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Abstract. The changes of the macrobenthos and environmental characteristics in the Vostok Bay, the
Sea of Japan, have been analyzed for the periods starting from the 1970s and 2000s to the present,
respectively. Anthropogenic impact on the Vostok Bay has been ongoing for over 150 years: recreational
load is rapidly increasing, fishing industry and ship repair enterprises are operating, and the coastline
is being actively developed. The water temperature in spring and autumn have increased over the past
20 years, indicating an increase in the heating rate and a decrease in the cooling rate of the bay's
water mass at present. This fact contributes to the deterioration of oxygen indicators and stimulates
the restructuring of production-destruction processes, affecting the balance of nutrient compounds. The
abundance of heterotrophic microorganisms indicates a high content of organic matter in the aquatic
environment. Anthropogenic pollution is confirmed by high abundance of enterobacteria (including E. coli),
as well as a high number of bacteria that degrade oil, diesel fuel, and phenols. The abundance of metal-
resistant bacteria reflects the high concentrations of heavy metals in the bay. Macrobenthos community
is currently stable. However, the biomass of the Gray mussel and the Kuril horse mussel has significantly
decreased over the past 50 years. Cadmium levels exceeding toxicological standards were detected in
the soft tissue of Gray mussels. Assessing the human health risk, based on the combined cadmium and
lead levels, revealed a significant risk of cancer from continuous consumption of mussel soft tissue during
the recreational season and beyond. The ongoing transformation of the Vostok Bay ecosystem requires
continuous environmental monitoring and relevant environmental management decisions.
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AHHoTaumsA. B ctaTbe npeacTaBneH aHanu3 M3aMeHeH1s1 MakpobeHToca 1 XxapaKTepUCTUK cpeabl 3anvea
Boctok cootBetrctBeHHO ¢ 1970-x 1 2000-X IT. N0 HacTosiee BpeMsi. AHTPOMOreHHOe BO3AEeNCTBME Ha
3anuB BocTok npogomnmkaetcs yxxe 6ornee 150 NeT: NHTEHCUBHO YBENMYMBAETCA PEKPEeaLMOHHAs Harpy3Kka,
paboTaloT NpeanpuaTUa pbIOHOWM NPOMBILLIIEHHOCTU 1 CYAOPEMOHTA, akTUBHO 3acTpavBaeTcsa beperoBas
NVHUs. BeceHHWe 1 oceHHMe 3HaveHust Temnepatypbl Bodbl 3a nocrnegHve 20 NeT yBENUYUIUCH, YTO
CBUAETENbCTBYET O HApacTaHUM CKOPOCTU MPOrPeEBa M YMEHBLUEHUM CKOPOCTU OXNaXOAEHMS BOOHON
Macchl 3anvBa B HacTosiLLee BpeMs. [laHHbI dhakT cnocobCTBYET yXyALLEHWIO KUCITOPOAHLIX NoKasaTenen
N CTUMYNPYET NEPECTPOIKY NPOOYKLUMOHHO-0ECTPYKLMOHHBIX NMPOLECCOB, OTpaXatoLmxcs Ha 6anaHce
COeaVHEHMNIN BUOrEeHHbIX ANEMEHTOB. YNMCNEHHOCTb reTepPOTPOdHBLIX MUKPOOPraHM3MOB CBUOETENLCTBYET
O BbICOKOM COAEPXXaHWM OpraHM4eckoro BeLlecTBa B BOAHOW cpede. AHTPOMOreHHOe 3arpsi3HeHue
NoaoTBEPXKAAETCA BbICOKMMMU YPOBHAMW 3HTEpPODaKTepuii (B TOM YMCIe KULLEYHOW Maroyku), a Takke
BbICOKOW YNCIEHHOCTbLIO BaKTEPUMN-AECTPYKTOPOB HE(ITH, ON3EMNBHOIO TOMNMMBA U heHoNoB. YNCNeHHOCTb
MeTann-pe3nCcTeHTHbIX OaKTEPUI OTPaXKaeT BbICOKMI YPOBEHb COAEPXKaHUsI TSHKENbIX METArOB B BOOHON
cpene 3anumBa. MakpobeHTOC Ha COBpeMeHHOM 3Tane crabuneH. OgHako Guomacca muamm pes u
MoZamonyca Kypurbckoro 3a nocriegHme 50 net 4ocToBepHO cHusmnack. B markux tkaHax muamm MNpes u3
3anvBa obHapy>XeHO NpeBbILLIEHNE A0NMYCTUMbIX TOKCUKOIOTMYECKNX HOPM B OTHOLLEHUM KagMust. Pacyet
pvcka 300pPOBbLI0 YENOBEKa MO COBOKYMHOMY COAEPXXaHUK KaaMWs M CBUHLA MOKa3an CYLLECTBYHOLLYIO
ONacHOCTb BO3HWKHOBEHWSI OHKONOrMYecknx 3aboneBaHuin npu HemnpepbiBHOM MNOTPebneHnn Msrkux
TKAHe MUAOMIA B TEYEHUN peKpeaunoHHOro ce3oHa M Gonee anuTenbHoro BpemMeHu. MNpowucxoasuias
TpaHcdopMaums akocucTembl 3anvea BocTok TpebyeT MOCTOSHHOrO 3KONOrMyYeckoro MOHMTOPUHIa U
yrpaBeHYeCcKMX peLLEHN B 00NacTu Nprpogononb30BaHus.

KnioueBble crnoBa: Mopckas cpefa, MMaporornveckue napamertpbl, MMOPOXMMUYECKUe MapameTpsl,
MUKpOBMONornyeckasl oLeHKa, OOHHLIE OPraHU3Mbl, TSDKEMble MeTanrnbl, PUCK 300POBbLI0 YEeroBeka,
aHTPOMOreHHOe BO3aeNCTBUE, TPAHCHOPMALSA SKOCUCTEM

®PuHaHcupoBaHue. Paborta BbinonHeHa npu nogdepxke MuHoGpHaykn Poccun, npoekt FZNS-2023-
0011 «TexHONMOrMM MOHUTOPUHIA YCTOMYMBOCTU 3KOCUCTEM BHYTPEHHMX U OKpauHHbIX Mopen Poccuu B
yCNnoBusX rnobansHOro U3MeHeHNs KnnumaTa U aHTPONOreHHOro BO3AENCTBUSAY.

