TpaHchopMaLIUa SIKOCUCTEM  ISSN 2619-0931 Online
A WWW.ecosysttrans.com
Ecosystem Transformation

DOI: https://doi.org/10.23859/estr-251205
EDN: https://elibrary.ru/ueehxw
UDC [597+574.64] (282.247.413.5):556.555.6

Article

Spatial variability of mercury content

in bottom sediments and muscles

of bream Abramis brama L., 1758

from the Rybinsk Reservoir (Volga River, Russia)

R.A. Lozhkina™ , V.A. Gremyachikh' |, Yu.G. Udodenko"? |
|.LA. Antipov'-3 | V.V. Zakonnov' | L.E. Sigareva' |,

N.A. Timofeeva' , D.D. Pavlov' , |.V. Shlyapkin® ,

V.T. Komov'?2

" Papanin Institute for Biology of Inland Waters, Russian Academy of Sciences, Borok 109, Nekouzsky
District, Yaroslavl Oblast, 1562742 Russia

2 Cherepovets State University, Prospekt Lunacharskogo 5, Cherepovets, Vologda Oblast, 162600
Russia

3 Yaroslavl State Agrarian University, Tutaevskoe Shosse St. 58, Yaroslavl, 150042 Russia

*lozhkina.roza@yandex.ru

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 E,, /
Eqs 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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AHHoTaums. [NprBegeHsl pesynsTaTtbl MCCreaoBaHUS CoaepKaHUs PTYTU B JOHHbIX OTIIOXEHUSIX U MblLLI-
uax newa Abramis brama L., 1758 u3 yeTbipex nnecos PbIBUHCKOro BOAOXpaHUNULLA, pas3nnyatoLLmMxcs
TMAPOMNOrMYECKUM PEXUMOM, CNEeLMMUKON TMOPOXMMUYECKMX YCIOBUIN U CTPYKTYpOn Bronormyeckmx co-
obuecTB. XapakTtep npoctpaHcTBeHHOro pacnpegenerms Hg B 1O PuiGUHCKOro BogoxpaHunua onu-
TenbHOEe BpPeMsi OcTaeTcs cTabunbHbeiM. MakcumarnbHble 3HaYeHUs YPOBHA copepXaHns Hg B OOHHbIX
otnoxenusax (OO) 3apernctpmpoBaHbl B LLIEKCHUHCKOM, @ MUHMMarnbHble — B MONOXCKOM nnecax Bo-
AoxpaHunuiwia. HammeHblumne KOHUEHTpauMn MeTanna OTMeYeHbl Y feLlen, BblNoBNeHHbIX B [TaBHOM
n LLlekcHMHCKOM nnecax, MakcMMarbHble — y neLlen, BblroBrieHHbIX B MonoxckoM nnece. 3HadnMble
pasnuunsa copgepxaHns Hg B MblwLax B pasHble rodbl UCCnegoBaHns BbiSBMEHbl y newen n3 masHoro
n LekcHuHcKkoro nnecoB. He ycTaHOBNEHO 3HAYMMbIX PasnuyuniA HakonneHus Hg B mblwuax camok u
CaMLOB, a Takke 3Ha4YMMbIX CBA3el cogepkaHus Hg B MbilLax newa ¢ ero pasmepom, Maccom, MOfoM 1
Bo3pacToM. OBHapyxeHa cunbHas B3aMMOCBA3b Mexay KoHueHTpauuen Hg B mbiwuax newa m O sogo-
XpaHunuuia. Kpome Toro, oTMeYeHa nonoxunTenbHas cBa3b KOHUEHTpauui Hg B MbiLlLax neLa ¢ KOHLEH-
Tpaumen Xnopodusina n COOTHOLLEHEM NMrMeHTHoro nHaekca E,, /E .. 8 10, otpuuarensHas — ¢ gonen
opraHuyeckoro BellecTsa. B nccnegosaHHon Beibopke cogepxaHune Hg B mbiwnax newa mn O 3Haummo
He 3aBKCeno OT pasMepa YacTul, rpyHTa, nokasaTenen LBETHOCTU, NPO3PaYHOCTU U CKOPOCTU TEYEHNS.
Cogepxanue Hg B 10 BogoxpaHunmiia 6b1ro NONoXUTENbHO CBA3aHO C KOHUEHTpauuen xnopodwunna B
BOAE M OTpULATENbHO — C KOHLIEHTpaumen ocago4HbIX NMIMEHTOB B rpyHTe. B Lenom cogepxaHve Hg B
[0 1 MblWwLax newa HaxoaUTCa B Auana3oHe 3HaYeHu, paHee 3aperncTpupoBaHHbIX Anst PeIGUHCKOro
BOAOXPaHUNULLA APYrMMn aBTopamm, U He NpeBbILAaeT YCTaHOBMEHHbIX HOPMaTHBOB.

