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Geomorphological Resources for the Development
of the Tourist and Recreational Complex
in the Azov Region
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Abstract

The integration of the new Azov region territories into the unified tourism space of
the Russian Federation requires updating information about their tourist and recreational
potential, the most important component of which is geomorphological resources. The paper
aims to typify the geomorphological resources of the Azov Sea coast and assess their
favourability for recreation. The study is based on the materials of a comprehensive expedi-
tion of the Russian Geographical Society (summer 2024), including remote sensing data
interpretation, field observations and study of more than 430 key sites, as well as GIS anal-
ysis. For the first time, 84 geomorphological sites have been identified and characterised
for the entire coast. The typification was carried out according to genesis, morphology,
lithology and coastal dynamics. It has been established that the most valuable recreational
resources are accumulative spits, bay-reef complexes, the Don River delta and mud volca-
noes of Taman. Twenty-six sites (31%) have a high degree of favourability, 22 sites (26%)
have a medium one, 23 sites (27%) have a low one and 13 sites (16%) have a very low one.
The main limiting factors are intense abrasion (up to 8 m/year), cliff height, landslide pro-
cesses, eustatic sea level rise causing beach waterlogging, flooding and water scarcity.
The results indicate the need to shift from mass beach recreation to adaptive forms of
tourism (ecological, sports, health-improving) and to undertake mandatory engineering
preparation of the developed areas. The materials can be used to substantiate tourism de-
velopment strategies and regional master plans for the Azov region.
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AHHOTAIUSA

Wurerpanms HOBBIX pernoHoB [Ipna3oBbs B eHOE TYPUCTCKOE MPOCTpaHcTBO Poccuiickoii
denepanun TpeOyer akryanuzanuu HHGOPMAaUKU 00 UX TYpUCTCKO-PEKPEAllMOHHOM I10-
TEHIIMaJle, BKHEHIIEH COCTaBIISIIONICH KOTOPOro SIBJISIOTCS reoMOpP(OJIOrHYecKUe pecyp-
col. Llenb paboThl — THUMM3aNMs reoMop(OIOTHIECKHX PecypcoB MoOepexbs A30BCKOTO
MOpS M OIIEHKA CTETIEHU MX OJarompusTHOCTH Ui pekpearun. McciaenoBanue 6a3upyercs
Ha MaTepHantax KOMIUICKCHOH sKcmemunuu Pycckoro reorpadmudeckoro ooOmiecTBa (JIETO
2024 r.), BKJIIOYAIOMINX JaHHBIE ASTU(DPUPOBAHNS KOCMHYECKAX CHUMKOB, MapIIpPyTHBIX
HaOJNIOJICHUH W Pe3yibTaThl TOJEBBIX HcciaenoBaHuil Oonee 430 KITIOYEBBIX yYaCTKOB,
a Taxke [MC-amamu3. BriepBele il BCETO MOOEPEXKbS BBIJACICHO W OXapaKTEpHU30BaHO
84 reomopdoiornueckux yyactka. Tunusanus mpoBeaeHa Mo reHe3ucy, MopQOIoruH, JIH-
TOJIOTUU W JIMHAMHKE OeperoB. Y CTaHOBJICHO, YTO HanOoJiee IEHHBIMU PEKPEaIllMOHHBIMH
pecypcamu SIBISIOTCS aKKyMYJIATHBHBIE KOCHI, OyXTOBO-pU(OBbIE KOMIUIEKCHI, AeibTa Jlo-
HAa, TPsI3eBbIC BYJIKaHbl TamaHu. BBICOKYIO CTEIICHb OJAronpUsITHOCTA UMCIOT 26 Y4acTKOB
(31 %), cpennroro — 22 (26 %), Huskyro — 23 (27 %), ouens HU3Kyt0 — 13 (16 %). ['naBHbIC
JUMUTHpYIOIHE (aKTOpbl — HHTEHCUBHAs abpasus (10 8 M/ron), BeICOTa KIM(OB, OMON3-
HEBBIC MTPOIIECCHI, IBCTATUICCKOE TOBBIIICHUE YPOBHS MOPSI, BBI3BIBAIOIICE 3200 TaYBAHNE
IUBDKEH, TOATOIUICHHE W 0€3BOAHOCTE. Pe3yibTaThl CBUACTENBECTBYIOT O HEOOXOAUMOCTH
mepexojia 0T MacCOBOI0 TUISHKHOTO OTHBIXa K aJalTUBHBIM (OpMaM Typu3Ma (IKOJIOTHYe-
CKHUH, CTTIOPTHBHBIH, JIe4eOHO-03/I0POBUTEIBHBIN) M 00s3aTeIbHON MHXCHEPHOH IMOATOTOBKE
OCBaWBaeMBIX TEPpPUTOpU. MaTepuaibl MOTYT OBITH HCIIONB30BAHBI TSI OOOCHOBAHHS
CTpaTeruil pa3BUTHA TYpH3Ma U PErHOHATBHBIX MacTep-1u1aHoB [Ipra3oBbs.

KioueBbie ciioBa: Poccust, mobepesxxbe A30BCKOTO MOPSI, TeOMOP(OIOTHIECKHIE PECYPCHI,
OLICHKA PECYPCOB, PEKpEaIus, TypH3M

BaaropapHocTu: padoTa BINosIHEHa B paMKax jorosopa Ne 26/06/2024 npu ¢punaHcoBoi mos-
Jepxke Beepoccuiickoil obmectBeHHoM opranusaiun «Pycckoe reorpagudaeckoe oO1EecTBOY.

s nutupoBanus: Ilozauentox E. A. 'eoMopdonornaeckue pecypcsl pa3BUTHS TYPUCTCKO-
pekpeanoHHOT0 KOoMIUieKca [Ipma3oBbs // Dkomormdeckass 06€30MacHOCTh MPUOPEKHON
u menbdoBoit 30a Mopst. 2026. Ne 3. C. 6-20. EDN TJXYLC.

Introduction

The accession of the new Azov region territories to the Russian Federation has
given a significant impulse to the study of the coastal part of the sea as an integral
system. The relevance of these studies today is due to the state demand for the de-
velopment of a strategy for the development of the Azov Basin water area and
the Azov coast. One of the important tasks in the field of tourism is the integration
of the new regions into a unified tourism space based on updating information
about their tourist and recreational potentials. The geomorphological conditions
and resources of the Azov Sea coast are the most important component of the de-
velopment of tourism and recreation in this macroregion.
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It is relief that determines the attractiveness of landscapes, opportunities for
beach, educational, sports and health-improving recreation, and also limits the eco-
nomic development of the territory.

General issues of geomorphology and dynamics of the Azov Sea coasts are
considered in works devoted to the characteristics of the coast and types of shores,
as well as in atlas materials and other studies V- 2 ¥ %-5-9),

Regional studies of the coastal zone were conducted in Crimea ” [1, 2], Rostov
Oblast¥ [3, 4] and Krasnodar Krai ® [4, 5]. A significant contribution to the study
of abrasion processes and sedimentation was made by Yu. V. Artyukhin and
V. A. Mamykina ®.

Recreational-geographical study of the coast began in the 1960s within the frame-
work of district planning projects (Giprograd). During this period, the prospects
for organising treatment and short-term recreation ?, as well as the physico-geo-
graphical conditions of recreational activity [6], were assessed. A comprehensive
description of the Azov recreational region as a “pioneer” type region is presented
in the monograph of the Institute of Geography of the USSR Academy of Sciences '*,
where its role as a “reserve” region for organising recreation for industrial areas of
Donbass and the Dnieper region is noted. Dissertation works by N. M. Sazhneva '
and D. S. Veselov '? specified the territorial organisation and problems of individual

D Chekunov, A.V., 1972. [The Structure of the Earth’s Crust and Tectonics in the South
of the European Part of the USSR]. Kiev: Naukova Dumka, 176 p. (in Russian).

2 Chekunov, A.V., Veselov, A.A. and Gilkman, A L, 1976. [The Geological Structure and Evo-
lutionary History of the Black Sea Trough). Kiev: Naukova Dumka, 160 p. (in Russian).

3 Eremeev, V.N., ed., 2009. Oceanographic Atlas of the Black Sea and the Sea of Azov. Kiev:
Derzhgidrografiya, 356 p. (in Ukrainian).

4 Mamykina, V.A and Khrustalev, Yu.P., 1980. [The Coastal Zone of the Sea of Azov). Rostov-
on-Don: Izd-vo RGU, 176 p. (in Russian).

%) Arkhipova, O.E., Bulysheva, N.I., Gargopa, Yu.M., Golubeva, N.I., Inzhebeikin, Yu.I., Ko-
valeva, G.V., Kondakov, A.A., Krasnorutskaya K.V., Lebedeva N.V. [et al.], 2011. Ecological Atlas
of the Sea of Azov. Rostov-on-Don: SSC RAS, 328 p. (in Russian).

9 Artyukhin, Yu.V. and Mamykina, V.A., 1981. [Interannual Variability in the Supply of Abrasion
Material to the Coastal Zone of the Sea of Azov and its Role in Coastal Sedimentation]. In: V. P. Zenko-
vich, E. I. Ignatova, and S. A. Lukianova, eds., 1981. [The Coastal Zone of Sea]. Moscow: Nauka,
pp- 67-72 (in Russian).

7) Reference Materials, 1994. [Scheme for the Engineering Protection of the Azov Coast of Ukraine).
Yalta: OOO Inzhzashchita, 120 p. (in Russian).

% Belyaev, V.B., 1973. Addressing Issues Relating to the Engineering Preparation of the Terri-
tory in the Regional Planning of the Azov Coast in the Krasnodar Krai. In: Kiev, 1973. Issues in Re-
gional Planning and Settlement. Kiev: Budivelnik, pp. 45-58 (in Russian).

9 Rybalov, L.G., 1969. [Architectural and Planning Organisation of a Resort Area on the Azov Sea
Coast]. In: Kiev, 1969. [Design of Resorts and Leisure Areas). Kiev: Budivelnik, pp. 123—135 (in Russian).

1 Preobrazhensky, V.S. and Krivosheev, V.M., eds., 1980. [Geography of Recreational Sys-
tems of the USSR]. Moscow: Nauka, 219 p. (in Russian).

') Sazhneva, N.M., 1988. [The Spatial Organisation of Coastal Recreational Systems Based
on an Oasis Development Model (the case of the Western Azov region). PhD Thesis. Geographical
Sciences]. Leningrad, 210 p. (in Russian).

12) Veselov, D.S., 2007. [The Recreational Potential of the Temryuk District in the Krasnodar
Region: Challenges and Prospects for Development. PhD Thesis. Geographical Sciences). Krasnodar,
168 p. (in Russian).
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areas (Western Azov region, Temryuk district). Engineering and technical aspects
of territory preparation, including coastal protection measures, were considered
in the works of V. B. Belyaev?. In the post-Soviet period, works appeared on the com-
parative analysis of the Black Sea and Azov Sea coasts [7], assessment of the tour-
ist and recreational potential of the Russian Azov region ' and conceptual devel-
opment models for the Crimean Azov region [8].

An analysis of scientific and methodological materials shows that until re-
cently the Azov region was not considered as a single object of strategic planning
in the field of tourism. Most publications are compilative in nature or limited
to the administrative boundaries of the old regions. Comprehensive expeditionary
studies covering the entire Azov Sea coast within the new borders of the Russian
Federation, including field assessment of geomorphological resources for the de-
velopment of tourist and recreational activity, have not been conducted to date.

The aim of the article is, based on the data of a comprehensive expedition,
to typify the geomorphological resources of the Azov Sea coast and assess the de-
gree of their favourability for recreational purposes.

Materials and Methods

The source of primary information was the materials obtained during the field
stage of the comprehensive research expedition along the Azov Sea coast (summer
2024), organised with the support of the Russian Geographical Society.

The conceptual and methodological basis of the research included interpreta-
tion of high-resolution satellite images (SAS.Planet program, Bing Satellite map),
route observations with description of geomorphological conditions and photo
documentation, data processing and mapping in GIS (QGIS 3.16.16).

The typification of relief (geomorphological) resources for the development of
recreation and tourism was carried out according to criteria ensuring the relative
homogeneity of the identified sites, such as genesis, geological structure, geomor-
phological conditions (predominant relief), height of the bedrock shore, erosional
dissection, depth of vertical dissection, development of negative processes, and
the presence of special (attractive) geomorphological objects. Factors limiting
the development of recreation were determined. As a result of the analysis, 84 geo-
morphological sites of the Azov Sea coast were identified. The complete character-
istics of the geomorphological sites are given in Table 4.

Based on a synthesis of field data and published sources for each geomorpho-
logical site V™ ' [1-5, 9], the degree of favourability of its use in recreation was
determined on a four-point scale: 1 — high degree, 2 — medium, 3 — low, 4 — very low.

13) Kushnir, K.V., 2022. [Geographical Characteristics of the Tourism and Recreational
Potential of the Russian Azov Region. PhD Thesis. Geographical Sciences]. Rostov-on-Don, 180 p.
(in Russian).

19) Supplemental materials are available electronically at: https://ecological-safety.ru/static/assets/
files/2026/03/geomorf resursy.pdf

15 Shnyukov, E.F., Sobolevsky, Yu.V., Gnatenko, G.1., Naumenko, P.1. and Kutniy, V.A., 1986.
[Mud Volcanoes of the Kerch-Taman Region]. Kiev: Naukova Dumka, 152 p. (in Russian).
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Results and Discussion

The geomorphological structure of the Azov Sea coast is heterogeneous and is
determined by the geostructural position within the Black Sea Depression, the junc-
tion zone of the East European Platform with the Scythian Platform and the Indolo-
Kuban Trough":?. The shores are composed mainly of loose rocks (loess-like
loams, Neogene clays, sands, shell material), which determines their low resistance
to abrasion. The height of the bedrock shores varies from 1-2 to 60—70 m (Taman
Peninsula, Kazantip Cape). The coastal shelf (to the 10 m isobath) is characterised
by the development of accumulative forms: spits, barrier beaches, bars, limans Y,
As noted by Yu. V. Artyukhin and V. A. Mamykina ®, abrasion material plays
an important role in sedimentation in the coastal zone.

As a result of the analysis, 84 geomorphological sites were grouped by region
(Fig. 1, additional materials 'Y on the website) and assessed by the degree of favour-
ability of use for recreational purposes (Fig. 2). Below is a description of the regions
with an indication of site numbers according to Table '¥.

The Azov coast of the Republic of Crimea belongs to the Indolo-Kuban Trough
of the marginal part of diapiric uplifts and is characterised by subsidence of the shelf
zone of the Azov Sea at a rate of 2 mm/year. The Arabat Spit belongs to the Sivash
Depression (margin of the Scythian Platform). The relief to the northeast of the Par-
pach Ridge is represented by a hilly-ridged plain with alternating small uplifts of
ellipsoidal elongated shape and depressions. Ten geomorphological sites have been
identified on the coast. Four of them received a high assessment of the degree of
favourability for use in recreation (sites 5, 7, 9, 10). Site 5 (Chokrak) is a basin
with a lake surrounded by uplands up to 100 m high and possesses valuable thera-
peutic muds (Fig. 3). The Kazantip site (7) is distinguished by bay relief with bryo-
zoan capes up to 106 m high. Sites /, 2, 4, 6, 8§ have a medium assessment.
The Zhukovo-Yurkinsky site (3) received a low assessment; landslide processes are
actively manifested there ” [1, 2]. The limiting factors for the development of rec-
reation are negative processes (abrasion-landslide, abrasion-collapse); the height and
steepness of coastal slopes, limited accessibility of beaches; insufficiency of water
resources within the Arabat Spit.

