doi.org/10.1579/0044-7447(2007)36[12:EOEMOT]2.0.CO;2

Scheuhammer, A.M., Basu, N., Evers, D.C., Heinz, G.H., Sandheinrich, M.B., Bank, M.S., 2012. 
Ecotoxicology of mercury in fish and wildlife: recent advances. In: Bank, M. (ed.), Mercury in the 
Environment. University of California Press, Oakland, USA, 223–238. https://doi.org/10.1525/californ
ia/9780520271630.003.0011

Scheuhammer, A., Braune, B., Chan, H.M., Frouin, H., Krey, A. et al., 2015. Recent progress on our 
understanding of the biological effects of mercury in fish and wildlife in the Canadian Arctic. Science 
of The Total Environment 509–510, 91–103. https://doi.org/10.1016/j.scitotenv.2014.05.142

Selin, N.E., 2009. Global biogeochemical cycling of mercury: a review. Annual Review of Environment 
and Resources 34 (1), 43–63. https://doi.org/10.1146/annurev.environ.051308.084314

Sigareva, L.E., 2012. Khlorofill v donnyh otlozhenijah volzhskih vodoemov [Chlorophyll in bottom 
sediments of Volga reservoirs]. KMK Scientific Press Ltd, Moscow, Russia, 217 p. (In Russian).

Stepanova, I.K., Komov, V.T., 1997. Nakoplenie rtuti v ribe iz vodoemov Vologodskoi oblasti [Mercury 
accumulation in fish from reservoirs of the Vologda region]. Ekologiya [Ecology] 4, 295–299. (In 
Russian).

Stepanova, I.K., Komov, V.T., 2004. Rol troficheskoi strukturi ekosistemi vodoemov Severo–zapada 
Rossii v nakoplenii rtuti v ribe [The role of the trophic structure of the ecosystem of water bodies in 
Northwest Russia in the accumulation of mercury in fish]. Gidrobiologicheskii zhurnal [Hydrobiological 
Journal] 40 (2), 87–96. (In Russian).

Struktura i funktsionirovanie ekosistemi Ribinskogo vodokhranilishcha v nachale XXI veka [The 
structure and functioning of the Rybinsk Reservoir ecosystem at the beginning of the XXI century], 
2018. Lazareva, V.I. (ed.). Russian Academy of Sciences, Moscow, Russia, 456 p. (In Russian).

Sukhenko, S.A., 1995. Rtut v vodokhranilishchakh: novii aspekt antropogennogo zagryazneniya biosferi 
[Mercury in reservoirs: a new aspect of anthropogenic pollution of the biosphere]. Ekologiya. seriya 
analiticheskikh obzorov mirovoi literaturi [Ecology. A series of analytical reviews of world literature] 
36, 1–54. (In Russian).

Teoriya i praktika khimicheskogo analiza pochv [Theory and practice of chemical analysis of soils], 
2006. Vorobyova, L.A. (ed.). GEOS, Moscow, Russia, 400 p. (In Russian).

Tyutin, A.V., Medyantseva, E.N., Gremyachikh, V.A., Komov, V.T., 2019. Parazito–khozyaistvennie 
otnosheniya v sistemakh plerotsekoidi Ligula intestinalis (L.) (Cestoda: Pseudopyllidea) – karpovie 
ribi i osobennosti akkumulyatsii rtuti v muskulature zarazhennikh khozyaev [Parasite-economic 
relationships in the systems of the plerocecoid Ligula intestinalis (L.) (Cestoda: Pseudopyllidea) – 
carp fish and the features of mercury accumulation in the muscles of infected hosts]. Parazitologiya 
[Parasitology] 53 (3), 241–250. (In Russian). https://doi.org/10.1134/S0031184719030062

Udodenko, Y.G., Komov, V.T., Zakonnov, V.V., 2018a. Long-term dynamics of total mercury in surficial 
bottom sediments of the Volga River’s reservoir in central Russia. Environmental Monitoring and 
Assessment 190 (4), 198. https://doi.org/10.1007/s10661-018-6575-9

Udodenko, Y.G., Komov, V.T., Zakonnov, V.V., 2018b. Total mercury in surficial bottom sediments of 
Volga River’s reservoirs in Central Russia. Environmental Earth Sciences 77 (19), 692. https://doi.
org/10.1007/s12665-018-7876-6



40 Lozhkina, R.A. et al., 2026. Ecosystem Transformation 9 (3), 24–43

Ullrich, S.M., Ilyushchenko, M.A., Uskov, G.A., Tanton, T.W., 2007. Mercury distribution and transport 
in a contaminated river system in Kazakhstan and associated impacts on aquatic biota. Applied 
Geochemistry 22 (12), 2706–2734. https://doi.org/10.1016/j.apgeochem.2007.07.005

Ulrich, K.U., Ilgen, G., Hillebrand, G., 2010. Mercury in sediments of the River Elbe – speciation, mobility 
and bioavailability. Acta Hydrochimica et Hydrobiologica 28 (1), 21–30.