BnarogapHocTu. Hag ctatbelt BMecTe C KONNeKTMBOM aBTOPOB HaunHana pabotatb 4.6.H., npodeccop,
3acnyxeHHbln gestenb Hayk PO Hapexpga KoHcTaHTMHOBHa XpuctodopoBa — Haw yuutenb. Pabota
NocBSILLAeTCs ee NamMsTu.
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Introduction

Vostok Bay is located in the Sea of Japan southwest of Nakhodka city (Primorsky Krai, Russia); it is
bounded by the capes Podosyonov and Peshchurov. The bay is relatively small, its area is approximately
36 km?; it intrudes into the coastline by ~8 km; the maximum depth is 31 meters.

The development of the Vostok Bay began in the mid-19" century, with anthropogenic impact steadily
increasing and continuing for over 150 years. Detailed hydrographic descriptions of the bay and its inlets
were first conducted in 1861-1863 by Russian sailors led by A. Peshchurov, commander of the clipper
ship "Gaidamak™'. Subsequent development of the bay and the establishment of settlements along its
shores were associated with coastal fishing and fish processing.

In the mid-20t" century, shipyards and agar production plants were built on the coast. By the mid-
1970s, the population of the settlements along the bay's shores had grown significantly, and municipal
infrastructure had developed. The fishing collective farm and ship repair yard expanded their capacity
and became the town's mainstays. In 1992, the Gaidamak Ship Repair Yard was converted into a joint-
stock company, significantly reducing production, and ultimately ceasing operations for several years.
In March 2001, the yard resumed operations under a new name, LLC RPK Poseidon, which retained its
core business (ship repair).

In addition to the industrial cluster, a scientific research centre was also developed at the Vostok
Bay in the second half of the 20™ century. In 1971, construction? of the Marine Biological Station of the
Institute of Marine Biology of the Far Eastern Scientific Centre "Vostok" (Kashenko, 1976) has started in
Tikhaya Zavod' Inlet. It has since become a modern scientific centre. The biological station is designed
for marine research in various fields. Since the early 1970s, comprehensive marine research has been
conducted in the Vostok Bay.

In 1989, the Marine Reserve "Zaliv Vostok" was established; it became part of the Far Eastern
Branch of the Russian Academy of Sciences (Tyurin, 1996). The reserve is bounded by a line connecting
capes Pushchino and Elizarova, with a 50-m-wide sanitary zone. The reserve purpose is to preserve
and restore the natural complexes of the Vostok Bay to their natural state, to maintain the ecological
balance and rational use of natural resources, mariculture plantations, and recreational areas3.

In 2016-2017, construction of a petrochemical complex of the Eastern Petrochemical Company
(EPCC) was planned on the eastern shore of the bay (Cape Elizarova), which could lead to the changes
in the chemical composition of seawater and also impact negatively the ecosystem and biodiversity.
Scientists were concerned about the emerging problem; they formulated a rationale for locating the
EPCC and its terminal east of Wrangel Inlet in Nakhodka Bay (Barysheva et al., 2019; Vyshkvartsey,
2010). In 2021, the project was approved, and the EPCC will be built in the port of Nakhodka. However,
land plots on the eastern coast of the Vostok Bay between Cape Elizarova and Cape Podosenov are still
considered as a part of the port; the project is planned to be completed by 2030, despite criticism from
environmental scientists (Vyshkvartsev, 2010).

Poaching is also present in the study area. In just four months (January—April, 2020), inspectors
conducted more than 50 raids and seized approximately 1.6 km of fishing nets* in the Marine Reserve
"Zaliv Vostok".

According to official statistics, the permanent population of the settlements on the coast of the Vostok
Bay is currently over 10000: 973 people in Avangard settlement; 134, in Livadia; 2903, in Volchanets;
695, in Novo-Litovsk; 6000, in Yuzhno-Morskoy. The Dushkino settlement, located upstream along the
Volchanka River, also influences the bay with a population of 563 people®. The number of people on the

" Vostok Bay. Web page. URL: http://territoriya.nakhodka-lib.ru/geografy/zaliv%20vostok.htm (accessed: 09.03.2022).
2 Marine biological station "Vostok". Web page. URL: http://www.mbsvostok.ru/ (accessed: 23.12.2021).

3 Primorye Nature Reserve: Marine Energy of the Vostok Bay Nature Reserve. Web page. URL: https://primamedia.ru/
news/502737/ (accessed: 14.11.2021).

4 Online version of the 'Vladivostok' newspaper, no. 4675 (6380) dated April 24, 2020. More than 1.5 kilometers of nets were
confiscated in the marine reserve. Web page. URL: https://vladnews.ru/ev/vl/4675/126624/bolee_kilometra (accessed:
09.03.2022).

5 Territorial body of the Federal State Statistics Service for Primorsky Krai. Population. Web page. URL: https://25.rosstat.gov.ru/
folder/27118 (accessed: 09.03.2022).
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shores of the bay varies significantly by season, reaching a maximum from early July to late September
due to intense recreational pressure (Galysheva et al., 2022).

Today, the Vostok Bay remains one of the cleanest coastal waters in Primorye, attracting numerous
tourists to its picturesque shores. A ship repair and fish processing plant, as well as the "Pacific Ocean"
fishing collective farm, continue to operate in Gaydamak Inlet, and virtually the entire coastline of the
bay is being actively developed and built upon. Long-term environmental management in the coastal
and offshore zones of the Vostok Bay has inevitably affected its ecosystem, manifesting itself both as
the changes in environmental components and in the bay's biota. Therefore, the study aims to analyze
long-term changes in the characteristics of seawater and macrobenthos in the Vostok Bay, based on
data obtained during the entire period of scientific observations, conducted here from the early 1970s to
the present (a total of ~50 years), and to assess the environmental risk.