The Black Sea Lowland, within which Kherson Oblast is located, is character-
ised by monotonous accumulative relief forms. The flat surface of the loess-like
plain is slightly inclined towards the sea and has low elevations from 1-5 to 20 m,
weak relief dissection and a ravine-gully network. There are small rivers here that
have no permanent flow. The coast of Kherson Oblast (see Fig. 1) includes three
large geomorphological sites (//—13) and is characterised by alternation of abra-
sion and accumulation areas with the formation of Azov-type spits. According to
the degree of favourability of geomorphological conditions for the development
of recreation (see Fig. 2), two sites with a high degree of favourability are distin-
guished: the north of the Arabat Spit (/7) and the Biryuchy Island Spit (/3) —
and one site, Genichesk (/2), with a medium one.
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Fig. 2. The degree of favourability of the geomorphological resources of the Azov Sea
coast for recreational purposes
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Fig. 3. Chokrak Salt Lake (site 5)

The shores of the Arabat Spit, washed by the Sivash waters, are represented
by low areas with very narrow beaches or benches, in places waterlogged; in some
areas they are steep erosion-collapse shores with ravine dissection, for example
Genichesk Kut (Fig. 4). On the Azov Sea side, the shores are accumulative-
abrasion. The northern part of the Arabat Spit (//) and the Biryuchy Island Spit
(13) received a high assessment. The Arabat Spit on this segment is composed
of marine sands with shell material; the height of the barrier beach is 1-5 m;
the width of beaches reaches 40-60 m. The Biryuchy Island Spit (/3) is an accu-
mulative body 1-1.5 m high with shell-sand beaches. The Genichesk site (12) is
characterised by abrasion-collapse cliffs up to 20 m high, composed of loess-like
loams and clays. Coastal protection structures in the site have been destroyed,
which reduces its potential to a medium degree of favourability. The limiting fac-
tors for the development of recreation within the coast of Kherson Oblast are in-
tense abrasion of the Azov Sea coast (the coast of Genichesk — maximum abra-
sion 4.5 m/year, average 1.1 m/year; to the east — from 1.5 to 3 m/year) and
the formation of abrasion-collapse shores, as well as erosion processes in some
areas of the western coast of the Arabat Spit.

The Azov Sea coast within Zaporozhye Oblast belongs to the northern coast of
the open sea and is washed by the waters of the Utlyuk, Molochnyi, Obytochna
limans and Berdyansk Bay. The northern coast is located within the Ukrainian
Shield and for the most part is a coastal accumulative-erosional lowland, dissected
by river valleys, at the mouths of which beaches have formed. Coastal cliffs are
composed of loess-like loams and Scythian clays; spits — of marine sands and shell
material. The eastern coast of the oblast from the Berdyanskaya Spit to the admin-
istrative border with Donetsk Oblast is washed by the waters of the Azov Sea.
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Fig. 4. Steep erosion-collapse shores of the Sivash coast
of the Arabat Spit (Genichesk Kut)

') within the coast of Zaporozhye Oblast, eight

According to Fig. 1 and Table
geomorphological coastal sites have been identified, characterised by alternation
of high coastal slopes (sites /7, 19, 21), spits (sites 16, 18, 20) and river valleys.
Coastal slopes have absolute heights of 13—30 m, decreasing towards river valleys
and spits to 3—6 m. The northwestern coast of the Utlyuk Liman is distinguished
by low slopes of 4-6 m, and in the southeast from the mouth of the Bolshoy Utlyuk
River to the southwest, individual sections of slopes have a height of 12 m.

In Zaporozhye Oblast, out of eight sites of the Azov Sea coast, three have
a high degree of favourability of geomorphological conditions for recreation, three
have a medium one and two have a low one. The accumulative spits have a high
degree: Fedotova (16), Obytochna (/8), Berdyanskaya (20) (see Fig. 2). Their east-
ern shores, facing the open sea, have developed beaches of quartz sand and shell
material up to 60 m wide. On the western shores of these spits (facing the limans),
beaches are mostly absent; the coast is waterlogged and overgrown with reeds
(Fig. 5). The bedrock shores (sites /7, 19, 21) are abrasion-landslide and abrasion-
collapse cliffs 13—-30 m high, composed of loess-like loams and Scythian clays,
which determines their medium degree of favourability for recreation (Fig. 6).

The limiting factors for the development of recreation within the coast of Za-
porozhye Oblast are abrasion-collapse and abrasion-landslide processes, waterlog-
ging of the western shores of the Berdyanskaya and Obytochna spits, as well as the
shores of the Utlyuk and Molochnyi limans. Previously conducted engineering-
geological surveys ” confirm the high dynamism of these shores.
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a b

Fig. 5. The Fedotova Spit: a — the western shore (Utlyuk Liman); b — the eastern shore
(the Azov Sea)

In geomorphological terms, the coast of the Donetsk People’s Republic (DPR)
belongs to coastal accumulative-erosional lowland plains — the margin of the Scy-
thian Platform. On the most elevated sections of the shore, located in the zone of
the Zhdanov Horst, Neogene deposits are exposed at the base of the coastal cliff:
Middle Sarmatian limestones and Kuyalnik sands. The height of the bedrock
shore from the border with Rostov Oblast to the southwest gradually increases
from 8-10 to 20 m (near Novoazovsk) and to 40-60 m between the Bezymyanniy
farmstead and Shyrokino village, and in the Mariupol area (additional materials '¥
on the website). Abrasion sections of the shore alternate with accumulative sections
of various sizes and forms: from large spits to narrow barrier beaches in the mouth
areas of river valleys and gullies. In areas where the height of coastal cliffs is

Fig. 6. A steep cliff near the village of Stepanovka
(site 17), Obytochna Bay
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above 20 m (Yuryevka village, Shyrokino village, Bezymyanniy farmstead, Mariu-
pol — Melekino village), the abrasion type of shore passes into the abrasion-land-
slide type. Landslides are of the block, frontal type with a multi-step surface
of landslide terraces. The width of terraces varies from 30—-40 to 100-120 m, as,
for example, in the area of Zmeiny Cape (Fig. 7). Within Mariupol and to the east,
the relief of the bedrock shore is complicated by ancient landslide forms and small
anthropogenic landslide foci.

The DPR coast includes six sites (22—27). The Belosarayskaya (23), Bezymen-
naya (25) and Krivaya (26) spits are assessed as highly favourable for recreation.
They are composed of quartz sand with shell material and have asymmetric shores:
eastern — with developed beaches, western — waterlogged. Sites of bedrock shores
(22, 24, 27) are characterised by high (up to 65 m) abrasion-landslide cliffs
(for example, within the Belosaraysky Graben and Zhdanov Horst) and received
medium and low assessments. The Novoazovsk site (27) with developed landslides
and collapses has a very low assessment. The data of the “Engineering Protection
Scheme””, as well as our observations, indicate the need for coastal protection
in the urbanised areas of this region.

The territory of Rostov Oblast is located within the southern part of the East
European Plain. The Azov Sea coast here is represented by coastal lowland accu-
mulative-erosional plains composed of Quaternary loess-like loams and Scythian
clays; interlayers of sand, limestone and sandstones occur. The lowland shores are
hydromorphic plains, often undrained and waterlogged. Coastal plains are dissect-
ed by alluvial and ravine-gully networks. The coast of the oblast occupies most
of Taganrog Bay and the entire Mius Liman. The entire eastern coast of Taganrog
Bay is formed by the Don River delta. The Beglitskaya, Petrushina, Pavlovo-Ocha-
kovskaya and Chumbur spits extend into the bay within this territory.

Lk

Fig. 7. Landslide coast near Zmeiny Cape (site 22), Belosarayskaya Bay
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Within the coast of the oblast, 26 geomorphological sites have been identified
(28-53), 8 of which have a very low degree of favourability of geomorphological
conditions (see Fig. 2), 12 — low, 2 — medium and 5 — high. At the same time, sites
with a low (44%) and very low (30%) degree of favourability predominate. This is
due to the wide development of active abrasion-landslide and abrasion-talus cliffs
from 5-10 to 35-45 m high (sites 28, 29, 31, 33-38, 40, 4245, 47, 48, 50-53),
the shallowness of Taganrog Bay, and the narrowness and poor development of
beaches. In most cases, sites with low and very low assessments have narrow
or fragmentary beaches composed of sand-clay material with inclusions of semi-
rounded fragments of limestone and sandstone rocks, for example the Veselo-Voz-
nesenskiy site (Fig. 8). Sites with bogging and waterlogging of the coastal zone,
with dead cliffs and formerly wide beaches, for example the Zolotokosovskiy site
(33), also received a very low assessment.

The accumulative spits — Beglitskaya (32), Petrushina (39), Pavlovo-
Ochakovskaya (50), Chumbur (52) — and the unique Don River delta (site 46) re-
ceived a high assessment. The delta is composed of sands, sandy loams, loams and
clays, is characterised by numerous branches, islands and kuts, and has high aesthetic
and recreational potential, although it is subject to surge floods [3, 4, 9].

Nevertheless, despite the high degree of favourability of spits for use for recre-
ational purposes, they are distinguished by asymmetry in the structure of their shores
and the development of negative processes. For example, the northwestern shores
of the Pavlovo-Ochakovskaya Spit and the western shores of Chumbur Spit are
more intensively abraded (Fig. 9). Stronger winds prevail here, and the water areas
are favourable for the development of windsurfing and kitesurfing.

Fig. 8. Active abrasion-talus cliffs in the arca of the mouth
of the Mokryi Elanchik River (site 28 — Veselo-Voznesenskiy)
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a b

Fig. 9. Chumbur Spit: a — abraded western coast; b — eastern coast — sand-and-shell
beach (site 52)

The Azov Sea coast of Krasnodar Krai is for the most part located within
the undulating-hilly Azov-Kuban Plain. In the coastal strip from Temryuk to Pri-
morsko-Akhtarsk, it is a lowland hydromorphic plain extending inland up to 25 km
with surface elevations of less than 2 m. The southeastern part of the krai is located
within the Taman Peninsula, where low hilly ridges of sublatitudinal orientation
alternate with flat inter-ridge depressions. This part includes mud volcanoes.

The coast of the krai includes 30 sites (55-84). Nine sites received a high as-
sessment, mainly the “bend” spits — Yeyskaya (61), Kamyshevatskaya (66), Achuev-
skaya (74), Dolgaya (64), Yasenskaya (70), Chushka (79) — and adjacent territories
with wide beaches, for example Glafirovskaya Spit (59). The spits are composed
of shell material, detritus and quartz sand. The western shore of the Kamyshevat-
skaya Spit and the eastern shore of the Dolgaya Spit are subject to intense abrasion,
which requires shore protection. A low and very low degree of favourability (40%
of the territory) is characteristic of high areas with abrasion-landslide cliffs, such as

Fig. 10. High abrasion-landslide coastal slopes with narrow beaches in the area
of Cape Kamenny and the village of Priazovsky (site 78)
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Priazovsky-Kamenny (78) with cliff heights up to 60-70 m, as well as the coasts
of the Yeysk Liman (60) and Beysug Liman (69), where bogging and waterlog-
ging are noted. For example, the cliff in the area of Cape Kamenny and the vil-
lage of Priazovsky reaches 70 m in height (Fig. 10). The active development of
landslide and erosion processes almost reaches the boundaries of the village of
Priazovsky and threatens the destruction of the Church of the Holy Life-
Giving Trinity. Due to the height of the coastal cliffs, anti-landslide measures are
difficult to implement. The use of this territory for recreational purposes is ex-
tremely problematic. A number of authors have examined these processes in de-
tail for this region” [4, 5]. At site 76 (Temryuk), coastal erosion of up to 7
m/year was noted in the area of the Novo-Kurchanskiy branch (Kuban River del-
ta). The unique balneological resources of Taman (mud volcanoes) are described in
detail in work ',

Conclusion

For the first time, based on a unified methodology, a typification and assess-
ment of the geomorphological resources of the entire Azov Sea coast has been car-
ried out. Eighty-four geomorphological sites have been identified, differing in gen-
esis, morphology, lithology and coastal dynamics. It has been established that
the geomorphological resources of the region are represented mainly by coastal
accumulative-erosional and hydromorphic undrained lowlands, spits, coastal erosio-
nal-ridged-hilly plains with bays, as well as bay complexes with bryozoan reef capes.

According to the summary results of the assessment of 84 sites by the degree
of favourability of geomorphological resources for recreation, it was established that
26 sites (31%) have a high degree of favourability, 22 (26%) — medium, 23 (27%) —
low and 13 (16%) — very low. Thus, 57% of the coast has potential for tourism de-
velopment, subject to consideration of natural restrictions.

The most valuable geomorphological resources include:

— spits of all types — the main beach zones: Arabat Spit (9—/7), Berdyanskaya
(20), Belosarayskaya (23), Dolgaya (64), Kamyshevatskaya (66), etc.;

— bay-reef complexes of the Kerch and Taman peninsulas: Kazantip (7), Kara-
lar (6) — objects of educational and ecological tourism;

— the Don River delta (46) — a resource for water tourism and fishing;

— mud volcanoes of Taman (76, 77) and Lake Chokrak (5) — unique balneolog-
ical resources.

The main geomorphological factors limiting the development of traditional
beach recreation:

1. The height of coastal slopes and the loose rocks composing them contribute
to the active development of abrasion-landslide, abrasion-collapse and erosion pro-
cesses; moreover, abrasion (average rate about 1 m/year) in some areas reaches
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4-8 m/year (Dolgaya Spit (64), Genichesk (/2), Temryuk site (76)), which leads
to loss of beaches and destruction of infrastructure.

2. Landslide and collapse processes developed on high cliffs (in Crimea: sites
3,4, 8; DPR — 22, 24; Rostov Oblast — 28, 43—45, 51; Krasnodar Krai — 53, 78)
destroy coastal slopes and make them dangerous for construction.

3. Eustatic sea level rise leads to bogging of formerly wide beaches
(50-100 m) and their overgrowth with reeds and bulrush (Yeysk Liman (60), Beysug
Liman (69)), which practically excludes these territories from swimming and beach
recreation.

4. Flooding, waterlogging and unregulated economic load affect valuable ac-
cumulative bodies — spits.

5. The problem of freshwater shortage is acute on the Arabat Spit (sites 9—117)
and limits stationary recreation.

Based on the results of the conducted research, the following recommenda-
tions for recreational planning are proposed:

— priority development should be given to spits and barrier beaches with a high
degree of favourability, but monitoring of abrasion processes and regulated recrea-
tional load are necessary;

— sites with a medium degree of favourability are proposed to be used in a limited
way: small recreational forms should be developed taking into account local risks;

—sites with a low and very low degree of favourability must be conserved
(preserved as natural objects; scientific tourism is possible).

The results obtained indicate the need to shift from the model of mass beach
recreation to the development of adaptive, geomorphologically oriented types of
tourism: ecological, educational, sports (windsurfing and kitesurfing on spits
(sites 23, 32, 52)), and health-improving tourism using the muds of Lake Chokrak
(5), limans (68, 69) and mud volcanoes (sites 76, 77).