UN Environment Programme, 2019. Global Mercury Assessment 2018. Chemicals and Health Branch 
Geneva, Narayana Press, Switzerland, 58 p.

Wiener, J.G., Krabbenhoft, D.P., Heinz, G.H., Scheuhammer, A.M., 2002. Ecotoxicology of Mercury. 
In: Hoffman, D.J. et al. (eds.), Handbook of ecotoxicology. 2nd edition. Lewis Publishers, Boca Raton, 
FL, USA, 1–32.

Список литературы
Безель, В.С., Андрияшкин, Ю.Г., Коршун, М.Н., Скрипкин, В.А., 1983. К вопросу оценки последствий 
загрязнения водных экосистем промышленными выбросами ртути. В: Покровский, А.В. (ред.), 
Количественные методы в экологии позвоночных. УрНЦ РАН, Свердловск, СССР, 141–157.

Буторин, Н.В., Зиминова, Н.А., Курдин, В.П., 1975. Донные отложения верхневолжских 
водохранилищ. Наука, Ленинград, СССР, 160 с.

Горбунов, А.В., Ляпунов, С.М., Окина, О.И., Шешуков, В.С., 2018. Биоаккумуляция ртути в тканях 
пресноводных рыб. Экология человека 25 (11), 26–31. https://doi.org/10.33396/1728-0869-2018-
11-23-31

Гремячих, В.А., Ложкина, Р.А., Комов, В.Т., 2019. Пространственно-временная вариабельность 
содержания ртути в речном окуне Perca fluviatilis Linnaeus, 1758 (Perciformes: Percidae) 
Рыбинского водохранилища на рубеже XX–XXI веков. Трансформация экосистем 2 (2), 85–95.
https://doi.org/10.23859/estr-180816

Гремячих, В.А., Ложкина, Р.А., Котиков, Д.Е., Комов, В.Т., 2022. Концентрации ртути в мышцах 
разных видов рыб из водоемов Ярославской области и прилегающих территорий. Труды 
Института биологии внутренних вод им. И.Д.  Папанина РАН 100 (103), 35–56. https://doi.
org/10.47021/0320-3557-2022-34-56

Линник, П.И., Набиванец, Б.И., 1986. Формы миграции металлов в пресных поверхностных водах. 
Гидрометеоиздат, Ленинград, СССР, 268 с.

Минеева, Н.М., Семадени, И.В., 2020. Сезонная и межгодовая динамика хлорофилла в планктоне 
Рыбинского водохранилища (2015–2019  гг.). Труды Института биологии внутренних вод им. 
И.Д. Папанина РАН 92 (95), 11–27. https://doi.org/10.47021/0320-3557-2021-11-27

Моисеенко, Т.И., Гашкина, Н.А., Шарова, Ю.Н., Покоева, А.Г., 2005. Экотоксикологическая оценка 
последствий загрязнения вод р. Волги. Водные ресурсы 32 (4), 410‒424.

Мур, Дж.В., Ракмамурти, C., 1987. Тяжелые металлы в природных водах. Контроль и оценка 
влияния. Мир, Москва, СССР, 286 с.

Паюта, А.А., Флерова, Е.А., Зайцева, Ю.В., 2023a. Содержание тяжелых металлов в мышцах 
леща из разных плесов Рыбинского водохранилища. Вестник КрасГАУ 1, 103– 108. https://doi.
org/10.36718/1819-4036-2023-1-103-108



41Lozhkina, R.A. et al., 2026. Ecosystem Transformation 9 (3), 24–43

Паюта, А.А., Флерова, Е.А., Зайцева, Ю.В., 2023b. Оценка риска потребления леща из Рыбинского 
водохранилища. Вестник КрасГАУ 12, 252–259. https://doi.org/10.36718/1819-4036-2023-12-
252-259

Правдин, И.Ф., 1966. Руководство по изучению рыб (преимущественно пресноводных). Пищевая 
промышленность, Москва, СССР, 374 c.

Рыбы Рыбинского водохранилища: популяционная динамика и экология, 2015. 
Герасимов, Ю.В. (ред.). Филигрань, Ярославль, Россия, 418 с.