Materials and methods

The original data were obtained in the scientific expeditions performed in 2020 (July, October) and
2021 (May, July), each covering 21 stations (Fig. 1). Archive data included that obtained previously
by the authors of this article and published data from other authors; the pooled dataset was used for
comparative analysis.

Hydrological analysis

The parameters of the water column (temperature, salinity, dissolved oxygen and chlorophyll a
concentrations) were determined using an autonomous ASTD102 10-Hz CTD-probe (JFE Advantech
Co Ltd., Japan). Based on the results of primary processing of CTD-data, performed using original
software products (Lazaryuk and Kosheleva, 2014), series of measured hydrological parameters were
obtained with a depth lag of 0.5 m (z), optimal for subsequent analysis.

Microbiological analysis

Water samples were collected in July 2020 and May 2021 from the subsurface layer (10—20 cm),
placed in sterile plastic containers and transported to the laboratory for analysis in accordance with
GOST R 31861-12% and GOST R 31942-127. Samples were analyzed in triplicate, observing sample
storage periods. The quality of surface waters in the Vostok Bay was assessed by the abundance
of several ecotrophic groups of microorganisms (MO): colony-forming heterotrophic microorganisms
(HM), hydrocarbon-oxidizing microorganisms (ORB, oil-resistant; DRB, resistant to diesel fuel), phenol-
resistant microorganisms (PRB), coliform bacteria (CB), and metal-resistant bacteria (MRB).

The total number of HM was analyzed on the medium for marine microorganisms (MMOM) with the
addition of 1.5% agar (Nalivaiko, 2006; Yochimizu and Kimura, 1976). The abundance of oligotrophs
(per 1 mL of water) was assessed on solid Mills medium modified for marine microorganisms (llyinsky
et al., 2010). The most probable number of bacteria of the ecophysiological groups ORB, DRB, and
PRB was estimated based on the tenfold dilution method using elective media. Yeast extract (0.005%)
with mineral salts was used as a basis for the preparation of elective media, to which oil, diesel fuel, or
phenol were added at a final concentration of 0.1% as the only carbon source for bacterial development
(Rukovodstvo..., 1980). The number of MRB forms in the community of heterotrophic cultured MO was
determined by the plate method using meat-peptone agar (MPA) with the addition of metal salts in
concentrations inhibiting the growth of sensitive forms of bacteria. Chlorides of Zn, Cu, Cd, Ni, Pb were
used as the additives (Dimitrieva and Bezverbnaya, 2002). Resistance testing was performed element
by element for all collected samples (in triplicate). CB was detected using Endo's selective medium.
Catalase-positive and oxidase-negative gram-negative bacteria were identified (Rukovodstvo..., 1980).
Arithmetic means with standard deviations were calculated for all parameters. A total of 29 surface water
samples were collected, and 870 cultures were performed.

8 GOST R 31861-2012. Water. General requirements for sampling.
7GOST R 31942-2012 (ISO 19458:2006). Water. Sampling for microbiological analysis.
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Fig. 1. Sampling sites in the Vostok Bay, the Sea of Japan.

Macrobenthos analysis

Quantitative samples of macrobenthos were collected in July 2020 and May 2021 in triplicates from
each station by a scuba diver using a 1-m? hydrobiological sampling frame (for sampling epibenthos)
and a 0.025-m? bottom grab (for sampling infauna). A total of 126 quantitative samples of macrobenthos
were collected. Primary processing of the samples was performed the same day at the Vostok Marine
Biological Station of the A.V. Zhirmunsky National Scientific Center of Marine Biology, Far Eastern
Branch of the Russian Academy of Sciences. Laboratory processing included the sample analysis for
main taxonomic groups’ identification, species identification, measuring and subsequent calculating of
biomass (g/m?)and population density (ind./m?2). These analyses were performedin the "Marine Ecology"
Laboratory of the International UNESCO Department, Institute of the World Ocean, Far Eastern Federal
University. The taxonomic analysis was carried out under Zeiss Stemi 2000C stereoscopic microscope;
weighting, using laboratory scales DemCom DL-2002 (0.001-g accuracy). The systematic position of
organisms is given according to the list of free-living invertebrates of the Far Eastern seas (Spisok...,
2013), as well as the worldwide electronic databases WORMS? and AlgaeBase®.

Heavy metal content analysis and environmental risk assessment

Heavy metals were determined in two common species of bivalve mollusks (Modiolus Kurilensis
F.R.Bernard, 1983 and Crenomytilus grayanus Dunker, 1853), collected in October 2020. Large, sexually
mature mollusks of similar size were collected by scuba divers at each station, cleaned of sand, stones,
and fouling algae, thoroughly washed in seawater with a stiff brush, and placed in plastic containers with
regularly changed seawater for 48 hours to remove pseudofeces. After defecation was completed, the
mollusks were dissected, the byssal threads were removed, and the soft tissues were then removed from
the valves, transported to the university laboratory, and frozen for storage. Before chemical analysis, the
mollusks were dried at 85 °C for 2-3 days to constant weight and then homogenized mechanically. Each
individual was analyzed separately for tissue mineralization. Mineralization was performed in a MARS 6
microwave digestion system according to GOST R 26929-941°,

8 Word Register of Marine Species. Web page. URL: https://www.marinespecies.org (accessed: 14.03.2024).
¢ AlgaeBase. Web page. URL: https://www.algaebase.org/browse/taxonomy (accessed: 14.03.2024).
© GOST R 26929-94. Food raw materials and products. Sample preparation. Mineralization for determining toxic element content.
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Concentrations of Fe, Cu, Mn, Zn, Cd, Ni, and Pb were determined using atomic absorption
spectrophotometry (AAS) on a Shimadzu AA-6800 instrument in a flame (Cu, Fe, Mn, Ni) and graphite
furnace (Cd, Zn, Pb) in the Centre for Collective Use of the Centre for Landscape Diagnostics and
GIS Technologies of the Pacific Institute of Geography, Far Eastern Branch of the Russian Academy
of Sciences. The accuracy of measurements was justified by standards with known trace element
concentrations. A total of 50 mussel tissue samples were analyzed, 300 elemental determinations were
performed.