For areas of intensive recreational use, engineering preparation (shore protec-
tion, drainage, water supply, etc.) and the development of coastal protection schemes
are mandatory. Promising research is aimed at functional zoning of the coast taking
into account the dynamics of geomorphological processes and the creation of GIS
monitoring of recreational resources as a basis for sustainable tourism development
in the region.
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Abstract

The paper presents a review of the current state of knowledge regarding the role of
the marginal filter and climate in the ecosystem changes of the Black Sea. The marginal fil-
ter (MF) is a key buffer zone at the river—sea interface, where the bulk of terrigenous mate-
rial delivered from land is deposited and transformed. The MF concept was developed by
A.P. Lisitsyn, who demonstrated that the five-stage filter in this contact zone retains
93-95% of suspended particulate matter and about 40% of dissolved substances. The study
is the first basin-wide synthesis in which the Lisitsyn concept is applied not for local flux
calculations, but as an interpretive tool for understanding the cascade of ecosystem collaps-
es across the entire sea, complementing existing local-scale studies of the Black Sea
MF. The functioning of the Black Sea MF as an integrated geoecological buffer system
remains poorly understood: this sea is distinguished by its extensive shelf, shallow pycno-
cline, and hydrogen sulphide zone. The limited volume of oxygenated waters, together with
the sea’s dependence on river runoff, renders the MF critically important for the ecosystem.
The author hypothesises that the destruction of the biological block of the MF in the 1960s—
1980s by intensive bottom trawling, which eradicated the Phyllophora field and benthic fil-
ter-feeders, triggered a cascading degradation: a disaster on the shelf (1950s—1980s),
a disaster in the open sea (1980-1988), and a collapse of the entire ecosystem (1988-2000).
However, the shift to a novel state (>2000) is already linked to climate: warming caused
the disappearance of the Cold Intermediate Layer (2019), which had harboured boreal rel-
icts — key forage zooplankton taxa and commercial fish species. Further warming will fun-
damentally alter the Black Sea ecosystem.
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Pouib mapruHajbHOro 6MoQpuIbLTPa U KJIANMATA
B JKOCUCTEMHBbIX U3MeHeHusIX YepHoro mopst

B. B. MeabHUKOB

DI'FYH UL «Uncmumym 6uonozuu wxicuvix mopeti umenu A.O. Kosanesckozo PAH»,
Cesacmononw, Poccus

e-mail: sevlin@ibss-ras.ru

AHHOTAIUA

B craTtbe mpezcraBiieH 0030p COBPEMEHHOI'O COCTOSIHMSI 3HAHMH O POJIM MapruHajIbHOTO
¢unbTpa U KIMMara B 9KOCUCTEMHBIX H3MEHEeHUs X YepHoro Mopsi. MapruHanbHbiil GpuibTp
(M®) — xmoueBast OydepHas 30Ha Ha TPAHHUIE pEeKa — MOpPE, Tlle OCHOBHAs Macca IOCTY-
MAIOMIETO C CYIIN TEPPUTCHHOTO MaTephaia ocakaaercss U TpaHcopmupyercs. Konren-
uust M® paszpabotana A. I1. JIMCHIIBIHEIM, TIOKA3aBIINM, YTO ISITUCTYNEHYATHINH (QHIBTP
B OTOM KOHTaKTHOW 30He 3azepxuBacT 93-95 % B3BemeHHbIX yacTun U okono 40 % pac-
TBOpPEHHBIX BemiecTB. HacTosmas pabota — mepBeIif OacceiHOBEINM CHHTE3, B KOTOPOM KOH-
menmus JIMcHIeIHa TPUMEHSIETCST He TS JIOKaJIbHBIX PacYeTOB IOTOKOB, @ KAK HHCTPYMCEHT
WHTEPIpPETAIINY KacKaja KOCHCTEMHBIX KOJIIAIICOB BO BCEM MOpE, JOMOJHSIS JIOKATbHBIC
uccienoBaHusi uepHoMopckoro M®. @OyHKIMOHUPOBaHUE YepHOMOpckoro M® kak enu-
HOMW T'€0’KOJIOTHUecKoi Oy(hepHO cucTeMbl OCTaeTcsl c1ad0 M3y4EHHBIM: 3TO MOPE OTJIH-
yaeTcs OOIIMPHBIM IIENB(OM, MEJIKUM IHKHOKIMHOM U CEPOBOJOPOJHON 30HOW. Mablii
00bEM KHCIOPOIHBIX BOJ M 3aBUCHMOCTh OT PEYHOTO CTOKa AenatoT M@ KpUTHYECKH Bax-
HBIM JJIS 9KOCHCTEMBI. ABTOp BBIABHTaeT TUIOTE3y, YTO YHUUTOKEHHE OHOIOTHYECKOTO
6soka M® B 1960-x—1980-x I'T. HHTEHCUBHBIMH JOHHBIMH TPaJCHHUSIMH, UCTPEOUBIIMMHU
¢unodopHoe mojiec ¥ OSHTOCHBIX (PHILTPATOPOB, CIPOBOIMPOBATIO KAaCKaIHYIO Ierpaja-
nuto: katactpody Ha menbpe (1950-e-1980-¢ rr.), B oTkpeiToM Mope (1980-1988 rr.)
u koJutaric Bced skocucteMsl (1988-2000 rr.). OgHako CABUT K HOBOMY COCTOSIHHIO
(c 2000 r.) cBs3aH yXe C KIMMAaTOM: TOTEIDICHHAE BBI3BAIIO MCYC3HOBCHHE XOJIOIHOTO MPO-
MexXyTOYHOTO ciost (2019 r.), B KOTOpOM 00uTamM OOopeabHbIe PETUKTH — KITFOUEBBIC TaK-
COHBI KOPMOBOTO 300TUIAaHKTOHA W MPOMBICIOBEIC PHIOBL. JlanpHeHIIee MoTeIuIeHHe Kap -
HaJIbHO M3MEHHT dKocucTeMy YepHOro Mops.

Kirouessle ciioBa: UepHoe MOpe, MAPTHHANBHBIN (QUIBTP, TCOKCUTCHAITHS, BOJHBIC MACCHI,
9KOCUCTEMA

BbaaroaapHoctu: paboTa BhIIIOJIHEHA B paMKax rocyaapctBeHHbIx 3aganuii ®UL NUubIOM
no teme 124030100137-6.
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Introduction

A large number of works have been devoted to the study of the river—sea con-
tact zone, among which fundamental monographs by G. V. Lopatin ", N. V. Samoi-
lov?, G.1. Shamov ?, G. A. Maksimovich ¥, A.I. Simonov >, O. A. Alekin ©,
M. I. Budyko and A. A. Sokolov 7, N. M. Strakhov ®, Yu. P. Zaitsev [1], and
V. V. Gordeev [2] should be mentioned. The monograph by Academician
A. P. Lisitsyn, Sedimentation in the Oceans® shows that more than three-quarters
of all sedimentary material enters the ocean with river runoff. The monograph
by V. S. Savenko, Chemical Composition of Suspended Sediments of Rivers [3]
summarises the available information on the geochemistry of river-borne particu-
late material.

In the work The Marginal Filter of the Oceans, A. P. Lisitsyn [4] was the first
to formulate the concept according to which natural marginal filters (MFs) arise
in zones of mixing of riverine and marine waters; they retain 90-95% of suspended
matter and up to 80% of pollutants and other dissolved substances entering
the sea '” with river runoff [2]. In the water flow before the MF, suspended matter
predominates, whereas after it, dissolved substances predominate. The purification
of river waters generally described as a five-stage process [4]; the first two stages—
physical and geochemical-include gravitational settling and coagulation of clay
material, i. e. a strong sorbent. During the third purification stage, sorption and
desorption of organic and inorganic compounds occur as a result of the formation
of new powerful sorbents from organic matter and iron oxyhydroxides. The fourth
stage is a biofilter, which is usually associated with the transfer of dissolved sub-
stances into suspended matter (phytoplankton cells). At the fifth and final stage of
water purification, mechanical filtration of all suspended matter is performed by
zooplankton, which produces pellets that fall into bottom sediments. Thus, MFs
protect marine waters from the direct impact of anthropogenic pollution entering
with river waters.

At present, the marginal filters of the Arctic seas—the Kara, White, and Barents
Seas—are the most thoroughly described [4—7]. The features of long-term changes

" Lopatin, G.V., 1952. [River Alluvial Deposits in the USSR]. Moscow: Gos. izd-vo geogr. lit-ry,
366 p. (in Russian).

2 Samoylov, N.V., 1952. [River Mouths]. Moscow: Gos. izd-vo geogr. lit-ry, 526 p. (in Russian).

3 Shamov, G.L, 1954. [River Alluvial Deposits]. Leningrad: Gidrometeoizdat, 378 p. (in Russian).

4 Maximovich, G.A., 1955. [Chemical Geography of Land Waters]. Moscow: Gos. izd-vo geogr.
lit-ry, 329 p. (in Russian).

) Simonov, A.L, 1969. [Hydrology and Hydrochemistry of the Estuarine Coastal Zone in Tide-
less Seas]. Moscow: Gidrometeoizdat, 230 p. (in Russian)

9 Alekin, O.A., 1970. [Hydrochemistry Fundamentals: A Study Guide]. Leningrad: Gidromete-
oizdat, 444 p. (in Russian).

7 Potapov, O.N., Smirnov, N.S. and Chepelin, L.A., eds., 1974. [The Global Water Balance and
the Earth’s Water Resources]. Leningrad: Gidrometeoizdat, 638 p. (in Russian).

® Strakhov, N.M., 1961-1963. [Fundamentals of the Theory of Lithogenesis. In 3 volumes).
Moscow: AN SSSR. Vol. 1, 212 p., Vol. 2, 572 p., Vol. 3, 550 p. (in Russian).

%) Lisitsin, A.P., 1974. [Sedimentation in the Oceans]. Moscow: Nauka, 440 p. (in Russian).

19 Gordeev, V.V., 1983. [River Discharge into the Oceans and its Geochemical Characteris-
tics]. Moscow: Nauka, 160 p. (in Russian).
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in the MF of the Volga River have been studied [8]. These works have shown that
each sea has its own specific features of sedimentary material formation (river and
ice runoff, coastal abrasion, aeolian suspended matter, and others). For example,
in the White Sea, coastal abrasion plays an important role [9], while in the Caspian
Sea, the export of sedimentary material into the sea by rivers and the deposition of
acolian material from the atmosphere are comparable in order of magnitude [10].
A review of the current state of research on the geochemistry of the Black Sea is
given in the work by V. V. Gordeev [11], which shows that although about 1000 riv-
ers flow into this sea, the main part of the runoff is provided by large rivers enter-
ing the north-western Black Sea (NWBS).

Despite a considerable volume of local studies covering individual aspects of
sedimentation and hydrochemistry, the functioning of the Black Sea MF as an inte-
grated geoecological buffer system has not yet been systemically evaluated.
Meanwhile, the specificity of the Black Sea — its extensive shelf, shallow pycno-
cline, hydrogen sulphide zone, and critically small volume of oxygenated waters —
in combination with the determining role of river runoff makes the MF a key regu-
lator of the ecosystem homeostasis of the entire basin. However, to date the Lisitsyn
concept has been applied in Black Sea studies mainly for local calculations of sus-
pended matter fluxes and has almost not been used as a tool for explaining cascad-
ing basin-wide ecological collapses.

The aim of the present study is to provide, based on A. P. Lisitsyn’s concept,
a basin-wide analysis and interpretation of the cascade of ecosystem collapses
in the Black Sea, considering the MF not as a peripheral geochemical zone but
as a system-forming component of ecosystem homeostasis linking processes
on the shelf, in the open sea, and climate change. The work advances the hypothesis
that the destruction of the biological block of the MF in the 1960s—1980s as a result
of intensive anthropogenic pressure (bottom trawling, eradication of the Phyllopho-
ra field and benthic filter-feeders, regulation of river flow) served as a trigger for
ecosystem degradation, while the subsequent transition to a novel state in the 2000s
was determined by a climatic factor — warming, which led to the disappearance
of the cold intermediate layer and an irreversible replacement of boreal biota
by warm-water communities.

Methods

To test the advanced hypothesis that the destruction of the biological block
of the MF acted as a trigger of cascading ecosystem collapse, while climatic warm-
ing determined the transition to a novel state, an analytical review approach was
applied in this work. Since the study is a basin-wide synthesis rather than an origi-
nal experimental or expeditionary study, the principal method was a systematic
analysis of quantitative and qualitative data accumulated in the literature over
an extended period. Such an approach made it possible to reconstruct the chronolo-
gy of key events, compare disparate local observations, and identify relationships
between changes in the MF, eutrophication, deoxygenation, and biotic shifts.

The present work is an analytical review performed on the basis of a systemat-
ic analysis of scientific literature devoted to the Black Sea MF, its role in ecosys-
tem processes, and the influence of climate change. The search for sources was car-
ried out in the Russian Science Citation Index (RSCI), Web of Science, and Scopus
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databases, as well as in the electronic scientific libraries eLIBRARY.RU and
CyberLeninka, using the following keywords: marginal filter, Black Sea, ecosys-
tem collapse, deoxygenation, cold intermediate layer, Zernov’s Phyllophora field.

The temporal coverage comprised the period from 1908 (the first description
of the Phyllophora field by S. A. Zernov) to 2025. Original research articles, re-
view works, monographs, dissertations, and materials of international conferences
in Russian and English were included. The selection of materials was carried out
according to the criteria of relevance to the subject (hydrology, geochemistry, biol-
ogy, ecology of the Black Sea), the availability of quantitative estimates of matter
fluxes or biota dynamics, and chronological sequence for reconstructing the cas-
cade of events.

For data processing, content analysis was used to identify key events (eutroph-
ication, degradation of benthos, invasions, and climatic anomalies) and their quan-
titative characteristics. A comparative-historical approach was then applied to re-
construct the chronology of ecological changes and to compare the state of the MF
across different periods (before the 1950s, 1960s—1980s, 1988s—2000s, and the cur-
rent stage).

Black Sea MF Structure

The largest rivers contributing to runoff in the north-western Black Sea
(NWBS) are the Danube (mean runoff ~200 km?3/yr), the Dnieper (~44 km?),
the Dniester (~10 km?), and the Southern Bug (~3 km®) '". Their runoff influences
the distribution of hydrological-hydrochemical properties, the concentration of nu-
trients, and the thermohaline stratification of the waters of the entire sea. The run-
off of the largest river — the Danube — under the influence of climate and human
activity fluctuates from 123 to 313 km?®/yr [1]. In low-water periods, the total area
of freshened waters in the NWBS amounts to 20-40% of the NWBS water area,
while in high-water periods it reaches 70% [1, 12].

Until the middle of the last century, the b functioned as an integrated geoeco-
logical buffer systemiological block of the Black Sea MF occupied almost the en-
tire north-western shallow shelf and represented a single geoecological buffer sys-
tem formed by the combined action of the MFs of all large rivers. It was a highly
efficient biological filter, a cascade system that transformed a substantial riverine
allochthonous flux into the autochthonous production of the marine ecosystem.
This block consisted of two circuits: a pelagic one, which produced biological puri-
fication in the water column (phyto- and zooplankton), and a benthic one, which
ensured the final filtration of river runoff at different depths.

The pelagic circuit of the MF before the 1950s was represented by phytoplank-
ton, zooplankton, and macrofilter-feeders (Aurelia aurita (Linnaeus, 1758)). Phy-
toplankton provided the primary uptake of dissolved nutrients, while zooplankton
converted them into rapidly sinking organic aggregates (faecal pellets) deposited
on the bottom.

D) Dzhaoshvili, Sh.V., 2003. [Rivers of the Black Sea]. Tbilisi: European Environment Agency.
Technical Report. Vol. 71, 186 p. (in Russian).
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The benthic circuit of the MF consisted of three levels:

— a coastal belt of brown algae—Ericaria crinita (Duby) Molinari & Guiry,
2020, Gongolaria barbata (Stackhouse) Kuntze, 1891, until 2020 included
in Cystoseira sensu lato — located from the water’s edge to a depth of 15 m and
performing buffer and recycling functions. Brown algae are capable of absorbing
more than 80% of the volume of mineral forms of phosphorus contained in sea-
water and daily returning to it up to 16% of its maximum absorbed flux, which
makes them an important factor in regulating the nutrient composition of waters [13];

— a mussel belt (Mytilus galloprovincialis Lamarck, 1819) located at depths of
about 30 m. On one square kilometre, mussels filtered 15—20 million m?® of water
per day ', packing suspended matter into heavy pseudofaeces. This maintained
stable water transparency of the NWBS, high biodiversity (more than 118 inverte-
brate species and 48 fish species [1, 14]), and high fish productivity of the entire
western basin. Owing to this, the NWBS was a key area of feeding and spawning
for species such as mackerel and bonito (whose catches in 1939-1940 amounted
to 540,000 t [15]);

—a Phyllophora belt (Phyllophora spp.) (25-60 m), known as Zernov’s Phyl-
lophora field [16—18], which until the early 1950s occupied an area > 'Y of more
than 10 thousand km? with a biomass of up to 10 million t [1, 19]. This field, which
was unparalleled in scale in the World Ocean ', was the main part of the sea’s
MF — the final filter that deposited suspended particles and stabilised bottom sedi-
ments. It released up to 2 million m® of oxygen daily [1], enriching deep waters and
participating in the formation of the Cold Intermediate Layer (CIL).