KntoueBble cnoBa: Tsbkenble MeTansbl, pblba, rpaHynomMeTpusi, 0CagovHble NMUIMEHTbI, OpraHM4eckoe
BeLlecTBo, BepxHaga Bonra

®PuHaHcupoBaHue. PaboTta BbiNonHeHa B pamKax rocygapcTBeHHbix 3agaHun Ne 124032500015-7 u
124032100076-2.
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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 (CH,Hg"),
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.
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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 m? 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 E,,/E,,, (analogous to the E  /E ., 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 ..., 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
(Mg/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 pg/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.l. 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, r ) 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 E,, /E . indicated different degrees of chlorophyll
and carotenoid degradation in BS. The mean values of the E,, /E,,, 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 contentin BS and water color, transparency,
flow velocity, or BS OM, Chl, and E ; /E,, 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 (r, = 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 (r, = -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 E  /E . 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.

Reach n X+SD Median Min—Max CV, %

mercury content, ug/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+£7.9% 9.7 4.0-29.1 70
Main 9 19.7 £ 16.5° 20.9 3.3-56.1 84
Volga 12 109 £6.9° 9.5 2.0-22.5 63

Sheksna 30 13.9+7.9%® 12.3 2.6-38.0 57

Tabn. 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+ 8D Median Min—Max CV, %

mercury content, ug/g

Sand 4 0.013 £ 0.0052 0.013 0.007-0.017 38
Silty sand 7 0.019+0.0172 0.014 0.001-0.052 85
Sandy silt 10 0.062 + 0.037% 0.049 0.011-0.117 60
Clayed silt 39 0.123 £ 0.065° 0.109 0.021-0.361 53

organic matter content, %

Sand 4 3.8+1.3° 3.9 2.2-51 34
Silty sand 7 45+22° 4.0 2.0-7.7 48
Sandy silt 10 9.3+2.8° 10.0 5.5-14.2 30
Clayed silt 39 176 £9.7° 14.2 3.6-56.1 55

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

Sand 4 9.0+£5.0 5.7 2.8-21.7 96
Silty sand 7 10.8+2.38 8.6 2.2-23.3 64
Sandy silt 10 31.1+£6.1 226 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. | — Mologa, Il — Main, 1l — Volga,
IV — Sheksna reach.
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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.

Chl, ug/g Ph, pa/g Chl+Ph, ug/g

Reach n dry sediment dry sediment dry sediment E 150/ Eoes
21.4+39.7° 76.9 + 101.8 98.4 + 140.6 3.0 0.7

Mologa 9 0.9-125.4 59-323.5 6.8-448.8 2344
Main 9 20.9 + 20,92 88.3 + 77.2 109.2 + 96.6 2.5+ 0,52

59.4-59.0 2.4-195.7 2.8-255.1 1.6-3.5
Volaa 1 7.7 +6.3% 58.6 + 40.3 66.2 + 46.5 31405

9 0.7-23.4 5.5-154.0 6.20-177.4 2.3-4.0
7.2+7.6° 447 +44.8 52.0 +51.2 2.9+ 0.9

Sheksna 28 0.8-26.0 1.4-323.5 2.0-448.8 1.4-58

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.

Correlation coefficient, r_

Parameter
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
Chlin BS (0.4-125.4 ug/g dry sediment) -1.00 0.74
Chl+Ph in BS (9.2-275.6 pg/g dry sediment) -0.74 0.26
E ,50/Ees ratio in BS (2.04-2.70) -0.32 0.58
Chlin water* (10.1-28.5 mkr/n) 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
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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).

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 pg/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 pg/g wet weight, or ~0.225 ug/g dry weight) are
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comparable to our values (0.353 pg/g dry weight). In contrast, the values obtained by T.I. Moiseenko et
al. (2005) for the lvankovo reservoir (0.019 £ 0.003 pg/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 (r, = —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 x
10%). Thus, suspended particles (less than 20-0.45 ym) contain 10° 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 fish’. 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 (r, =
-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.
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