Each station was characterized by the average concentration of elements based on soft tissue
analysis of five individuals. To determine the geochemical anomaly coefficient for metal content in
mollusks, a metal concentration coefficient was calculated:

K.=C./C,

where C,is the maximum actual concentration, and C, is the background concentration of the i-th metal,
which upper value of the background range was previously published for the mollusks collected near
Reineke Island (Shulkin, 2004).

To determine the magnitude of individual carcinogenic risk when exposed to non-threshold toxicants
(Cd and Pb), a methodology developed by the United States Environmental Protection Agency was
used, and the ILCR coefficient (Incremental Lifetime Cancer Risk) was calculated. This ratio estimates
the increasing lifetime risk of developing cancer when consuming a product over a given period of time;
it is widely used in Canada and the United States'".

Results

Hydrological characteristics of surface waters

According to research conducted in 2020-2021 in the Vostok Bay, surface waters warm up faster than
bottom waters in May, reaching an average temperature of 13 °C (Fig. 2). In July, the water temperature
in the surface layer approaches 20 °C on average, while in the bottom layers it remains relatively
cool, up to 14-16 °C in shallow water and up to 11-12 °C at the depths below 20 m. In October, the
surface layer cools faster than the bottom layer; during the survey, the temperature of most of the bay's
water mass was virtually uniform, averaging approximately 15 °C (Fig. 3A). Data on the hydrological,
hydrochemical, and microbiological parameters of the bay were partially published earlier (Khristoforova
et al. 2023). Spatially, the greatest temperature unevenness in the surface layer is observed in spring,
when the difference between the inner part of the bay and its mouth is approximately 3 °C (Fig. 3A). In
summer and autumn, the water temperature of the upper water layer is fairly the same in different parts
of the bay.

The salinity of the surface layer is lower than that of the bottom layer in all seasons. The greatest
difference between the layers is observed in spring, up to 3 psu (practical salinity units, equivalent to
per thousand). The western part of the bay is characterized by lower salinity values in the surface water
layer than the eastern part, which is especially pronounced in spring and summer (Fig. 3B). In autumn,
salinity of the surface water layer is the same in the entire bay. As the depth increases, the water mass
becomes more uniform in terms of salinity. The maximum salinity value (33.6 psu) has been recorded
in the bottom layer at station 2 in autumn, and the minimum (25.7 psu), in the surface layer at st. 1 (bay
outlet, Cape Tafuin) in May.

According to CTD-probe profiling, chlorophyll a concentration has a noticeable difference when
comparing the surface and bottom water layers in all observation seasons; this parameter increases in
both layers from spring to autumn (Fig. 3C). In all seasons, chlorophyll a concentration was higher in
both surface and bottom waters in the western part of the bay. The maximum concentration (4.9 ug/dm?)
was recorded in October in the near-bottom water at st. 20.

" Risk Assessment for Carcinogenic Effects. Web page. URL: https://www.epa.gov/fera/risk-assessment-carcinogenic-effects
(accessed: 23.09.2025).
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Fig. 2. Seasonal changes in hydrological parameters in the Vostok Bay based on data from July, October 2020 and May 2021. Data
are presented as mean = error of the mean.

The average dissolved oxygen concentration (DOC), measured by CTD in the Vostok Bay, shows a
characteristic downward trend from spring to autumn (from 9.6-9.8 to 7.7—8.0 mg/L); these values fit the
sanitary standard (Perechen’..., 1999). However, O, concentrations ofless than 6 mg/L were still recorded
in the near-bottom water layers in July and October (Fig. 3D). The presence of reduced O, background
concentrations in the bottom layer indicates the preconditions for the emergence of localized zones of
ecological risk (hypoxia) in various parts of the Vostok Bay. The absolute DOC maximum (10.65 mg/L)
near the bottom has been recorded in spring near Cape Elizarov (st. 15), the minimum (~4.7 mg/L), in
the summer near Cape Pashinnikov (st. 13) and in the autumn at the mouth of Gaydamak Inlet.

Microbiological assessment of surface waters

Microbiological assessment has been conducted only in the spring and summer. A general idea
of water purity is provided by data on the content of heterotrophs, which consume dissolved organic
matter. In the spring, quantitative HM indicators were low, indicating oligosaprobic water quality at the
time of sampling.

The abundance of heterotrophs reaches the expected high values of 1.2:10* CFU/mL in the apex
of the Gaydamak Inlet (st. 9), which is under the greatest anthropogenic impact. In the area of Cape
Tafuin (st. 1), Escherichia coli (Migula 1895) has been recorded. Its appearance in the area of Cape
Tafuin is quite logically explained by the removal of contaminated waters from the Gaydamak Inlet. In
summer, HM abundance is quite high, generally 1-10°-1-10* CFU/mL, with a maximum recorded in the
mouth of the Volchanka River, 10° CFU/mL (Table 1). Coliform bacteria (CB) stand out in the general
pool of heterotrophs; they are found at all coastal stations in summer (1-10-1-102 CFU/mL), but are not
detected in the central part of the bay and its mouth. E. coli is found in the summer in Gaydamak and
Srednyaya inlets (up to 1-102 CFU/mL), which indicates stable fecal pollution of this area.

MRB have low concentrations during the spring season (Table 2). In summer, 1-10® Ni- resistant, as
well as Cu- and Zn-resistant MOs, were detected in the northern corner of the bay (stations 18, 20, 21).
the Gaydamak Inlet (stations 8 and 9) was characterized by a high abundance of Pb-resistant MOs in
the summer.