The combined efficiency of the MF blocks ensured a stable removal of pollu-
tants from the active cycle owing to feedback mechanisms; high biodiversity de-
termined the resistance of the system to fluctuations in external conditions.

Functional Role of the MF in the Homeostasis of the Black Sea Ecosystem

Before the 1950s, the MF of the NWBS was not a peripheral appendage but
functioned as a central organ of homeostasis, a kind of “liver” of the entire Black
Sea ecosystem. This was because the waters of the shallow area, cooled during
winter, flowed into the open sea, forming the CIL and spreading throughout
the Black Sea.

At present, there is no consensus on the role played by the NWBS in the for-
mation of the CIL. A number of authors tend to consider it the main source of CIL
waters [20—24], others give preference to the open regions of the sea '>* '9) [25-29],

12) Kiseleva, M.I., 1979. [Bottom Biocoenoses and their Biomass]. In: V. N. Greze, ed., 1979.
Productivity of the Black Sea. Kiev: Naukova dumka, pp. 218-239 (in Russian).

13 Morozova-Vodyanitskaya, N.V., 1948. [Zernov’s Phyllophora Field and Causes of its Occur-
rence]. In: E. N. Pavlovsky, ed., 1948. [4 Commemorative Collection in Honour of Academician
Zernov]. Moscow: Nauka, pp. 216226 (in Russian).

14) Kalugina-Gutnik, A.A., 1975. [Phytobenthos of the Black Sea). Kiev: Naukova Dumka,
246 p. (in Russian).

15 Belokopytov, V.N., 2004. [ Thermohaline and Hydroacoustic Structure of the Black Sea Waters.
Extended Abstract of PhD Thesis. Geographical Sciences]. Sevastopol: MHI NASU, 24 p. (in Russian).

16) Belokopytov, V.N., 2017. [Climate Changes of the Black Sea Hydrological Regime. DSc
Thesis, Geographical Sciences]. Sevastopol: MHI RAS, 377 p. (in Russian).
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and still others consider the contributions of the two areas approximately equal '”

[30]. According to various estimates, the total contribution of the NWBS to the for-
mation of this layer in the Black Sea'?'® ranges from 18 to 28% [31]. During
most of the year, CIL waters on the north-western shelf persisted, flowing along
bottom topography depressions towards the open sea. Usually in November this
layer in the NWBS disappeared, being replaced by CIL waters from the open part
of the sea, and in January it was renewed again '¥-'9 [32].

Owing to the good aeration of the CIL in those years, the depths of the open
central regions of the sea were saturated with oxygen, which allowed forage zoo-
plankton crustaceans to descend to depths inaccessible to fish (below 100 m)
[33-35]. All this together ensured the high fish productivity of the Black Sea and
especially of its north-western shelf.

Before the onset of active anthropogenic impact, winter cooling and convec-
tive mixing on the NWBS shelf led to the formation of dense cold waters, which
formed from water already purified by the MF. They were relatively poor in nutri-
ents and organic matter, the bulk of which had time to settle at the previous filtra-
tion stages. Thus, during this period, it was not simply cold water that came from
the NWBS, but water with a relatively low biochemical potential.

Ecological disaster on the NWBS shelf (1950-1980)

After the Second World War, industrial harvesting of benthic algae began
on the Black Sea shelf. It was accompanied by detailed scientific research that de-
termined the commercial areas and strict regulations: for Phyllophora, selective
harvesting was recommended at four sites with a three-year renewal cycle, while
for Cystoseira an even stricter regime was recommended, with a 10-year interval
and preservation of at least 50% of stocks '¥). In practice, however, harvesting was
conducted without regard for these recommendations — within compressed time-
frames, without consideration of reproduction, and against the background of grow-
ing pollution [36—41]. Phyllophora extraction reached 300 thousand t, significant-
ly exceeding planned targets [40], which resulted in an acological catastrophe:
by the end of the 1970s, Phyllophora biomass on the shelf had sharply decreased
from 10 to 1.4 million t, and by the mid-1980s it did not exceed 0.2 million t [1].

In parallel, mussels were processed into feed meal 'Y, which caused a several-
fold reduction in the area of their biocenosis and a reduction in biomass by an order
of magnitude [1]. Before degradation, the total biomass of mussels and oysters
on the north-western shelf was estimated at tens of millions of tonnes '*. Calcula-
tions show that before the 1950s, mollusc communities probably filtered from 100
to 300 km? of water per year — a volume comparable to the annual river runoff and
to the total volume of waters of the entire shelf. This ensured high water transpar-
ency and ecosystem stability.

1) Tuzhilkin, V.S., 2008. [Seasonal and Multiyear Variability of the Thermohaline Structure
of the Black Sea and Caspian Sea Waters and the Processes of its Formation. Extended Abstract of
DSc Thesis. Geographical Sciences]. Moscow, 46 p. (in Russian).

18 Zenkevich, L.A., 1963. [Biology of Seas of the USSR]. Moscow: Izd-vo Akad. Nauk SSSR,
739 p. (in Russian).
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The catastrophe was aggravated by the construction of a cascade of dams
in the 1950s—1960s, which blocked fish migration routes and led, for example,
to an almost tenfold reduction in sturgeon catches compared with the pre-war pe-
riod [15]. The disappearance of the biological block of the NWBS MF caused
staged degradation: nutrient fluxes, no longer retained by the filter, began to enter
the shelf directly, which was additionally facilitated by the use of chemicals in ag-
riculture [42]. This provoked rapid phytoplankton growth and then the first mass
mortality event in 1973 over an area of 3500 km? [1]. Against the background
of excess nutrients, a shift occurred towards small-celled phytoplankton forms,
as well as species prone to outbreaks. A key indicator of this period was the mass
development of mixotrophic dinoflagellates Prorocentrum cordatum (Ostenfeld)
J. D. Dodge, 1976, whose “blooms” often preceded mortality events [43]. In zoo-
plankton, against the background of a general decline in biodiversity, an increase
in the share of rotifers (Synchaeta spp.) and some pollution-resistant copepods was
noted.

Subsequently, mortality events covering up to 40,000 km? became regular
and in 1973-1990 led to the loss of 60 million t of biomass of benthic animals [1].
The loss of the main spawning ground and the disappearance of predators that con-
sumed jellyfish provoked an explosive increase in the abundance of gelatinous or-
ganisms: the biomass of Aurelia jellyfish increased from 670 t to 220 million t, and
that of Noctiluca tens of times [1].

Turbid, nutrient-enriched waters from the shelf began to form a CIL with low
oxygen content. An additional negative factor was the slowdown of water ex-
change in river systems due to the creation of a cascade of reservoirs, which led
to the “ageing” of river waters, a multiple increase in the concentration of pollu-
tants and nutrients, and disruption of sediment transport [43]. These polluted wa-
ters, spreading in winter with the CIL throughout the sea, turned hypoxia and eu-
trophication from a local shelf problem into a basin-wide Black Sea problem, final-
ly disrupting the MF mechanism that had been fine-tuned over millennia. As a re-
sult, in the NWBS area the abundance of many species decreased by two to three
orders of magnitude — from copepods and benthic crustaceans (hermit crab, crabs)
to mullet fry and such bottom fish as sole and seahorse; mackerel visiting the area
for feeding disappeared completely[1]. The absence of the MF caused a surge of
pathogenic bacteria, leading to cholera epidemics in coastal areas in 1970 [1].

Thus, the destruction of the biological block of the MF launched a series of
cascading effects destructive to the entire Black Sea ecosystem: riverine nutrients
and organic compounds ceased to be removed by the MF and began to pass
through the NWBS in transit, maintaining intense phytoplankton “blooms” and
causing eutrophication of the shelf itself and regular mortality events. The trans-
formed CIL became a corridor for the transport of polluted waters. The Black Sea
Rim Current facilitated the spread of these poorly aerated and polluted waters
throughout the sea. Hypoxia and eutrophication became a common problem for
the entire Black Sea, not only for the NWBS, which predetermined the subsequent
degradation of the ecosystem of the entire sea.
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Ecological disaster in the open sea (1980-1988)

The destruction of the MF became a turning point for the entire Black Sea eco-
system. The loss of function of this natural filter coincided in time with a tenfold
increase in nutrient input from the Danube, Dnieper, and Don rivers in the 1960s—
1990s [42]. The CIL, which had previously saturated deep waters with oxygen, be-
gan to transport biologically active substances into open waters. This led to hyper-
eutrophication [44] and rapid phytoplankton development. Masses of dying organic
matter began to descend to the main pycnocline, where oxygen became insufficient
for their oxidation [45]. As a result, the upper boundary of the oxygen layer shifted
upward from 130 m in 1955 to 90 m in 2013 [46]. The deoxygenation process was
aggravated by the regulation of river runoff by dams and by the climatic reduction
in the volume of incoming water.

The rise of the upper boundary of the anoxic zone disrupted trophic links
in the open sea: accumulations of cold-water zooplankton, previously hiding deep-
er than 100 m, were displaced into the upper layers and became available as prey
to sprat, which is confirmed by modelling [35]. In the 1980s—1990s, sprat stocks
increased by an order of magnitude, and the contents of its stomachs consisted
100% of Calanus euxinus Hulsemann, 1991 [47]. The reduction in the abundance
of top predators (mackerel, horse mackerel) that regulated the abundance of gelati-
nous organisms, combined with the abundance of phytoplankton, led to an explo-
sive growth in the biomass of jellyfish and Noctiluca, completing the total restruc-
turing of the pelagic ecosystem.

General crisis of the Black Sea ecosystem (1988—-2000)

The critical event that entailed irreversible consequences was the population
outbreak of the invasive ctenophore Mnemiopsis leidyi A. Agassiz, 1865 in 1988
[48-51]. The introduction of this organism led to a catastrophic change in the abun-
dance and composition of zooplankton, especially large copepods [49-52]. Mnemi-
opsis actively consumed zooplankton, fish eggs, and larvae. The abundance of de-
tritus, as well as the absence of natural enemies of M. leidyi, contributed to the dis-
ruption of trophic links and to a catastrophic decline in the stocks of main commer-
cial species — anchovy and sprat, whose catches decreased by more than an order
of magnitude [53].

The success of the M. leidyi invasion was a consequence of the synergy of
several key factors: 1) the destruction of the MF, which weakened the natural sta-
bility of the ecosystem; 2) the disruption of trophic links and a sharp reduction
in the stocks of the bulk of top predators (Black Sea salmon, mackerel, bluefish,
bonito) capable of regulating the abundance of gelatinous organisms [15]; 3) hypoxia
and eutrophication, which created favourable conditions for hardy opportunistic
species; 4) climatic anomalies (warm winters of the late 1980s), which aggravated
the situation.

The general crisis of the Black Sea ecosystem in 1988 was not an isolated
event but the culmination of the preceding destabilisation of the biological block
of the marginal filter. The balance partially recovered after the appearance in 1997
of another invader: the ctenophore Beroe ovata Bruguicre, 1789, a predator specialis-
ing on M. leidyi [54]. By the 2000s, this led to a sharp reduction in the abundance
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of Mnemiopsis [50, 55] and to the beginning of recovery of populations of some
abundant copepods, such as Acartia clause Giesbrecht, 1889 and Oithona similis
Claus, 1866. However, compared with the initial state, the community as a whole
remained simplified, with an increased share of small forms and invaders.

Thus, anthropogenic degradation prepared the ground for the catastrophe,
while climate determined its scale. The described dynamics indicates the potential
vulnerability of other inland seas, such as the Caspian and Mediterranean, where
the combination of climatic warming and anthropogenic degradation of ecosystems
may significantly increase the risk of new invasions.

Current state of the ecosystem (since 2000)

To understand the current state of the MF, it is essential to analyse recent
changes in environmental conditions. These changes can be divided into several
phases.

— As aresult of a series of anomalously warm winters (2000, 2005, 2010, 2015,
2020), warming of surface waters began, which led to a reduction in the thickness
of the CIL. The contribution of NWBS waters to CIL formation decreased to 5-10%
(versus 20% in the middle of the 20th century) [56, 57]. This substantially reduced
the functioning of the MF’s “oxygen pump”. The reduction in nutrient input with
river runoff observed in recent decades and, as a consequence, the increase in water
transparency did not eliminate hypoxia '* in the deep layers of the Black Sea [14,
57, 58], since the established oxygen deficit is maintained not so much by the cur-
rent flux of organic matter as by the long-term restructuring of the vertical structure
of water masses under the influence of warming [14, 57, 58].

— A natural reaction of the biota was the rapid “tropicalisation” of the ecosys-
tem: whereas in 1997, 26 invader species were described [59], by now their num-
ber exceeds 300 [60], and traditional native communities have begun to degrade.
Against the background of a reduction in mussel banks [61, 62], the ranges of inva-
sive molluscs (Anadara, Mya, Rapana) expanded, and commercial catches in Rus-
sian waters sharply decreased from 165-308 thousand t in 1975-1986 to 18.7 thou-
sand t in 2009 [15].

The turning point in the existence of the modern Black Sea ecosystem was
the stoppage of the “oxygen pump” of the MF in 2019 [57, 63]. Warming led
to the disappearance of the CIL in its classical sense (with boundaries of 8°C) and
to the establishment of isothermy throughout the deep-water zone with a tem-
perature of about 8.7°C [57, 63]. This led to the extinction of cold-water relicts,
for which a temperature below 8°C was a critical condition of existence [57, 64].
The effects of warming are evident in the accelerated development of the Black
Sea sprat: the duration of the development cycle decreased from 7 to 2—3 days [65],

19 Masevich, A.V., 2022. [Oxygen Dynamics in the Main Pycnocline of the Black Sea. Extended
Abstract of PhD Thesis. Geographical Sciences). Sevastopol: MHI RAS, 24 p. (in Russian).
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while in Calanus euxinus with an increase in temperature from 8 to 18°C the devel-
opment time from egg to adult is halved [66].

Forecasts indicate that by the end of the 21st century the surface water tem-
perature will increase by another 3.7°C [67] and its salinity will increase
(0.18%0/ 10 years), which is characteristic of inland seas dependent on the regional
freshwater balance [57, 68]. In the next 25 years, the habitat zone of plankton and
fish in the deep-water regions of the sea may rise to the surface by another 9 m [56].

At the current stage, a complex and contradictory transformation of the Black
Sea MF is occurring. Complete restoration of the archaic cold-water ecosystem
in its original form is impossible because of the fundamental change in physical
conditions (warming and disappearance of the CIL) and the mass invasion of warm-
water species. The benthic zones of the NWBS MF are in different states:

— Ericaria—Gongolaria communities, which possess a high potential for self-
restoration, demonstrate the fastest and most successful recolonisation of the coastal
zone [40, 69, 70];

— by the beginning of the 21st century, Phyllophora stocks on Zernov’s Phyl-
lophora field on the north-western shelf had catastrophically decreased from
10 million t to 650 thousand t, and its area shrunk from 10 to 6.5 thousand km?,
which made restoration of this biocenosis unlikely even in the long term [71-73].
At the same time, signs of phytobenthos recovery on the bottom of the NWBS are
noted, expressed in an increase in its species diversity by a factor of 2-3 [14, 41];

— mussel stocks recover extremely slowly and fragmentarily [61, 62].

At the same time, the observed processes indicate the beginning of the formation
of a new filtering system adapting to the changed conditions. The key prerequisites
for this were the reduction of eutrophication and the introduction of bans on bottom
trawling. The rapid recovery of the Ericaria—Gongolaria phytocenosis and the posi-
tive dynamics on the Phyllophora field indicate that, with reduced anthropogenic
pressure, the benthic framework of the system retains potential for self-restoration.

Owing to irreversible changes in physicochemical conditions and biotic com-
position, the formation of an MF identical to the historical one is unlikely. A more
probable scenario is the establishment of a system with a different structure and,
presumably, lower buffer capacity—a mosaic and potentially less efficient system
in which rapidly recovering coastal brown algal communities and regenerating
Phyllophora areas play a key role. The pelagic component of the MF has not disap-
peared but has been transformed into a hybrid system with a new structure and
function. Its buffer capacity is probably lower, while its resilience to further dis-
turbances, such as continued warming, remains uncertain.