Семадени, И.В., 2023. Пространственное распределение и фотосинтетическая активность 
фитопланктона Рыбинского водохранилища в летний период 2018–2020 гг. Трансформация 
экосистем 6 (2), 19–32. https://doi.org/10.23859/estr-220414

Сигарева, Л.Е., 2012. Хлорофилл в донных отложениях волжских водоемов. Товарищество 
научных изданий КМК, Москва, Россия, 217 с.

Степанова, И.К., Комов, В.Т., 1997. Накопление ртути в рыбе из водоемов Вологодской области. 
Экология 4, 295–299.

Степанова, И.К., Комов, В.Т., 2004. Роль трофической структуры экосистемы водоемов Северо–
запада России в накоплении ртути в рыбе. Гидробиологический журнал 40 (2), 87–96.

Структура и функционирование экосистемы Рыбинского водохранилища в начале XXI века, 
2018. Лазарева, В.И. (ред.), РАН, Москва, Россия, 456 с.

Сухенко, С.А., 1995. Ртуть в водохранилищах: новый аспект антропогенного загрязнения 
биосферы. Экология. Серия аналитических обзоров мировой литературы 36, 1–54.

Теория и практика химического анализа почв, 2006. Воробьева,  Л.А. (ред.). ГЕОС, Москва, 
Россия, 400 с.

Тютин, А.В., Медянцева, Е.Н., Гремячих, В.А., Комов, В.Т., 2019. Паразито-хозяинные отношения 
в системах плероцекоиды Ligula intestinalis (L.) (Cestoda: Pseudopyllidea) – карповые рыбы и 
особенности аккумуляции ртути в мускулатуре зараженных хозяев. Паразитология 53 (3), 
241–250. https://doi.org/10.1134/S0031184719030062

Флёров, Б.А., 1990. Экологическая обстановка на Рыбинском водохранилище в результате 
аварии на очистных сооружениях г. Череповца в 1987 г. В: Флеров, Б.А. (ред.), Влияние стоков 
Череповецкого промышленного узла на экологическое состояние Рыбинского водохранилища. 
ИБВВ АН СССР, Рыбинск, СССР, 3–11.

Чуйко, Г.М., Законнов, В.В., Комов, В.Т., Бродский, Е.С., Шелепчиков, А.В., Лобус, Н.В., 2015. 
Пространственное распределение полихлорированных бифенилов и ртути в донных отложениях 
Рыбинского водохранилища Материалы докладов конференции «Современные проблемы 
гидрохимии и мониторинга качества поверхностных вод». Ростов-на-Дону, Россия, 131–135.

Экологические проблемы Верхней Волги, 2001. Копылов, А.И. (ред.). ЯГТУ, Ярославль, Россия, 
427 c.

Beckers, F., Rinklebe, J., 2017. Cycling of mercury in the environment: Sources, fate, and human health 
implications: A review. Critical Reviews in Environmental Science and Technology 47 (9), 693–794. 
https://doi.org/10.1080/10643389.2017.1326277



42 Lozhkina, R.A. et al., 2026. Ecosystem Transformation 9 (3), 24–43

Campbell, L., Verburg, P., Dixon, D.G., Hecky, R.E., 2008. Mercury biomagnification in the food web 
of Lake Tanganyika (Tanzania, East Africa). Science of The Total Environment 402 (2–3), 184–191. 
https://doi.org/10.1016/j.scitotenv.2008.04.017

Chételat, J., Ackerman, J.T., Eagles-Smith, C.A., Hebert, C.E., 2020. Methylmercury exposure in 
wildlife: A review of the ecological and physiological processes affecting contaminant concentrations 
and their interpretation. Science of The Total Environment 711, 135117. https://doi.org/10.1016/j.
scitotenv.2019.135117

Dang, F., Wang, W.-X., 2012. Why mercury concentration increases with fish size? Biokinetic explanation. 
Environmental Pollution 163, 192–198. https://doi.org/10.1016/j.envpol.2011.12.026

Dickson, J.O., Mayes, M.A., Brooks, S.C., Mehlhorn, T.L., Lowe, K.A. et al., 2019. Source relationships 
between streambank soils and streambed sediments in a mercury-contaminated stream. Journal of 
Soils and Sediments 19 (4), 2007–2019. https://doi.org/10.1007/s11368-018-2183-0

Fitzgerald, W.F., Lamborg, C.H., 2007. Geochemistry of mercury in the environment. Treatise on 
Geochemistry 9, 1–47. https://doi.org/10.1016/B0-08-043751-6/09048-4

Hanna, D.L., Solomon, C.T., Poste, A.E., Buck, D.G., Chapman, L.J., 2015. A review of mercury 
concentrations in freshwater fishes of Africa: patterns and predictors. Environmental Toxicology and 
Chemistry 34 (2), 215–223. https://doi.org/10.1002/etc.2818