Oil-resistant MO are detected in the surface waters of the Vostok Bay everywhere in both spring and
summer, ranging 1-10>-1-10% CFU/mL (Table 3). Diesel-resistant MO are also found in both seasons
at almost all stations, reaching 1-10* CFU/mL in July. A similar distribution pattern is observed for the
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phenol-degrading group of bacteria, reaching 1-10* CFU/mL in summer. For all the hydrocarbon-resistant
MO analyzed, the overall abundance in May is an order of magnitude lower than in July. The maximum
abundance of these bacteria groups is observed in the northern apex of the bay.

Macrobenthos

In total, 86 species of benthic invertebrates, algae, and seagrasses are found in the samples
collected in 2020-2021. No new taxa were identified in the area. The average biomass of macrobenthos
is ~1800 g/m2. Only 15 species account for at least 1% of the total average biomass; they are designated
as common species (Table 4). Some data obtained during survey in July 2020 are presented in the
report by V.A. Chichenko (2022), supervised by Yu.A. Galysheva.

The eelgrass Zostera asiatica Miki has the highest average biomass in the bay, followed by Gray
mussel Crenomytilus grayanus Dunker, 1853.

Stringy acid kelp Desmarestia viridis O.F. Miller (J.V. Lamouroux) is a dominant algae in the
bay. Kuril horse mussel Modiolus kurilensis Linnaeus, 1758 and the Japanese scallop Mizuhopecten
yessoensis (Jay, 1857) have approximately the same average biomass. Dominant species also include
common eelgrass Zostera marina Linnaeus, sea urchin Mesocentrotus nudus (A. Agassiz, 1864),
seersucker kelp Costaria costata (C. Agardh) De A. Saunders, brown algae Saccharina cichorioides
(Miyabe) C.E. Lane, C. Mayes, Druehl & G.W. Saunders, bivalve mollusks Mytilus coruscus A. Gould,
1861 and Swiftopecten swiftii (Bernardi, 1858), sea urchins Strongylocentrotus intermedius (A. Agassiz,
1864) and Scaphechinus mirabilis A. Agassi , 1864, starfish Patiria pectinifera (Muller & Troschel, 1842)
and Asterias amurensis Lutken, 1871.

The sampling stations in the Vostok Bay Nature Reserve comprise several ecotopes: foothills of
capes with rocky platforms (stations 10, 13, 18), boulder scatterings (stations 15, 20), sandy plains
(stations 11, 12, 17, 19), and muddy (silted) beds (stations 14, 16). The starfish P. pectinifera has
the greatest distribution and frequency of occurrence at all four ecotope types. Desmaretia viridis is
widespread on hard substrates. Mytilid bivalves (C. grayanus, M. coruscus, M. kurilensis) and spherical
sea urchins (M. nudus and S. intermedius) prefer ecotopes with a predominance of rocky and bouldery
grounds. The flat sea urchin S. mirabilis and eelgrasses of the genus Zostera are common on soft sandy
substrates (Fig. 4). Therefore, the mass species of macrobenthos still coincide with the dominants
identified in the composition of the bottom communities of the Vostok Bay earlier (Galysheva, 2004;
Galysheva and Pustovalova, 2009; Galysheva and Yakovleva, 2007; Pogrebov and Kashenko, 1976;
Tarasov, 1978).

Content of heavy metals in common aquatic species

The heavy metal concentrations in the Kuril horse mussel vary greatly: Fe (116.80-335.05), Zn
(93.32—-429.67), Cu (7.17-38.59), Ni (3.40-6.00), Pb (0.12—1.45), and Cd (2.17-3.60 pg/g dry weight)
(Table 5). In the Gray mussel, these are Fe (66.3-336.63), Zn (77.50-359.23), Cu (3.96-16.97), Ni
(2.03-4.01), Pb (0.12-1.29), and Cd (2.75—7.76 pg/g dry weight). The geochemical anomaly coefficients
vary for the Kuril horse mussel as: Fe (0.49-1.11), Zn (0.13-0.62), Cu (0.15-0.76), Ni (0.95-1.54), Pb
(0.03-0.08), Cd (0.18-0.31), for the Gray mussel, Fe (0.68-3.28), Zn (0.74-3.44), Cu (0.91-3.84),
Ni (0.78-1.62), Pb (0.15-1.28), Cd (0.32-0.81). Thus, in the Kuril horse mussel only nickel and iron
accumulate above the background level of values (for these elements K_> 1), in the Gray mussel, all of
the studied metals except cadmium.

In the tissues of M. kurilensis, three metals (Zn, Cu, Ni) have a wider range of content compared to
C. grayanus. On the contrary, the variability of Fe and Cd content is greater for Gray mussel. In general,
for most metals (except lead and cadmium), higher contents are characteristic of M. kurilensis. This is
explained primarily by the fact that this species inhabits silty sediments, where the metals’ content in the
environment is increased due to the association with organic matter of detritus (Shulkin, 2004), and due
to the adaptation of mollusks to such conditions, i.e., a decrease in biological control over their intake
(Khristoforova et al., 1993).

Spatial variability in heavy metal accumulation by mollusks is examined based on the distribution
of trace elements in Gray mussel. At station 5 (Lake Lebedinoye area), maximum concentrations of
virtually all analyzed heavy metals (except cadmium) are found; the geochemical anomaly coefficients
for Fe, Zn, Cu, Ni, and Pb are 3.28, 3.44, 3.84, 1.62, and 1.28, respectively.
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Table 4. Abundance and biomass of dominant macrobenthic species in the Vostok Bay in 2020-2021.