Conclusion

This synthesis is the first in which A. P. Lisitsyn’s concept is applied not to lo-
cal flux calculations but as an interpretive framework for explaining the cascade
of ecosystem collapses across the entire sea, complementing existing local-scale
studies of the Black Sea MF.
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The historical MF of the NWBS was not simply a buffer zone but a highly
organised ecosystem that for millennia maintained the ecological homeostasis of
the entire marine basin. The MF performed two vitally important functions: biolog-
ical filtration of river runoff and annual oxygen enrichment of the deep waters
of the sea through the formation of the CIL, creating a unique cold-water biotope
for boreal-Arctic relicts. The destruction of the Phyllophora field and mussel banks
under the influence of anthropogenic factors led to an irreversible transformation
of this system, which can be considered a bifurcation point in its evolution. Under
conditions of climatic warming, ecosystem degradation reached a level that deter-
mined its transition to a new unstable state.

The disappearance of the classical CIL with boundaries of 8°C in 2019 and
the establishment of isothermy at about 8.7°C initiated an irreversible process of
extinction of cold-water species that constituted the basis of the traditional trophic
network. The forecasted temperature increase by 3—4°C by the end of the century
means an acceleration of mediterranisation, which will lead to the dominance of warm-
water invaders and the simplification of trophic networks; an increase in the vul-
nerability of the ecosystem to new invasions, diseases, and anthropogenic loads;
and the collapse of traditional fisheries.

Under conditions of the impending crisis, the following measures should be
considered:

1) creation of a system of continuous integrated monitoring, in which the dis-
appearance of key relict species will become the final signal of the irreversibility
of changes;

2) an increase in the number of marine reserves with the establishment of a strict
conservation regime in them;

3) strict limitation of anthropogenic load: reduction of shipping routes over
shallow waters, tightening of legislation on mineral extraction, and a fundamental
revision of the policy of harvesting and cultivation of living resources;

4) preparation for socio-economic consequences, primarily through the inten-
sive development of mariculture as an alternative to commercial fishing;

5) implementation of programmes for the cultivation of marine algae,
for example, “Sea eco-farms”, the international project KELP FARMS
(URL: https://greenmission.ru/kelp-farms), with the aim of preserving marine bio-
diversity and minimising the negative consequences associated with climate
change and environmental pollution.

The foregoing analysis warrants a firm and far-reaching conclusion, that the an-
tropogenic destruction of the biological block of the MF in the 1960s—1980s and
the climatic disappearance of the CIL in 2019 are two consecutive, irreversible bi-
furcation points in the history of the Black Sea ecosystem. Restoration of the initial
state is excluded because of the fundamental change in the thermohaline regime.
Further ecosystem dynamics will be determined by the ratio of the rates of recolo-
nisation of surviving biotopes and invasion pressure, which requires a transition
from a restoration policy to a strategy of adaptive monitoring and management.
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Abstract

This article examines the seasonal and interannual spatial variability of the equilibrium
partial pressure of carbon dioxide pCO, in the surface water layer and the carbon dioxide
flux FCO; at the atmosphere-sea interface for the Black Sea based on biogeochemical
reanalysis data. /n situ measurements for 2015-2024 were used to validate the reanalysis
data and compare the seasonal variations of pCO, and FCO,. Additionally, pCO, from
reanalysis data in the surface layer of the atmosphere was compared with instrumental
measurements. Seasonal cycles of the polygon-averaged FCO, flux and the equilibrium
partial pressure in the near-surface layer of the sea, based on instrumental observations and
biogeochemical reanalysis data, coincide within 95% confidence intervals, with the excep-
tion of the summer season for pCO,. Statistically significant regression relationships
(p<0.001) were established between the parameters under consideration. As a result, the re-
analysis data provided new insights into the seasonal variability of pCO, and FCO,
throughout the sea area. This is particularly relevant when observational data are lacking
for the winter and spring periods and the expedition area is limited. Seasonal variability of
pCO;, and FCO; is primarily influenced by water temperature and the difference in partial
CO, pressure between the sea and the atmosphere. The distribution of pCO, and FCO,
on the shelf and in the coastal zone of the sea demonstrates the significant influence of
upwellings near Crimea and river plumes on the seasonal dynamics of FCOx.

Key words: carbon dioxide partial pressure, pCO,, carbon dioxide flux, FCO,, seasonal
cycle of pCO,, seasonal cycle of FCO, water temperature, salinity, plume, upwelling,
Black Sea, regional climate CO»

Acknowledgements: This work was carried out under the state assignment of the Federal
Research Center “Marine Hydrophysical Institute of the RAS” on topic FNNN-2024-0016
“Study of spatio-temporal variability of oceanological processes in the coastal, coastal and
shelf zones of the Black Sea under the influence of natural and anthropogenic factors based
on contact measurements and mathematical modeling” (code “Coastal Research”).

For citation: Lemeshko, E.M., Tsyganova, M.V. and Lemeshko, E.E., 2026. Seasonal
Variability of CO, Content in the Surface Layer of the Black Sea Waters and the Intensity
of Exchange with the Atmosphere According to Biogeochemical Reanalysis Data.
Ecological Safety of Coastal and Shelf Zones of Sea, (3), pp. 38-55.

© Lemeshko E. M., Tsyganova M. V., Lemeshko E. E., 2026

This work is licensed under a Creative Commons Attribution-Non Commercial 4.0
International (CC BY-NC 4.0) License

38 Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2026



Ce3onHasi ©3BMeHYMBOCTH cofepxkanust CO»
B MOBEPXHOCTHOM cJji0e Boja YepHoro mopsi
U UHTEHCUBHOCTH 00MeHa ¢ atmoc(epoii
MO JAHHBIM O0MOTe0XHUMHYECKOr0 peaHan3a
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AHHOTAIUA

HccrnenoBana ce30HHAas W MEXKIOJ0OBask MPOCTPAHCTBEHHAS W3MEHYHBOCTH PAaBHOBECHOTO
MapUUaIbHOTO JIaBJIeHHs yriekucioro raza pCO, B MOBEPXHOCTHOM cioe BoJ YepHoro
MOps. M MOTOKa yriekucioro raza FCO, Ha MOBEpXHOCTH pasaena atmocdepa — mope
Ha OCHOBE JaHHBIX OMOT€OXMMHMYECKOro peaHanusa. Vamepenus in sifu 3a 20152024 rr.
WCIIOJIb30BAJIM JJIS BaJIMJAllMK JAHHBIX peaHaIn3a U COIIOCTaBlIeHHs ce30HHOro Xoaa pCO;
1 FCO,. JlonmoHUTENBHO conocTaBisuim 3HaueHus: pCO; o JaHHBIM peaHainu3a B IPUBO/I-
HOM cJI0€ aTMOC(ephbl C HHCTPYMEHTAIBHBIMU M3MepeHusIMA. Ce30HHBIE IIUKIIBI OCPETHEH-
HOTO 110 ToJUroHy 1moToka FCO; ¥ paBHOBECHOTO MAPIHATBHOTO JABJICHUS B MPHUITOBEPX-
HOCTHOM CJIO€ MOPSI [T0 JaHHBIM HHCTPYMEHTAJIbHBIX HAOMIOMCHHI U OHOrCOXMMUYIECKOTO
peaHam3a COBIMANAIOT B mpenenax 95%-HbIX JOBEPUTEIEHBIX HHTEPBAJIOB 32 UCKIIOYCHUECM
netHero ce3oHa st pCO,. Mexay paccMaTprBaeMBIMU MapaMETpaMH YCTaHOBIICHBI CTa-
TUCTHYECCKH 3HAYMMBIC perpeccuoHHbie cooTHomenus (p < 0.001), B pe3ynpTare mo JaH-
HBIM pEaHaln3a IIONyuYeHBl HOBBIC TPEICTABICHHA O ce30HHOW wu3MeHumBocTH pCO;
u FCO; Bo Bceil akBaTopuu Mopsi. ITO 0COOCHHO aKTyalbHO, KOTJa OTCYTCTBYIOT JaHHBIC
HAOJIOJICHUN B 3UMHHI U BECCHHUMN TEPUOJBI U OTPAaHHUCH PAiiOH MPOBEICHUS SKCIICIU-
uuii. Ha cesonnyto mamenunBocts pCO; 1 FCO, 0OCHOBHOE BIMSHUE OKa3bIBACT TeMIIEpa-
Typa BOIBI M Pa3HOCTH MapIaibHbIX aaBieHnid CO, Mexxay MopeM u atMocdepoit. Pacmpe-
nenenne pCO, u FCO; Ha 1mienbde 1 B IPUOPEKHON 30HE MOPS TIOKA3bIBACT 3HAUUTEIIBHOC
BIIMSHIE aNBEJUIMHIOB y KppIMa U peyHBIX IUTIOMOB Ha CE30HHYIO TUHAMUKY F'CO,.

KiroueBble ci10Ba: mapuaibHOE JaBiIeHHE yriiekuciaoro rasa, pCO,, HOTOK YIIEKHCIOTO
ra3a, FCO,, cezonnsbiil nuka pCO,, cezonnslii nuka FCO,, TeMnepaTypa BoAbl, COJIEHOCTS,
TUTIOM, anBeJUIHHT, YepHoe Mope, pernoHabHbIN kiuMat CO;

BaaronapHoceTrn: paboTa BBIIOTHEHA B paMKax TOCYJapCTBEHHOTO 3aJaHUs
OI'BYH OUII MTH nmo teme FNNN-2024-0016 «MccnegoBaHue mpoCTpaHCTBEHHO-
BPEMEHHOW HW3MEHYHMBOCTH OKEaHOJOTMYECKHX IIPOIECCOB B OEperoBoi, MpPUOPEKHOM
1 menb(QoBBIX 30HaX YepHOro Mops IMoJ BO3AEHCTBHEM NPHPOIHBIX M AHTPOIIOTCHHBIX
(aKTOpOB Ha OCHOBE KOHTaKTHBIX HM3MEPEHHH M MaTeMaTHYECKOTO MOEIHPOBAHUS
(undp «IIprbpexxHbIE HCCIIETOBAHMSY).
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Introduction

Carbon dioxide, as one of the greenhouse gases, influences heat exchange
over the land and ocean surfaces, modulating the increase in air temperature, which
triggers variations in the climate system at both global and regional scales [1].
Unlike those in the open ocean, the sources and sinks of atmospheric carbon diox-
ide (CO») and its flux at the water—atmosphere interface in coastal seas are insuffi-
ciently studied [2—4]. Coastal regions of the World Ocean are characterised by CO,
absorption (invasion) at middle and high latitudes and release (evasion) of CO,
at low latitudes and in the tropics [2, 3, 5]. At the same time, the annual mean CO;
flux values in these regions are comparable to those in the adjacent open ocean.
Overall, coastal seas are areas of CO, absorption. The most intense and stationary
absorption zones are located in polar and subpolar coastal seas; the ocean region
near southern Greenland has the highest CO; flux values (up to —7.9 mmol-m2-day )
[5]. The Black Sea ranks second in CO; absorption; the flux of this gas reaches ap-
proximately —5.0 mmol-m 2-day ' here [5, 6]. Thus, the relevance of this study is
due to the importance of studying the CO; flux at the sea—atmosphere interface not
only in the shelf zone but also throughout the entire Black Sea area in all seasons.

In the Black Sea, until the 1960s—1970s, CO; invasion from the atmosphere
into the water predominated, since the equilibrium partial pressure (pCO,) re-
mained lower than the partial pressure of carbon dioxide in the atmosphere [7].
In the 1960s—1990s, an increase in total dissolved inorganic carbon (7CO,) and
pCO7 and a decrease in pH were observed in the Black Sea, which led to negative
trends in the transformation of the sea’s carbonate system [7]. In time, this coincid-
ed with an increase in the globally averaged concentration of atmospheric COs,
mainly due to anthropogenic impact.

Based on averaged data from high-precision in situ measurements of the par-
tial pressure pCOs in the surface water layer, performed during 13 expeditions
in 2015-2021 in the north—north-eastern Black Sea, the seasonal cycle of
pCO; was calculated. It belongs to the sinusoidal type with variation from 324
to 570 patm at a mean value of 460 patm [8]. At the same time, from April to
October, the northern Black Sea releases CO, into the atmosphere, and from No-
vember to March it absorbs it [8—10]. Calculations of the CO; flux in winter based
on spatial hydrochemical survey data for the north-—north-eastern Black Sea in De-
cember 2022 confirmed the direction of the CO, flux from the atmosphere into
the sea, with maxima along the eastern coast of Crimea [10]. It has also been
shown that in coastal waters on a synoptic time scale, the CO» flux is characterised
by a smaller amplitude of fluctuations compared with seasonal and interannual var-
iability [6].

The main abiotic factors influencing the CO, flux are water temperature, wind
speed, and water dynamics [11]. The decadal variability of CO, uptake in the ocean
is predominantly influenced by changes in water circulation and biotic factors,
which contribute to the redistribution of both natural and anthropogenic carbon
in the ocean [11]. The spatial variability of the CO, flux on the Crimean shelf
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in December 2022 qualitatively coincided with the distribution of temperature,
wind speed, and the partial pressure gradient at the sea—atmosphere boundary
ApCQO,, although the strongest correlation of the CO, flux was found with wind
speed (—0.93) [10].

For inland seas, an additional source of CO; is river water, which especially
affects CO; fluxes on the shelf [5, 12]. In the Black Sea, the contribution of this
source is significant: the Danube, Dniester, Dnieper, and Southern Bug runoff
forms an extensive freshened surface layer on the north-western shelf with high
CO; concentrations [5, 13]. An additional factor in the absorption of atmospheric
CO; by the sea is upwellings, which lead to a decrease in surface water tempera-
ture, an inflow of deep carbon-rich waters, and an increase in primary production
[4, 14]. The total surface area occupied by upwelling waters can reach 14% of
the entire Black Sea area, and interannual variability in the number of upwellings
exhibits quasi-biennial cyclicity [15].

Thus, for a more complete description of the spatiotemporal variability of CO»
fluxes and their dependence on hydrophysical and meteorological conditions for
the entire Black Sea area, it is insufficient to use only high-precision in situ hydro-
chemical measurements due to the limited spatial and temporal sampling (Fig. 1).
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Fig. 1. The study area in the Black Sea. The dots indicate hydrochemical stations
for 2015-2024; the rectangle highlights the area of reanalysis data averaging (4)
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The present paper aims to:

1) assess the characteristics of the spatiotemporal seasonal and interannual var-
iability of the partial pressure of CO, (pCO) in the surface water layer and the CO,
flux at the sea—atmosphere interface (FCO,) based on in situ measurements and
biogeochemical reanalysis;

2) establish statistically significant regression relationships for pCO, and FCO»
based on in situ measurements and biogeochemical reanalysis and assess the de-
pendence of these parameters on surface water temperature.

Materials and Methods

The article uses data obtained during expeditionary research on the R/V Pro-
fessor Vodyanitsky in 2015-2024 (Table 1, Fig. 1). The expedition work area
includes the northern and north-eastern parts of the Black Sea and the 12-mile
(22.2 km) zone of the Crimean coast, where measurements were mainly carried out
after 2022 (Fig. 1). Hydrochemical data were collected as a database of concentra-
tion gradients and CO, fluxes at the water—atmosphere interface from direct pCO,
measurements in the northern part of the Black Sea " and are presented in Table 1.