He, M., Tian, L., Braaten, H.F.V., Wu, Q., Luo, J. et al., 2019 Mercury-organic matter interactions in 
soils and sediments: angel or devil? Bulletin of Environmental Contamination and Toxicology 102 (5), 
621–627. https://doi.org/10.1007/s00128-018-2523-1

Hudelson, K.E., Drevnick, P.E., Wang, F., Armstrong, D., Fisk, A.T., 2020. Mercury methylation 
and demethylation potentials in Arctic lake sediments. Chemosphere 248, 126001. https://doi.
org/10.1016/j.chemosphere.2020.126001

Moiseenko, T.I., Gashkina, N.A., 2016. Bioaccumulation of mercury in fish as indicator of water pollution. 
Geochemistry International 54 (6), 485–493. https://doi.org/10.1134/S0016702916060045

Nicoletto, P.F., Hendricks, A.C., 1988. Sexual differences in accumulation of mercury in four species 
of centrarchid fishes. Canadian Journal of Zoology 66 (4), 944–949. https://doi.org/10.1139/z88-140

Rask, M., Malinen, T., Olin, M., Nyberg, K., Ruuhijärvi, J. et al., 2021. High mercury concentrations of 
european perch (Perca fluviatilis) in boreal headwater lakes with variable history of acidification and 
recovery. Water, Air, & Soil Pollution 232 (9), 382 https://doi.org/10.1007/s11270-021-05303-z

Scheuhammer, A.M., Meyer, M.W., Sandheinrich, M.B., Murray, M.W., 2007. Effects of environmental 
methylmercury on the health of wild birds, mammals, and fish. AMBIO: A Journal of the Human 
Environment 36 (1), 12–19. https://doi.org/10.1579/0044-7447(2007)36[12:EOEMOT]2.0.CO;2

Scheuhammer, A.M., Basu, N., Evers, D.C., Heinz, G.H., Sandheinrich, M.B., Bank, M.S., 2012. 
Ecotoxicology of mercury in fish and wildlife: recent advances. In: Bank, M. (ed.), Mercury in the 
Environment. University of California Press, Oakland, USA, 223–238. https://doi.org/10.1525/californ
ia/9780520271630.003.0011

Scheuhammer, A., Braune, B., Chan, H.M., Frouin, H., Krey, A. et al., 2015. Recent progress on our 
understanding of the biological effects of mercury in fish and wildlife in the Canadian Arctic. Science 
of The Total Environment 509–510, 91–103. https://doi.org/10.1016/j.scitotenv.2014.05.142



Lozhkina, R.A. et al., 2026. Ecosystem Transformation 9 (3), 24–43 43

Selin, N.E., 2009. Global biogeochemical cycling of mercury: a review. Annual Review of Environment 
and Resources 34 (1), 43–63. https://doi.org/10.1146/annurev.environ.051308.084314

Udodenko, Y.G., Komov, V.T., Zakonnov, V.V., 2018a. Long-term dynamics of total mercury in surficial 
bottom sediments of the Volga River’s reservoir in central Russia. Environmental Monitoring and 
Assessment 190 (4), 198. https://doi.org/10.1007/s10661-018-6575-9

Udodenko, Y.G., Komov, V.T., Zakonnov, V.V., 2018b. Total mercury in surficial bottom sediments of 
Volga River’s reservoirs in Central Russia. Environmental Earth Sciences 77 (19), 692. https://doi.
org/10.1007/s12665-018-7876-6

Ullrich, S.M., Ilyushchenko, M.A., Uskov, G.A., Tanton, T.W., 2007. Mercury distribution and transport 
in a contaminated river system in Kazakhstan and associated impacts on aquatic biota. Applied 
Geochemistry 22 (12), 2706–2734. https://doi.org/10.1016/j.apgeochem.2007.07.005

Ulrich, K.U., Ilgen, G., Hillebrand, G., 2010. Mercury in sediments of the River Elbe – speciation, mobility 
and bioavailability. Acta Hydrochimica et Hydrobiologica 28 (1), 21–30.

UN Environment Programme, 2019. Global Mercury Assessment 2018. Chemicals and Health Branch 
Geneva, Narayana Press, Switzerland, 58 p.

Wiener, J.G., Krabbenhoft, D.P., Heinz, G.H., Scheuhammer, A.M., 2002. Ecotoxicology of Mercury. 
In: Hoffman, D.J. et al. (eds.), Handbook of ecotoxicology. 2nd edition. Lewis Publishers, Boca Raton, 
FL, USA, 1–32.


	Spatial variability of mercury content in bottom sediments and muscles of bream Abramis brama L., 17
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	References
	Список литературы