Average biomass +

Average settlement density +

Taxonomic group Species standard deviation standard deviation
Magnoliophyta Z. asiatica 411.6 £ 694.6 -
Bivalvia C. grayanus 218.9+47.3 1.3£23
Ochrophyta D. viridis 134.9 £ 157.6 -
Bivalvia M. kurilensis 95.9+117.6 1.6+1.7
Bivalvia M. yessoensis 82.8 £ 140.2 0.2+0.3
Magnoliophyta Z. marina 76.5+141.2 -
Echinoidea M. nudus 62.0£79.3 08+1.0
Ochrophyta C. costata 59.4 £+ 1004 -
Bivalvia M. coruscus 55.7 + 88.3 1.21+19
Bivalvia S. swiftii 50.2 £ 80.0 0.5+0.8
Echinoidea S. intermedius 49.7 £61.5 1.2+1.5
Asteroidea P. pectinifera 445 + 36.6 3.3+3.1
Asteroidea A. amurensis 38.4 £ 59.1 0.2+0.2
Ochrophyta S. cichorioides 35.3+54.3 -
Echinoidea S. mirabilis 28.5+52.6 08+15

Fig. 4. Biomass of dominant macrobenthos species in the main areas within the Vostok Bay Nature Reserve in 2020—2021.
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Mussels collected at st. 10 (Cape Pushchino) are characterized by high concentrations of some
of the elements being determined (Fe, Zn, Cu, Ni), comparing to other stations and the background.
The geochemical anomaly coefficients are 1.27 (Fe), 1.08 (Zn), 1.24 (Cu), and 1.41 (Ni). St. 13 (Cape
Pashinnikova) and st. 15 (Cape Elizarova) are the least contaminated areas within the Vostok Bay, as
found for C. grayanus tissues. No excess of background concentration values is recorded for almost any
of the elements determined. Only for Ni (st. 15) and Cu (st. 13) the geochemical anomaly coefficients
are 1.09 and 1.51, respectively. It is important to note that cadmium contamination is not detected for
any of the samples (K_ values do not exceed 1). These differences have high statistical significance (p <
0.01) for almost all heavy metals, except nickel; but even for the latter the same tendency is observed
(p = 0.068).

Discussion

Hydrological and hydrochemical assessment

Summarizing the results of seasonal surveys, we note the characteristic distribution of hydrological
parameters in the Vostok Bay, corresponding to a cyclonic gyre, which is counterclockwise from the
eastern coast to the center and west. The summer monsoon and the connection with the open waters
of Peter the Great Bay have a decisive influence on the hydrological parameters of the water mass of
the Vostok Bay. High concentrations of chlorophyll a are confirmed by the published data on high levels
of phosphorus compounds and BOD, (biological oxygen demand) levels recorded in the Vostok Bay,
accompanying the mass development of plant organisms (Grigoryeva et al., 2020; Khristoforova et al.,
2023). Moreover, according to these publications, in the spring-summer period, the cyclonic gyre, identified
by thermohaline characteristics, does not affect the distribution of BODvalues and thus reflects high level
of easily oxidizable dissolved organic matter in the bay's waters. The natural background for this indicator
is formed by the abundance of biota, which releases metabolic products and dead organic matter into
the aquatic environment. Furthermore, anthropogenic sources associated with harbors, populated areas,
and river estuaries play a significant role in the distribution of BOD, values in coastal waters. The peak
concentrations of organic phosphorus compounds detected in the Vostok Bay correspond to the spring
and autumn phytoplankton blooms and are confirmed by chlorophyll a concentrations.

The long-term dynamics of changes in the hydrological and hydrochemical parameters have been
assessed in the Vostok Bay for the period of 2002—2021 (Fig. 5). Data on all parameters for 2002 come
from: Galysheva and Khristoforova, 2007; for 2008 and 2009, from: Khristoforova et al., 2020; Zhuravel
et al., 2012; data on BOD, and organic phosphorus for 2021, from: Khristoforova et al., 2023.

Over the 20-year study period, the seasonal temperature dynamics is generally consistent across
years: spring water temperature ranges from 10.4 to 13.0 °C, warming to an average of 17.9-20.0 °C by
July and cooling down to 5.6—15.0 °C by autumn. The seasonal dynamics shows an increase in average
summer and autumn temperatures from 2002 to 2021. This trend is noticeably evident in the autumn
periods of the last five years of observations. The slower cooling of coastal waters is apparently due
to the weakening of the autumn-winter (northern) monsoon, which manifested itself in prolonged high
atmospheric temperatures in southern Primorye in autumn. Furthermore, despite the fact that anomalous
deviations from the baseline temperature norm defined by the World Meteorological Organization are
characterized by the wave pattern, the overall linear trend in average annual temperatures, calculated
for the coastal seawaters of Primorsky Krai, has been steadily increasing from the 1960s to the 2020s
(Gaiko, 2017, 2023). Coastal warming will have ecological consequences for the characteristics of the
marine environment and the processes occurring in marine ecosystems.

Over the 20-year period, the average dissolved oxygen content does not fall below the threshold of
6.0 mgO,/L (Perechen'..., 1999), indicating the generally healthy condition of the waters of the Vostok
Bay. The "mirror" pattern of long-term dynamics of surface water temperature and dissolved oxygen is
pronounced the most in the spring and autumn periods. In long-term perspective, the average spring
and autumn water temperature in the bay has increased from the early 2000s to the 2020s, while
the dissolved oxygen content has decreased. This is associated with deteriorating oxygen solubility
conditions in water with increasing temperature. However, this indicator remained within the normal
range during our study period.
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Fig. 5. Dynamics of average values and linear trend of hydrological and hydrochemical parameters in the Vostok Bay in 2002—
2021. A — temperature, B — dissolved oxygen, C — BOD,, D — organic phosphorus.

The long-term spring and summer dynamics of the average BOD, in the Vostok Bay is quite chaotic,
while a downward trend is observed for the autumn period over the past 20 years. The highest BOD,
values are registered in summer season. Even averaging the pooled data for 2002 and 2017 results in
BOD, values that significantly exceed the sanitary standard of 2.1 mgQO,/L (Perechen’..., 1999). High values
of this indicator in the summer season in different years are explained by two main factors: (1) the steadily
increasing recreational load, which is constantly noted in research papers devoted to the ecological state
of the bay (Barysheva et al., 2019; Galysheva and Khristoforova, 2007; Zhuravel et al., 2012), and (2) a
spontaneous increase of the water flow of the rivers feeding the bay, associated with typhoons.