Table 1. Equilibrium partial pressure of CO, in the surface water layer (pCO»),
in the atmosphere (pCO*™), CO; flux (FCO,) and water temperature (7), averaged based
on measurement data from R/V Professor Vodyanitsky cruises for 2015-2024

rglrritgr Date }:Lit?ri’ Piiﬁm> mmofr(rjlgzj day™! L.°C
g1 | O 3204437 4029468 30424276 1514046
87 0129077'?2001166’ 49024212  3893+27 584268  252+0.32
89 | 0G0 43824283 4054449 2076153 1924113
o1 | AVLANST 3023486 4114241 0285015 1204082
94 2075?0‘2?200117; 47124176 413438 1372080  12.4+0.69

D Konovalov, S.K., Orekhova, N.A., Medvedev, E.V., Ingerov, A.V., Galkovskaya, L.K. and
Zhuk, E.V., 2023. A Dataset of CO: Concentration Gradients and Fluxes at the Water—Atmosphere
Interface, Based on Direct pCO: Measurements for the Northern Part of the Black Sea [Database].
Moscow. State Registration No. 2023623055 (in Russian).
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Table 1 (concluded)

ncurrgi;eer Date f;l(;gli, piaotzr:m’ mrnofjﬂr(rjl(’)zz-,day’l L°C
o5 | W00 5053460 3952414 493411l 2254063
o8 | el 3665578 4105+32 3055133 1254059
101 1276"1122"22001177’ 3551450  4135+24  —693+246  11.1£0.36
102 | DOO2ET 5008488 404326 3054157 23.6+082
10g | OTAY 4595400 4027428 3144115 2454050
g | TN 46944306 430358 3315265 2284120
17| SO 51554119 4097415 2694109 2814030
119 014§909§?2002215 440526 4114+128 1442028 2234020
15 | DI 3gg0e22 4339410 2064041 1304025
126 | OS2 4134429 4381:10 2204069 96+0.09
127 | OO azasess 4219418 1704052 2294021
120 | IO 432128 4373+10  -086£038 1894041
130 | PO 3705068 4359421 2635060 103017
131 218;’056'_2200224; 4973453  4343+10  224+056  20.4+043

Note: For average values, 95% confidence intervals are given.

Values of the partial pressure of CO, were determined using a continuous
pumping system for seawater from the surface layer at depths of 1-3 m according
to the method described in [16].

Temperature and salinity of the surface water layer were measured with
an IDRONAUT OCEAN SEVEN 320PlusM profiling system, and at shallow-water
stations with depths less than 50 m, with a GAP-AK 16 hydrological CTD probe.
Wind speed was measured with a hydrometeorological information collection
system and reduced to the standard 10-m measurement height [17]. The value
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of the carbon dioxide flux at the water—atmosphere interface FCO, was calculat-
ed based on the parameterisations and approach proposed in [18]. In this case,
the constants for the range of measured wind speed values and the ApCO, gradient
between the Black Sea surface and the surface layer of the atmosphere, described
in [10], were taken into account.

In addition, biogeochemical reanalysis data based on the NEMO model and
the BAMHBI model (Biogeochemical Model for Hypoxic and Benthic Influenced
areas) 2 were used. The work used monthly mean values of pCO, and FCO, at the sea
surface from the NEMO-BAMHBI model reanalysis on a regular 2.5 x 2.5 km
grid for 2015-2024 ¥. Instrumental measurements of pCO; in the surface layer

Table 2. Regression dependences of parameters (pCO,", pCO*™ ™, FCO,™, T) accord-
ing to reanalysis data on in sifu measurement data (pCO,, pCOx*", FCO,, T) for the signifi-
cance level p < 0.001

Regression dependence Period Regression equation
2015- T =(0.95+0.08):T+0.11 + 1.57,
I ZreonT 2020 D=091,R=0.96
pCO, = (6.11+0.97)-T+333.4 + 18.3,
2.pCO2on T D=0.56,R=0.76
3. FCOyon T FCO,=(0.35+£0.05)-T— (5.6 + 1.0),

D=0.58,R=0.76

v | 2015- | FCO,=(0.045 = 0.004):(pCO, — pCO,*™) —
4.FCO; on (pCOx-pCO™) | 201 ~(0.34+0.23), D=0.81, R=0.90

(pCO, — pCOA™) = (7.2 + 1.1)-T— 107.6 + 19.9,
D=0.62,R=0.79

pCO™ = (1.50 + 0.14)-pCO, — (192.8 % 60.5),
D=0.83,R=0.91

5. (pCOr—pCOR™) on T

6. pCOy™ on pCO,

2015 pCO™E = (0.43 £ 0.11)- pCOF™ +

atm-re atm
7. pCO; on pCO; 2020 +(224.8+45.7),D=0.53, R=0.73

2015- | FCOy™®=(0.69 = 0.12)-FCO, — (0.09 £ 0.34),

8. FCO,™ on FCO, 2024 D=0.58, R=0.76

Note: D is the coefficient of determination; R is the correlation coefficient.

2 Grégoire, M., Vandenbulcke, L. and Capet, A., 2020. Black Sea Biogeochemical Reanalysis
(CMEMS BS-Biogeochemistry) (Version 1). Data set. Copernicus Monitoring Environment Marine Ser-
vice (CMEMS). https://doi.org/10.25423/CMCC/BLKSEA REANALYSIS BIO 007_005_BAMHBI

3 Vandenbulcke, L., Mouchet, A. and Grégoire, M., 2024. Black Sea MFC BLKSEA _MULTI-
YEAR BGC 007 _005. CMEMS, 36 p. (Quality information document ; CMEMS-BLK-QUID-007-
005). Available at: https://documentation.marine.copernicus.eu/QUID/CMEMS-BLK-QUID-007-
005.pdf [Accessed: 12.08.2026].
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of the atmosphere were compared with pCO, from atmospheric reanalysis on a 1° x 1°
grid for 2015-2023 [3]. The measurement error of the partial pressure of CO,
in the surface layer of the atmosphere was less than 1% [16].

In 2015-2024, the distribution of R/V Professor Vodyanitsky expeditions by
month was as follows: in August and September, two expeditions each; in June,
five; in July, four; in the remaining months, three each (Table 1). No cruises were
conducted in January and February. The duration of measurements in each month
also varied from a few days to two weeks. The uneven distribution of data by month
was taken into account for each month when calculating mean values and standard
deviations (SD), as well as the corresponding confidence intervals. The method-
ology for comparing the means over the instrumental observation polygon and
the means over region A4 of the reanalysis data (Fig. 1) was first tested on surface
water temperature, for which a regression equation was obtained at the significance
level p < 0.001 with a coefficient of determination D = 0.91 and a correlation coef-
ficient R = 0.96 (row 1 in Table 2).

Results and discussion

The seasonal cycle of the partial pressure of CO; in the sea, averaged over re-
gion A and over the entire sea, according to reanalysis data and the corresponding
cruises from Table 1, is presented in Fig. 2, a. According to instrumental obser-
vations, the seasonal cycle reached a maximum of 495 patm (SD — 40.6 patm)
in summer and a minimum of 364.1 patm (SD — 6.7 patm) in November (in the ab-
sence of observations in January and February). The mean value was 440 patm.

There is a tendency for SD values to decrease in winter compared with sum-
mer. According to reanalysis data, the seasonal cycle of pCO, is described by a si-
nusoidal curve for averaging both over the study region 4 and over the entire sea.
For the entire sea, the maximum was reached in June (583 patm), and the minimum
(369 patm) in January, with a mean value of 457 patm. According to data averaged
over study region A, the maximum was observed in July (553 patm), and the mini-
mum (338 patm) in January, with a mean value of 425 patm.

The spatial arrangement of stations during averaging affects the agreement
with reanalysis data (see Fig. 1). The mean instrumental pCO, values for March,
April, October, and December agree well with the reanalysis curve averaged over
the entire sea, whereas the in situ values for May, September, and November corre-
spond better to the curve for region 4 (Fig. 2, a). The summer pCO, values accord-
ing to instrumental observations are approximately 50 patm lower than the reanaly-
sis values. One possible explanation is the removal of CO, from the surface water
layer during the bloom of coccolithophores (May—July) and other biological organ-
isms with a carbonate skeleton [19]. However, according to measurement data,
no pronounced statistical relationship was found between the concentration of coc-
coliths and the pCO; value, which indicates a secondary contribution of the bloom
to the variability of CO, concentration in the surface water layer [19].
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Fig. 2. Seasonal variations in partial pressure of CO; in the sea, averaged over
the region (4), the entire sea (BS), and according to in situ expedition data (a).
Regression of pCO, in situ and reanalysis data, averaged over region 4 (solid
black line) and 95% confidence intervals (red lines) (b)

The decrease in pCO; values according to instrumental data in summer com-
pared with reanalysis data is apparently explained by the larger number of stations
in the coastal zone (see Figs. 1, 3). Therefore, the above-mentioned shift in pCO,
by approximately 50 patm (Fig. 2, a) in summer according to instrumental observa-
tion data is explained by the uneven localisation of stations in the coastal zone of
Crimea specifically in the summer season of expeditions (Fig. 3), while the reanal-
ysis data are uniformly averaged over the entire region 4. This can be seen from
comparing the distribution of stations over the water area (see Fig. 1) and seasonal
maps of pCO, distribution (Fig. 3). Nevertheless, between the pCO, in situ data and
the reanalysis data averaged over region A4, a regression significant at the p <0.001
level was obtained with a coefficient of determination of 0.83 and a correlation co-
efficient of 0.91 (see Fig. 2, b); the regression equation is given in Table 2 (row 6).
It should be noted that the graphs of the seasonal cycle according to instrumental
observations and reanalysis data averaged for region A4 correspond well. At the same
time, pCO; values according to reanalysis data for the entire sea are greater than
for region 4, and the maximum for the entire sea is reached one month earlier
(in June) compared with region 4 (July) (see Fig. 2, a).

The results of comparing the partial pressure of CO; in the surface layer of
the atmosphere according to atmospheric reanalysis and direct measurements showed
good agreement. For them, a regression relationship was obtained at the signifi-
cance level p < 0.001 with a coefficient of determination D = 0.53 and a correlation
coefficient R = 0.73 (row 7 in Table 2).
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Fig. 3. Annual mean distribution of pCO; for July 2015-2024 from reanalysis data
and the locations of hydrochemical stations for which an estimate of the seasonal varia-
tion was obtained based on instrumental data from cruises: No. 87 (2016, red dots),
No. 95 (2017, yellow dots), No. 108 (2019, black dots), No. 117 (2021, white dots),
No. 127 (2023, green dots)

In the cold period of the year, from January to April and from October to De-
cember, absorption of atmospheric CO; occurred in study region 4. The maximum
negative values of the mean FCO, flux over region 4 were —3 mmol-m 2-day '
in March and December according to instrumental data and up to =4 mmol-m2-day "
according to reanalysis data (Fig. 4, a). In the warm period of the year, from May
to September, the FCO; flux in study region 4 was directed into the atmosphere,
reaching a maximum of 3.4 mmol-m 2-day ' in August (Fig. 4, a). The mean tem-
perature of the surface sea layer also reached a maximum (27°C) according to in-
strumental observations in August. At the same time, F'CO, flux values according
to reanalysis data for the entire sea are greater than those for region 4 (Fig. 4, a).
Averaged over the entire sea, the FCO; flux changes direction from absorption
to emission approximately one month earlier (in April) than in region A4 (in May)
(Fig. 4, a).

The maximum FCO; according to reanalysis data is reached in summer one
month earlier (in July) and exceeds the mean flux according to instrumental data
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by approximately 1 mmol-m*-day ' (Fig. 4, a). Nevertheless, the underestimation
of instrumental estimates of the seasonal cycle of pCO, in summer (see Fig. 2, a)
leads to an underestimation of FCO, according to measurement data relative to re-
analysis in July (Fig. 4, a). However, from monthly mean F'CO; data (in sifu meas-
urements and reanalysis) for region A4 for 2015-2024, a regression significant
atthe p < 0.001 level was obtained (Fig. 4, b) with coefficients of determination
and correlation of 0.58 and 0.76, respectively (row 8 in Table 2). Qualitatively,
the seasonal variability of the mean FCO, flux over the study area coincided with
the seasonal cycle of mean temperature and the mean partial pressure gradient
ApCO,, for which significant regression equations were obtained (rows 3 and 4
in Table 2, respectively). It should be noted that the graphs of the seasonal cycle
of FCO, according to instrumental observations and reanalysis averaged for region
A correspond well (Fig. 4, a).

Based on reanalysis data, the seasonal spatial distribution of partial pressure
(see Figs. 3, 5) and CO; flux (Figs. 6, 7) was obtained. In July, region A was char-
acterised by pCO; values up to 560 patm, which corresponds to elevated values
on the seasonal cycle graph, since most stations are located in the coastal and shelf
zones with pCO; up to 520 patm (see Fig. 3). Minimum values (up to 500 patm)
were recorded on the north-western shelf of the sea. At the same time, the coastal
areas of the runoff of the Southern Bug, Dnieper, and Dniester rivers give maxi-
mum pCO, values (up to 800 patm) (see Fig. 3). The largest source of CO; flux
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Fig. 4. Seasonal variation of the FCO, flux averaged over region 4, over
the entire sea (BS) and according to in sifu expedition data (a). Regression of FCO,
and the partial pressure gradient of CO, at the sea-atmosphere interface ApCO,
based on monthly average in situ data (b)

48 Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2026



N -
&\ 800 Y
400
: . Locs] P
46 350 A % q :,i,gf »
i ). 400 300 i °
SR 4 |
[ ol N Z Q
45° e, 325 = L //
SClGe 300 e
800
500
375
440 I 350/
325
43° 330 — 350 i
350
42° 323
325 325 I
41°
28°  29° 30° 31° 32° 33° 34° 35° 36° 37° 38 39° 40° 41° E
I |
150 200 250 300 350 400 500 600 800
pCO2, patm
Fig. 5. Annual mean distribution of pCO, according to reanalysis data

46°

45°

44°

43°

42°

41°

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2026

for January 2015-2024

o Y
A NIRRT N”
: ' ‘ i % (e
i J, o
: < | ]
2 70 g :
) 2
3 4 H
3
2
,
3 2
28> 29° 30° 31° 32° 33 34° 35° 36> 370 38 39° 40° 41° E
B |
0 1 2 3 4 5 6 10
FCO2, mmol-m2-day !
Fig. 6. Annual mean distribution of FCO, according to reanalysis data

for July 2015-2024

49



50

N P
N Y
46° = =2 | d e Nﬁ“
3 7z ) LT
s o
ﬁ) -;:“ o X “’@\_‘_‘,_ /r—ﬂv’_‘
45° SR - =
5 —4
— 4
—3
44° 5
—3
43°
-2
-3 - =2
-3
42°
—2
=)
41°
28°  29° 30° 31° 32° 33° 34° 35° 36° 37° 38 39° 40° 41° E
| |
-6 -5 —4 -3 -2 -1 0 5 10
FCO2, mmol m2day !
Fig. 7. Annual mean distribution of FCO, according to reanalysis data

46°

45°

a4°

for January 2015-2024

0 0204 06 08 1 2 3 4
FCO2, mmol-m—2day~!

Fig. 8. Annual mean distribution of FCO, standard deviation according
to reanalysis data for July 2015-2024

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2026



into the sea is associated with the Danube plume, where pCO; values reach more
than 800 patm (see Fig. 3). In the central and western deep-water parts, pCO;
values up to 560 patm are also noted (see Fig. 3). In January, in the central part of
the sea, pCO; values decrease to 350 patm, and in the coastal and shelf areas of
the north and north-east of the sea, to 250-300 patm (see Fig. 5). In winter, the area
of river plumes decreases due to reduced river runoff, but the surface freshened
layer still remains a source of CO, for the sea with pCO, values up to 800 patm
(see Fig. 5).

In summer, the CO> flux is directed from the sea into the atmosphere; in July it
reaches a maximum FCO,, according to reanalysis data, of up to 4 mmol-m 2-day '
in the central part of the sea and more than 10 mmol-m2-day”' in the areas of
river plumes on the north-western shelf (see Fig. 6). Minimum values, up to
2 mmol-m~-day ™!, were localised in the coastal areas of Crimea (see Fig. 6) and
coincided with areas of temperature decrease during seasonal upwellings, statistical
data on which are given in [15], while local minima of the FCO, flux were ob-
served in the eastern and southern regions of the Crimean Peninsula according
to measurement data [10]. In Fig. 8, the upwelling areas near Crimea are outlined
by the isoline of the standard deviation (SD) of FCO, at 0.6 mmol-m *-day .
On the north-western shelf, variability due to the combined effect of river runoff
and upwellings reaches maximum values for the entire sea area, 2—4 mmol-m 2-day ',
while in the deep-water part of the sea it does not exceed 1 mmol-m -day ' (Fig. 8).

In winter, the CO; flux is directed from the atmosphere into the sea. In Janu-
ary, FCO, reaches a maximum (in absolute value) of up to —4 mmol-m *-day
on the north-western shelf and in the Kerch region, and a minimum of up to
—1 mmol-m %-day ' in the central part of the sea (see Fig. 7). In winter, the areas
of river plumes on the north-western shelf still remain a source of CO, for the sea;
the CO» flux is positive and directed from the sea into the atmosphere with F'CO,
values in January exceeding 10 mmol-m >-day ' (see Fig. 7). River plumes of
the Southern Bug, Dnieper, and Dniester rivers are characterised by maximum
pCO; values (up to 800 patm) on the north-western shelf and serve as a source
of CO, for the sea (see Fig. 5). The CO, flux is positive and directed from the sea
into the atmosphere with mean FCO, values exceeding 10 mmol-m *-day ' (see
Figs. 3-8). The role of the Danube as the main source of CO, on the north-western
shelf of the sea is manifested in the seasonal cycle of CO,: the maximum CO; con-
centration in the Danube delta and branches is observed in May and October [20].
Since the maximum river runoff on the north-western shelf occurs at the end
of April-May, the areas of river plumes and, accordingly, the FCO; flux into
the atmosphere reach a maximum in May—June [13].

Conclusions

Comparison of instrumental observation data on the equilibrium partial pres-
sure pCO; in the near-surface sea layer and the FCO,; flux at the sea—atmosphere
interface in 19 expeditions in 2015-2024 at control polygon A in the north-north-
eastern Black Sea with biogeochemical reanalysis data showed that the reanalysis
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data describe, with statistical significance, the seasonal and interannual spatio-
temporal variability of the partial pressure and CO; flux in the surface sea layer.
The following results were obtained:

— Statistically significant regression relationships and cross-correlations were
determined for the parameters pCO,", pCO*™ ™, FCO,", T according to re-
analysis data and the results of measurements of pCO,, pCO*™, FCO, T in situ
at the significance level p < 0.001.

— The seasonal cycles of the equilibrium partial pressure pCO, averaged
over region A4 in the near-surface sea layer according to instrumental observations
and biogeochemical reanalysis coincide within 95% confidence intervals, except
for the summer season, which is explained by the non-homogenious location of
hydrochemical stations (casts) near the Crimean coast during summer expeditions.

— The seasonal cycles of the FCO, flux averaged over region A at the sea—
atmosphere interface according to instrumental observations and biogeochemical
reanalysis coincide within 95% confidence intervals.

— For the first time, quantitative estimates of the spatial variability of seasonal
CO; fluxes were obtained for the entire Black Sea area: in the cold period (Octo-
ber—April), uptake predominates (FCO, < 0), while in the warm period (May—
September), emission predominates (FCO; > 0).

— For the first time, for the entire Black Sea area, the seasonal cycle of the par-
tial pressure pCO; in the near-surface water layer was quantitatively determined:
a maximum of 580 patm in June and a minimum of 365 patm in January.

— For region A4 in the northern part of the sea around Crimea, the maximum
pCO; (up to 557 patm) is observed already in July, and the minimum in January
reaches 340 patm. This makes it possible to reconstruct the seasonal values of
pCO; and FCO; in the winter months (January and February), when expeditions
were not conducted.

For the first time for the entire Black Sea area, long-term mean spatial esti-
mates of the equilibrium partial pressure pCO; in the near-surface sea layer and
the F'CO; flux at the sea—atmosphere interface were obtained for each month.

— Part of the north-western shelf and the Kerch region are characterised by
maximum CO; invasion from the atmosphere into the sea in winter (in January
FCO, reaches —4 mmol-m2-day '), while in the deep-water part of the sea the in-
vasion is weak (about —1 mmol-m ?-day '). In summer, maximum evasion (in July
FCO; reaches 5 mmol-m 2-day ') covers the central and western parts of the sea,
while in the river plume zones on the north-western shelf values can exceed
10 mmol-m2-day .

— The spatial distribution of the CO> flux on the north-western shelf indicates
the influence of river plumes (especially the Danube) on the seasonal dynamics of
FCO:.

— Comparison of the distribution of the CO, flux and its SD in the coastal zone
of Crimea with statistical data on seasonal upwellings allows a qualitative conclu-
sion about the significant influence of upwellings on FCO,, especially in summer,
when the frequency and intensity of upwellings are maximal.
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On the basis of the obtained significant regression relationships and cross-

correlations, it can be concluded that among the considered factors, water tempera-
ture has the main influence on pCO,, while water temperature and the difference
in partial CO, pressures between the sea and the atmosphere have the main influ-
ence on FCOs.
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Diurnal Cycle of the Black Sea Waters Temperature
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on High-Frequency Measurements of the Thermoprofilemeter
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Abstract

The aim of this article is to analyse the vertical variability of the diurnal temperature cycle
in coastal waters off the Southern Coast of Crimea. The study is based on data from a ther-
moprofilemeter with a high temporal resolution of 0.5 s, installed on the oceanographic
platform in Katsiveli, covering the period from August 24, 2021, to November 26, 2023.
It was found that the diurnal temperature cycle is expressed at all measurement depths and
is most pronounced at the uppermost level (0.75 m) from May to August. Maximum anom-
alies of the mean diurnal cycle are observed in May—July during the morning and afternoon
hours. The strongest warming occurs from 11:00 to 16:00 in layers down to 6-8 m, and
during the warm season it reaches depths of 14-16 m. Selected events of significant day-
time warming in both cold and warm seasons are examined. The diurnal amplitude is 1.3°C
in the cold season and 3.5°C in the warm season. Statistical analysis of daytime warming
AT shows that AT is most often less than 0.3°C, while events with AT exceeding 2-3°C are
rare. The highest temperatures are observed in June—August at the uppermost levels under
wind speeds of 2—4 m/s, with warming penetrating down to 18 m. During the cold season
(November—April), under strong winds, temperatures are low at all depths. The highest
mean AT values occur in summer at wind speeds up to 6 m/s, decreasing with increasing
wind speed. The lowest AT values are characteristic of the cold season. In layers down
to 4-6 m, AT exceeds 0.8-1°C in summer, while in winter it is close to 0°C at all meas-
urement levels. Thus, thermoprofilemeter data can be successfully used to analyse the diur-
nal variability of water temperature in the coastal zone. The results obtained in this study
complement the existing understanding of diurnal temperature variability in the coastal
Black Sea. In particular, it was determined that the vertical distribution of diurnal tempera-
ture fluctuations strongly depends on the season and wind conditions, and in summer day-
time warming can penetrate to depths of 14-18 m.
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CyTo4Hbli X041 TeMIepaTypsbl Boa UepHoro Mmops
B paiione IQ:xHoro 6epera KpsiMa 1o 1aHHbIM
BbICOKOYACTOTHBIX U3MepPeHuil Tepmonpoduiemepa
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AHHOTAIHSA

Lenpro HacTosAMmEeH pabOTHI SIBISIETCS aHAJIN3 BEPTHKAJIBHOW M3MEHYHBOCTH CYTOYHOTO
X0/la TeMIlepaTypsl MpUOpeXHBIX BoA B paiioHe IOxHoro Gepera Kpeima. MccnenoBanue
BBINOJHEHO C MCIIOJIb30BaHWEM JAaHHBIX TepMoIpoduieMepa ¢ BHICOKMM BPEMEHHBIM pas-
pemeareM 0.5 ¢, YCTaHOBIICHHOTO Ha OKeaHorpaduueckoi miatdopme B 1. Karmsen,
3a nepuof ¢ 24.08.2021 no 26.11.2023. OnpeneneHo, 4T0 CYTOYHBIM XOJl TEMIEPATyphl
BBIpa)KEH Ha BCEX TOPH30HTaX U3MEpEHUil, Hanbosee SpKo — Ha BepxHeM ropuzonte 0.75 M
C Mas 1o aBryct. MakcuManbHble aHOMaJIUH CPEJHEro CyTOYHOI'0 X0/a OTMEYaloTCs
B Mae — HIOJIE B YTPEHHUE U JAHEBHbIE Yackl. MakcuManbHbIN nporpes npoucxoaut ¢ 11:00
110 16:00 B ciosix 10 6-8 M, a B TEIUIBINA NEPHOJ JOCTUraeT ropu3oHToB 14—16 m. Paccmor-
PEHBI OTJIENIbHBIE COOBITHSI 3HAYUTEIILHOTO THEBHOT'O MPOrPeBa B XOJIOAHBIN U TETUIBIN Iie-
puoasl roga. AMIIIMTYA cyTouHoro xona cocrasiser 1.3 °C B xonoassiii u 3.5 °C B ten-
neiid iepuofi. CTaTHCTHYSCKUI aHaau3 JHEBHOro mporpeBa AT mokasal, 4TO yaIie BCEro
AT cocrasisier meHee 0.3 °C, a coobitus ¢ AT 6onee 2—3 °C penku. Haubomnbinas Temiie-
parypa HabJIo1aeTCsl B MIOHE — aBryCTe Ha BEpXHHUX TOPH30HTaxX MpH Berpe 2—4 m/c, mpo-
I'PEB MOXKET MpPOHUKATh 70 18 M. B xomonusiii nepros (HOsIOpb — amnpenb) MpU CHIBHOM
BETpE TeMIlepaTypa UMeeT HU3KHE 3HaueHWsl Ha BceX ropusoHtax. Hambombine cpenHue
3HavyeHus1 AT OTMeuaroTcs JIETOM IPU BeTpe 10 6 M/C, C YCHIICHUEM BETpa OHU CHIDKAIOTCS;
HAMMEHBIIINE — XapaKTePHbI IS XOJIOAHOr0 reproa roga. B ciosx mo 4—6 m 3HaueHus AT
nerom mpeBbimanT 0.8—1 °C, a 3umoii Onm3ku k 0 °C Ha BCeX TOPU3OHTAX W3MEpPEHHUH.
Taxum oOpa3om, JaHHBIE TepMonpoduiIeMepa MOTYT ObITh HCIOJIB30BaHbI IS aHAIN3a CY-
TOYHOI M3MEHYMBOCTH TEMIIEpaTyphl BOX MPUOPEKHOI 30HBI. Pe3ynbTaThl, MmomydeHHbIE
B UCCIIEIOBAHUU, JTOTIONHIIOT YK€ MMEIOLIYIOCS KapTHHY CYTOUYHOW U3MEHUUBOCTH TEM-
nepaTypbl B puOpexHoi 30He UepHoro mops. B yacTHOCTH, ompeneneHo, YTO BEpTH-
KaJIbHOE paclpeeleHue CyTOYHbIX KoneOaHui TeMIlepaTyphl BOJ CHIBHO 3aBUCHUT OT Ce-
30Ha U BETPOBBIX YCIIOBMil, a B JIETHUW IIEpUOJ AHEBHOW IIPOTPEB MOXKET NPOHUKATH
1o tnyoun 14-18 m.

KnroueBble cjioBa: CyTOUHBII X0 TeMIEpaTypbl, paclpeAeIeHHbIH JaTIUK TeMIIepaTypsl,
Tepmonpoduemep, Tepmokoca, Yepnoe mope, FOxubIit 6eper Kpsima
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npudpexHoii 1 menb(oBoit 30H Mops. 2026. Ne 3. C. 56—75. EDN DNXDEJ.

Introduction

Monitoring of the state of the coastal sea zone, such as the Southern Coast of
Crimea (SCC), is necessary for understanding and predicting the natural processes
occurring in it and their impact on the environment. The study of temperature vari-
ability of the coastal waters of the Black Sea in the SCC region is important for as-
sessing ecosystem dynamics, identifying climate changes, and understanding pro-
cesses at the sea—land boundary. Among the many hydrophysical parameters,
the vertical thermal structure of waters is the most informative, since it determines
the dynamics of biogeochemical components of the marine environment, the state
of the coastal zone, and its recreational potential. Of particular interest is tempera-
ture variability, which reflects both seasonal and intraseasonal fluctuations that af-
fect ecosystem processes and sea—land interaction.

The coastal zone of the SCC is characterised by high dynamism of the temper-
ature regime due to its geographic location and climatic conditions. Since signifi-
cant tidal oscillations are absent here, upwellings and wave processes of various
origins play a decisive role in the formation of the thermal structure. The identifi-
cation of such difficult-to-predict events, whose duration varies from several
minutes to several days, is possible only through long-term continuous observa-
tions [1].

The study of the diurnal cycle of temperature in the upper ocean layer is
among the priority tasks of modern oceanology, since it is diurnal fluctuations that
make a substantial contribution to the turbulent exchange of heat and momentum
between the ocean and the atmosphere and affect the formation of wind fields [2, 3].
Changes in water stratification caused by diurnal fluctuations in heat fluxes affect
physical and biogeochemical processes in the upper ocean [2]. As shown in [4],
diurnal temperature variability in the near-surface ocean layer is closely related to
the radiation balance and turbulent exchange. The diurnal temperature cycle is rec-
orded almost throughout the World Ocean, and its consideration is mandatory for
a correct assessment of near-surface water temperature, which plays a significant
role in heat and mass exchange across the water—air interface. Modelling results
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confirm that diurnal temperature variability substantially modulates water stratifi-
cation, turbulence conditions, and the formation of the upper quasi-homogeneous
layer [5-7].

This problem has been addressed in many studies by both foreign and domes-
tic authors [8-13] using in situ measurements and satellite monitoring. Fundamen-
tal works on the general circulation and climatology of the Black Sea, for example
[14, 15], rely on standard hydrological sections, which cannot adequately repro-
duce high-frequency diurnal variability and coastal processes characteristic of
the SCC coastal zone.

It should be noted that one of the main factors forming the thermal regime off
the Crimean coast is upwelling. The overwhelming majority of modern studies of
the variability of the coastal thermal structure of waters are devoted to it [1, 16-19].
Thus, in [1], based on thermistor chain data with a temporal resolution of 60 s,
the seasonal cycle of synoptic thermal variability of waters at the Black Sea Hy-
drophysical Subsatellite Polygon, Katsiveli, in 2013 was estimated, and upwelling
events not related to wind forcing were considered. In [20], the vertical thermal
structure of Black Sea waters was studied using temperature-profiling drifters, and
in [21], high-frequency SEVIRI scanner data combined with results of coastal
in situ measurements made it possible to successfully study sea surface temperature
(SST) variability in the coastal zone of the SCC.

The thermal structure of waters at the Black Sea Hydrophysical Subsatellite
Polygon in Katsiveli has been studied from the stationary oceanographic platform
of MHI since the mid-1990s using various instruments, including a thermistor
chain installed from the near-surface to the bottom layer. In [22], information is
given about the platform itself and its capabilities for long-term hydrometeorologi-
cal measurements, as well as long-term data on the vertical distribution of sea tem-
perature (1981-2003), which showed a positive trend in annual mean sea tempera-
ture. In [23], results of long-term measurements of water temperature off the SCC,
performed in the area of the oceanographic platform at depths up to 25 m, as well
as corresponding data on the wind field in this region, are presented. For the warm
half-year, monthly changes in temperature at six standard levels (1, 5, 10, 15, 20,
and 25 m) are detailed, and wind-induced upwelling/downwelling processes and
their temporal variability are recorded.

The widespread use of thermistor chains and thermoprofilemeters has not led
to a detailed study of the diurnal temperature cycle, since most works are devoted
to upwellings and internal waves. An exception is [24], where water temperature
in Balaklava Bay at depths from 14.5 to 29 m was measured with a thermistor
chain (29.01.2022-04.02.2022). At each sensor, 303 water temperature values were
recorded. Over the entire measurement period, the maximum temperature was
9.075°C and the minimum was 8.375°C. As a result, it was concluded that the di-
urnal cycle is not observed in the thermistor chain data. The features of the vertical
variability of the diurnal temperature cycle in Black Sea waters are considered
in more detail in [25], which studied significant diurnal warming events for the cold
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and warm seasons. However, these measurements relate mainly to the deep-water
part of the Black Sea. In addition, the vertical resolution of temperature-profiling
drifters [20] in the surface layer is insufficient and is limited to data from only two
sensors — at levels 0.2 and 12.2-12.5 m. Remote sensing data from the SEVIRI
scanner [26] allow estimating the diurnal cycle of SST, as well as extreme warming
events, but the vertical temperature distribution is not recorded by this scanner.
The model study [27] reproduces, based on NEMO calculation results, the vertical
distribution of the diurnal temperature cycle for the Black Sea basin in different
seasons of 2015; however, no similar works have been carried out for the SCC re-
gion.