Both factors, along with the organisms inhabiting the bay, introduce easily oxidizable organic matter
into the water column, ultimately forming suspended and dissolved organic matter (SOM and DOM) and
serving as a nutrient resource for heterotrophs that consume oxygen to oxidize this organic matter. In
the years, when recreational influence increases due to high river runoff (during typhoons in 2002 and
2017), the highest average BOD, has been recorded inthe bay (Khristoforova et al., 2020).

Average organic phosphorus content gradually increases from the 2000s to the 2020s both in
spring and autumn; in summer, no visible trend is noted (Fig. 5). High organic phosphorus content is
likely related to the spring and autumn peaks of phytoplankton blooms, which are regularly observed in
temperate marine waters. Furthermore, anthropogenic factors contribute to the long-term increase in
this indicator; these are domestic wastewater from settlements, organic wastewater from industries, and
agricultural runoff from the river valleys.
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Microbiological indicators

Overall, in the Vostok Bay, the high levels of heterotrophic microorganisms (HM) are undoubtedly
related to the spread of domestic wastewater from numerous sources located along its coast. The
anthropogenic impact is particularly evident in the high values of this indicator. This is obvious even
during the cool spring period in the Gaydamak Inlet, the most heavily impacted by human activity,
against the background of generally low values of this indicator throughout the bay. The presence of the
CB group and, specifically, E. coli demonstrates a constant source of fecal pollution.

By comparing microbiological data obtained in 2020-2021 with that of 2004, 2009, and 2017, the
dynamics in the abundance of indicator groups of microorganisms have been assessed (Fig. 6). From
2004 to 2017, the HM abundance has increased, and the waters of the Vostok Bay have reached the
mesosaprobic level, with some polysaprobic areas. By 2020-2021, the abundance of heterotrophic
microorganisms in the bay decreased again to the level of 2004, so the waters were generally
characterized as oligosaprobic in spring. However, despite the similar picture of long-term dynamics of
HM indicators in spring and summer, their level increases by several orders of magnitude in summer, so
the waters of the Vostok Bay belong to the mesosaprobic class.

A similar pattern is observed when analyzing CB group dynamics in summer. The number of sanitary
indicator microorganisms has increased significantly in 2017 compared to that in 2004, but by 2020,
they have decreased significantly. The CB abundance characterizes the bay's waters as sanitary unsafe
and indicates biological, including fecal, pollution of the water area. From 2004 to 2021, the abundance
of ORB and PRB has increased, while that of DRB remained at approximately the same level.

Therefore, the abundance of MO, characterizing water saprobity, fluctuates significantly over the
study period. However, the sanitary indicator microorganisms consistently exceed permissible sanitary
standards in the waters of the Vostok Bay in all years. A significant increase in the numbers of indicators
of hydrocarbon pollution, associated with the steadily increasing recreational and anthropogenic load,
has been detected. Overall, allochthonous microflora is recorded at most of the studied stations, which
may soon lead to the complete displacement of indigenous microflora and, consequently, a slowdown in
environmental self-purification processes and its degradation.

Macrobenthos

Long-term dynamics of abundance changes for eight species are assessed by comparing abundance
of common macrobenthic species recorded in 2020-2021 with data from the 1970s and early 2000s
(Table 6). The average biomass has been considered at the sites of species aggregations.

Over a 50-year observation period, the abundance of the Gray mussel C. grayanus, the sea
urchin M. nudus, and the Kuril horse mussel M. kurilensis has decreased significantly, less decrease
is observed for the biomass of the sand dollar S.mirabilis (Table 6). The average biomass of the Amur
starfish A. amurensis and the sea urchin S. intermedius has increased in the same time period. Nor
positive neither negative trend in biomass is found for the Japanese scallop M. yessoensis and blue bat
star P. pectinifera, so these changes are likely natural fluctuations.

Over a 50-year period from the 1970s to the 2020s, significant changes in abundance have been
found only for C. grayanus and M. Kurilensis (Student's t-test). For Gray mussel, a statistically significant
decrease is observed for the first half of the study period (from the 1970s to the 2000s), for horse
mussel, in the second half of the period, from the 2000s to the 2020s (Table 7). For the other species,
the average biomass does not differ significantly for these two periods. Therefore, we assume that these
fluctuations are natural.

Rapidly increasing recreational load on the Vostok Bay may be a possible factor influencing the
decline in the abundance of the valuable commercial species, the Gray mussel and the Kuril horse
mussel. The recreational load has increased significantly over the 50-year period as well as illegal fishing
also. Maintaining high recreational load and its further increase, coupled with weak control of poaching in
the Vostok Bay, jeopardizes the well-being of populations of other valuable benthic invertebrate species,
primarily the Japanese scallop and sea urchins.
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Fig. 6. Dynamics of average values and linear trend of abundance of ecotrophic groups of bacteria (CFU/mL) in the surface waters
of the Vostok Bay in 2004—2021. A — HM, B — CB, C — indicators of oil pollution, D — indicators of environmental pollution by diesel
fuel, E — indicators of phenolic pollution.



112 Galysheva, Yu.A. et al., 2025. Ecosystem Transformation 8 (4), 93—119

Table 6. Long-term changes in biomass (g/m?) of common macrozoobenthos species at sublittoral of the Vostok Bay. Data are
presented as mean + error of the mean.

Years of research and data authors

Species The 1970s The 2000s
(Pogrebov and (Galysheva, 2004; Galysheva 2020s
Kashenko, 1976; and Yakovleva, 2007; Galysheva (our data)
Tarasov, 1978) and Pustovalova, 2009)
C. grayanus 5846.6 + 1831.1 1487.5+74.4 711.4 £ 642.3
M. kurilensis 1644.4 £ 513.7 1641.6 £ 516.6 207.9 £ 105.6
M. yessoensis 120.2 £ 80.5 286.7 £ 115.7 271.8 £ 240.2
M. nudus 336.5 £ 289.0 241.0+71.3 161.2+47.5
S. intermedius 77.3+27.3 113.6 £ 65.2 129.2+455
P. pectinifera 94.2 +39.5 35.8+21.8 56.5 + 38.6
A. amurensis 3.3+3.3 46.3 £ 30.5 128.2 £ 91.1
S. mirabilis - 352.7 £ 115.2 278.5+52.6

Heavy metals in bivalve mollusks and the risk to human health

To identify the danger of pollution of the marine environment and its inhabitants with heavy metals,
it is important to analyze the interannual variability in the accumulation of microelements by aquatic
organisms.

It should be noted that the level of zinc and nickel in the tissues of horse mussel has increased
significantly over the past 20 years, the concentrations of copper and cadmium have remained at a
similar level, and the concentrations of iron and lead are below the 2002 level (Table 8). Pollution of
the environment and aquatic organisms of the bay with heavy metals has been also noted in other
publications (Chernova and Kozhenkova, 2020; Mazur et al., 2022).

Any species of harvested mussels is a valuable biological resource and a delicacy (Khristoforova et
al., 1993). Mussel meat is widely used in cooking worldwide due to its nutritional value and medicinal
and prophylactic properties. Under increasing anthropogenic pressure, mollusks accumulate toxic
substances of anthropogenic and technogenic origin; in turn, this can pose a risk both to the ecosystem
and to the human health. Therefore, determining the compliance of mussel meat quality with existing
standards and assessing the health risk associated with its consumption is a crucial task. The Technical
Regulation of the Customs Union "On the Food Safety" (TR CU 021/2011)'? sets permissible levels of
certain toxic heavy metals.

When comparing the Pb content in C. grayanus with the established permissible levels, none of the
samples obtained in the Vostok Bay exceeded MPC (Table 9).

Cd exceeded the maximum permissible concentration at three of the six stations, where Gray
mussels are found. The overall health risk from continuous consumption of mussels from the Vostok
Bay during the summer season, estimated using the ILCR calculator, predicts a risk of cancer. The value
of this coefficient, taking into account the actual concentrations of Cd and Pb in mussels, was 10.17-107°
(the permissible value, which is a safety criterion for seafood, is 1.0-107%). Cadmium is a recognized
carcinogen (Fazlyeva et al., 2022). Therefore, consumption of mussels from the Vostok Bay is no longer
safe and may contribute to an increase in the lifelong carcinogenic risk for humans.

2 Technical Regulations of the Customs Union TR CU 021/2011 "On the safety of food products".
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Table 7. Values of Student's t-test and significance of differences in mean long-term biomass indices for dominant sublittoral species

in the Vostok Bay. Statistically significant differences are highlighted in bold.

1970-2000 2000-2020 1970-2020
Species (f=399,t . =1972,a (f=325,t . =1972,a (f=186,t . =1.972,a
="0:05) ="0:05) ="0:05)
C. grayanus 2.23 0.83 2.65
M. kurilensis 0.00 2,72 274
M. yessoensis 1.19 0.06 0.60
M. nudus 0.32 0.94 0.55
S. intermedius 0.36 0.20 0.58
P. pectinifera 1.29 0.47 0.68
A. amurensis 1.40 0.85 1.37
S. mirabilis - 0.59 -

Table 8. Average concentrations of heavy metals (ug/g dry weight) in horse mussels of the Vostok Bay in 2002 (Podgurskaya and
Kavun, 2005) and 2020 (our data); data are presented as mean = error of the mean.

Year of ;

sampling Fe Zn Cu Ni Pb Cd
2002 691 £ 416 85+ 22 308 1.7 £0.99 4.59 + 1.64 21+0.7
2020 274 £ 111 243 £ 139 26 + 15 41+1.30 0.51+0.32 2.7+0.9

Table 9. Concentrations of Pb and Cd in Crenomytilus grayanus (mg/kg wet weight) in the Vostok Bay. Data are presented as mean

+ error of the mean. Values in bold indicate values exceeding the MPC.

Station number Pb Cd
1 0.05 £ 0.02 1.21+£0.33
5 0.56 + 0.06 229+0.13
10 0.07 £ 0.03 3.41+045
13 0.11 £0.03 1.52+0.23
15 0.09+0.03 1.75+0.43
20 0.06 + 0.02 2.72+0.63
Acceptable level (AL) 10.00 2.00
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Conclusions

The current state of the Vostok Bay environment has pronounced seasonal variations in key
hydrochemical parameters and violations of sanitary standards (organic matter pollution) in summer.
Long-term temperature dynamics reflects an increasing trend in spring and autumn, indicating an
increase in the rate of seawater warming and a decrease in that of cooling for the last 50 years. This
natural climate change is undoubtedly the cause of the deterioration of oxygen levels in the waters of
the Vostok Bay, stimulating the restructuring of production and destruction processes, which affects the
content of nutrient compounds and creates an environmental risk factor.

Microbial indicators confirm high levels of organic matter in the aquatic environment, reflected in
HM abundance. Anthropogenic organic pollution is evidenced by high levels of CB and the presence
of enterobacteria (including E. coli) in certain areas of the bay, as well as by high numbers of oil-,
diesel-, and phenol-degrading bacteria. Based on analysis of metal-resistant microorganism abundance
in the Vostok Bay, heavy metal levels are also characterized as high and are primarily associated with
intensive economic activity in the Gaydamak Inlet.

Macrobenthos, as a component of the bay's ecosystem biota, currently shows signs of stability.
However, for some valuable commercial species (Gray mussel and Kuril horse mussel), a significant
multi-year decline has been detected in their biomass. This may be due to the increased recreational
load and poaching of these valuable biological resources between the 1970s and 2020s.

At the same time, an assessment of the accumulation of heavy metals by mussels living in the bay
reveals that cadmium exceeds permissible toxicological standards. Calculation of the human health risk
based on the combined cadmium and lead content in mussels revealed a significant risk of cancer from
continuous consumption of mussel soft tissues during the recreational season or longer.

In summary, we conclude that the current process of transformation of the Vostok Bay ecosystem is
leading to a deterioration in the state of its environment and biota, which requires constant environmental
monitoring and management decisions in nature management.
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