Thus, at present there are no studies that, on the basis of long-term in situ
measurements, analyse the vertical distribution of the diurnal temperature cycle
in the coastal zone of the SCC in different seasons.

The aim of our work is to estimate the diurnal variability of the temperature of
the upper water layer in the SCC region using high-frequency thermoprofilemeter
data over a period of more than two years. To achieve this aim, the following tasks
were performed: the vertical distribution of diurnal oscillations and its features
in different seasons were studied and described, a statistical analysis of diurnal
warming events in the upper water layer was carried out, and the relationship of di-
urnal temperature variability with wind forcing was analysed.

Methods

Region and measurement period. The study was carried out using data ob-
tained at the stationary oceanographic platform of Marine Hydrophysical Institute,
Russian Academy of Sciences, located in Katsiveli (SCC) at a distance of about
500 m from the shore. The sea depth at the measurement point was about 30 m.
Measurements were performed from 24.08.2021 to 26.11.2023.

Thermoprofilemeter data. Vertical temperature profiles were obtained using
a distributed temperature sensor (thermoprofilemeter) with a total length of 24 m,
consisting of 16 1.5-m temperature-sensitive sections [28]. The sensor installation
anchored on the bottom near the platform provided continuous measurements of
the interpolated temperature profile to a depth of 19.5 m. The remaining sections
(4.5 m) were located vertically above the water and at the interface in the surface
sea-wave zone. In this work, data from 16 measurement levels were analysed: 0.75,
2.25, 3.75 m above sea level; —0.75, —2.25, —3.75, —5.25, —6.75, —8.25, —9.75,
—11.25,-12.75, —14.75, —15.75, —17.25, —18.75 m relative to sea level. The prima-
ry polling period of all sections was 0.5 s, which made it possible to obtain an al-
most instantaneous picture of vertical temperature stratification. The instrumental
resolution of the sensor measuring channels was 0.0026°C. The declared measure-
ment error at the profile sections is 0.1°C. The thermal inertia of the sensor is about
30 s [29].
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Wind speed data. Measurements ¥ were carried out on the same platform
at a height of 21 m above sea level with subsequent reduction to the standard ob-
servation height of 10 m [30]. The marine part of the platform, oriented approxi-
mately 50°-230° relative to north, was used. The direction range available for wind
measurements is 340°-0°-270°. All data passed quality control with rejection of
unreliable fragments.

Data processing. To analyse temporal variability and the diurnal cycle of tem-
perature, the initial thermoprofilemeter data (polling period 0.5 s) were averaged
to hourly values. Data for levels 0.75 m and lower were analysed. For each meas-
urement level, time series of temperature were constructed, on the basis of which
seasonal and diurnal variability was estimated.

To quantify diurnal oscillations, two parameters were used:

— the amplitude of the diurnal cycle (A), calculated as the difference between
the maximum and minimum temperature values over a calendar day. This parame-
ter characterises the total range of diurnal oscillations, but can be distorted by
upwellings leading to sharp cooling;

— diurnal warming (AT) — the difference between temperature at 17:00 and
4:00 local time:

AT =T17.00 — Toa00.

The choice of these hours is justified by the fact that, according to preliminary
analysis of the mean diurnal cycle, 04:00 corresponds to the temperature minimum
and 17:00 to the maximum in most months. The use of AT allows a more objective
assessment of diurnal warming itself, excluding the influence of upwellings and
other short-term cooling events that can falsely overestimate the amplitude A.

Statistical analysis. To estimate the frequency of occurrence of diurnal warm-
ing events, histograms of the AT distribution were constructed for the entire meas-
urement period, as well as separately for the warm (May—September) and cold
(November—March) seasons. Only positive AT values were analysed (cases when
the temperature at 17:00 exceeded the temperature at 04:00).

Limitations. The analysis was performed for one fixed measurement location;
therefore, the obtained results reflect local features of the diurnal cycle and may not
fully correspond to open-sea conditions. The profiler data cover only the upper lay-
ers at depths of 0-19.5 m, which limits the possibility of analysis at deeper levels.

D Kuznetsov, A.S., Garmashov, A.V. and Zima, V.V., 2023. Database for Wind Characteristics
Monitoring for the Black Sea Coastal Ecotone at Cape Kikineiz of the Southern Coast of Crimea for
2013-2022 [Database]. Moscow. State Registration No. 2023622482 (in Russian).
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Results and Discussion

Diurnal and seasonal cycles of water temperature in the upper layer

The time course of water temperature at the 0.75 m level from 24.08.2021 to
26.11.2023 (Fig. 1) demonstrates a clearly pronounced seasonal cycle and diurnal
variability. The lowest temperature at this level was 7.4°C (23:00 10.03.2022), and
the highest was 29°C (16:00 22.08.2023). In the pattern of the temperature time
course, events of upwellings and extreme diurnal warming events stand out, with
an amplitude of the diurnal temperature cycle at the upper level exceeding 10°C
(examples are marked by ellipses in Fig. 1).

Fig. 2, a presents the distribution of mean temperature at the 0.75 m measure-
ment level by months and hours of the day. From the obtained distribution it is seen
that the seasonal cycle makes the most substantial contribution to temperature vari-
ability. Maximum temperatures during the year occur in August (in the afternoon
hours) and average 26.6°C; minimum values are observed in February—March
(at night and in the morning) and are 8.9-9°C.

The temperature anomaly diagram (Fig. 2, b) shows the deviation of the diur-
nal temperature cycle at the 0.75 m level from the mean seasonal value. The largest
absolute anomalies are observed in May—August, when the diurnal temperature cy-
cle is most pronounced. Maximum values are recorded in June—July and range
from —0.9...—0.8°C (2:00-5:00) to approximately +1°C at 17:00. Such a distribu-
tion of the mean diurnal cycle is in good agreement with estimates obtained earlier
from SST data [26] and with the distribution pattern obtained in [27] from NEMO
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Fig. 1. Temporal variability of temperature at a depth of 0.75m
from 24.08.2021 to 26.11.2023, based on thermoprofilemeter data (ex-
amples of extreme daytime warming are marked with red ellipses; exam-
ples of upwelling events are marked with orange ellipses)
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Fig. 2. Seasonal variability based on thermoprofile-
meter data for 2021-2023: temperature at a depth of 0.75 m
by hour of day and month (a); temperature anomalies
at a depth of 0.75 m by hour of day and month (b)

model calculations. The discrepancy with temperature-profiling drifter data [25]
at the 0.2 m level (maximum anomalies in April-May, reaching +£0.4°C) is most
likely explained by the fact that the thermoprofilemeter was located in the coastal
shallow-water zone and measurements were carried out at one fixed point.
In summer, breeze winds make an additional contribution to the variability of
the diurnal cycle in the coastal zone. Temperature-profiling drifters, by contrast,
operated mainly in the deep-water part of the Black Sea and constantly changed
their position.

Vertical distribution of the diurnal temperature cycle

At the 0.75 m level, the mean diurnal cycle is traced throughout the year
(Fig. 3). Maximum temperatures were recorded from 11:00 to 16:00; the time
of maximum varied by month: in February at 14:00, in May at 17:00, in August
at 15:00, and in November at 12:00 (Fig. 3, a—d).

One of the parameters analysed in this work is the amplitude (A) of the diurnal
cycle. A takes maximum values in June—October. At the upper measurement level
in June, it reached 1.8°C, in July 1.7°C. In the cold season, the mean amplitude
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Fig. 3. The mean diurnal temperature cycle at depths of 0.75, 2.25 and
3.75m (a—d) and vertical distribution of the mean diurnal temperature cycle
(e-h) for February (a, €); May (b, f); August (c, g); November (d, h) 2021-2023

did not exceed 0.4°C. Maximum warming was noted predominantly in the upper
layers down to 6-8 m depth. However, in the warm season it extended to the lower
measurement levels, 14-16 m (Fig. 3). At the 18.75 m level, the mean diurnal tem-
perature cycle was expressed to a greater or lesser extent in all months except July
and November. It was most clearly manifested in June (A = 1.5°C), August
(A =1.4°C), and October (A = 0.7°C).

It should be noted separately that in the cold period (November—March) and
in the period of seasonal temperature decrease (August—October), during the morn-
ing and evening-night hours, the water temperature at the upper measurement level
was lower than in the underlying layers. This is clearly seen in Fig. 3, a, c, d.
In December—March, the temperature at the 0.75 m level was lower than
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at the 2.25 m level. From August to November, during the evening and morning
hours, the temperature in the upper layer was lower than at the 3.75 m level (Fig. 3),
and only from 10:00 to 15:00 did it become higher than in the underlying layers.

In [25], which studied the mean diurnal cycle for levels 0.2 and 12.2 m, such
a vertical temperature distribution in the diurnal cycle is associated with the fact
that during daytime the waters of the upper layer warm up, while during night and
morning hours nocturnal convection cools this upper layer, and the temperature
at the lower levels turns out to be higher than in the upper layer.

Features of the diurnal cycle and diurnal warming

Diurnal warming events in the warm season. The time range of thermopro-
filemeter measurements included two warm periods — May—August 2022 and 2023.
The thermoprofilemeter data well reflect seasonal warming. The highest tempera-
ture values were recorded in August. A number of pronounced upwelling events
are observed.

Let us consider in more detail the events of significant diurnal warming in the
warm season. In May 2023, for example (Fig. 4, a), it is clearly seen that on aver-
age the A values at the upper level did not exceed 3.5°C. A values above 4°C cor-
respond to upwelling events (highlighted in blue). For example, on 28 May
A reached 13.4°C due to cooling, when the water temperature at the 0.75 m level
on that day almost equalled the temperature at the 18.75 m level (Fig. 4, a).

An event of intense diurnal warming was recorded on 22.07.2023 (Fig. 4, b).
The temperature of the upper layer increased from 23.7 to 27.2°C, A = 3.5°C.
On that day, wind speed was lower than on the previous and following days and
did not exceed 6 m/s; air temperature reached 29°C. At the same time, on 21 and
23 July, when wind speed exceeded 10 m/s, no similar warming was observed
despite the high air temperature (Fig. 4, b). Stable stratification formed: the water
temperature at the 18.75 m level remained at 18—19°C.

The mean amplitude of the diurnal cycle A was 2°C, reaching 3-3.5°C
in some cases (Fig. 4, b). As an example, consider the warming event of 22 July:
over the day A reached 3.5°C, and water temperature rose from 23.7 to 27.2°C
(Fig. 4, b). This was due to hydrometeorological conditions: wind speed during
that day did not exceed 6 m/s, and air temperature increased from 24.5 to 25°C.
At the same time, on 23 July, despite a substantial increase in air temperature to
27.5°C, no such water warming was observed because of wind intensification to
10 m/s. Temperature stratification was noted: at the 18.75 m level, water tempera-
ture during this time interval did not exceed 17°C, which was substantially lower
than in the upper layers.

Diurnal warming events in the cold season. In the cold season (Fig. 5, a), from
December 2022 to March 2023, the mean amplitude of the diurnal cycle at the upper
0.75 m level was 0.5°C, somewhat higher than estimates obtained in [11] from ther-
mistor chain data in the Baltic Sea for the analogous period of 2014 (0.1-0.3°C).
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This difference is probably related to different measurement regions: in this work,
profiler data in the coastal zone of the Black Sea were used, whereas in [11]
measurements were carried out with a thermistor chain in the open part of
the Baltic Sea.

Four warming events were identified for which A values reach and exceed
1°C: 21.12.2022 (1.3°C), 29.12.2022 (1°C), 08.01.2023 (1.2°C), and 06.03.2023
(1°C).

Let us consider in more detail the warming event of 21.12.2022 (Fig. 5, b).
On that day, water temperature and the amplitude of its diurnal cycle reached fairly
high values — 14 and 1.3°C, respectively. Wind speed during the day under con-
sideration did not exceed 6 m/s, and in the daytime hours almost calm conditions
persisted (2-4 m/s). At the same time, air temperature reached a maximum and
was 12—-14°C in the daytime. In addition, on the previous day, 20 December,
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Fig. 5. Temporal variability of temperature at depths of
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substantial diurnal warming event was also noted with A = 0.75°C at a fairly high
air temperature (13.2°C). It is clearly seen that with a gradual increase in wind
speed and a decrease in air temperature, the intensity of diurnal warming decreases
significantly: on 22 and 23 December, A values did not exceed 0.4°C (Fig. 5, b).

During the same period, two upwellings were recorded — on 13.12.2022
and 07.01.2023 (Fig. 5, a), when water temperature at the upper 0.75 m level de-
creased from 14 to 11.3°C and from 12.2 to 8.6°C, respectively.

Extreme warming events can be observed both from remote sensing data and
from temperature-profiling drifter measurement results. The conditions of its for-
mation are similar to those described in [25, 26]: low wind speed and absence of
cloud cover.
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Amplitude of the diurnal temperature cycle, diurnal warming, and statistical
distribution of diurnal warming value in the upper water layer. For statistical analy-
sis of diurnal warming events, the amplitude A, calculated as the difference be-
tween the maximum and minimum temperature values over the considered day,
may not always be an appropriate measure. This is because during the day not only
warming but also cooling can occur, often associated with upwellings. Fig. 6 com-
pares time series of A and AT (difference in temperature values at 17:00 and 4:00)
at the 0.75 m level. Such a temperature difference allows an objective assessment
of diurnal warming, since at these hours the diurnal maximum and minimum tem-
peratures are observed, respectively (see Fig. 2, b). It is clearly seen that for events
with extremely high A values, in the overwhelming majority of cases AT values are
negative, indicating cooling.

Statistical analysis of diurnal warming events was carried out only for positive
AT values (warming cases). Distributions for the entire period as a whole, as well
as separately for the warm and cold seasons, show (table) that warming with AT
less than 0.3°C is most common.

Events with AT = 2-3°C were rare and accounted for no more than 2% of
the total number of warming events and 6% in the warm season. In the warm peri-
od (May-September), AT can reach 5°C and higher, whereas in the cold period
(November—March), AT does not exceed 3°C, and warming events with AT > 1°C
constitute less than 1%.

Variability of water temperature and diurnal warming for different months of
the year and the relationship of these quantities with the wind field and meas-
urement level. The dependence of water temperature and diurnal warming AT
on measurement level and wind speed in different months of the year was studied.

°C

A, AT,

10 - 1

Apr July Oct Jan Apr July Oct Jan
Fig. 6. Temporal variability of A values and the temperature dif-

ference AT (events with A corresponding to upwelling are high-
lighted with blue shading)
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Statistical distribution of daytime warming AT, %

AT, May— November— Entire

°C September March period
AT<0.3 28 84 57
0.3<AT<0.5 12 11 13
0.55<AT<1 25 4 14
1<AT<155 17 <1 8
155<AT<2 8 <1 4
2<AT<29 6 <1 2
29<AT<35 ~1 0 <1
35<AT<45 ~1 0 <1
45<AT<5 ~1 0 <1
5<AT<8 <1 0 <1
AT>8 0 0 <1

For each interval of wind speed, month, and measurement level, the mean AT value
was determined. The obtained dependence is presented as a diagram; AT was cal-
culated as the difference in temperature at 17:00 and 4:00 to exclude the influence
of upwellings and situations when there were few temperature measurements dur-
ing the day and the difference between maximum and minimum values cannot be
considered the amplitude of the diurnal cycle.

At the upper measurement level, the highest AT values (1.8-2°C) are observed
in the summer months (June—August), with a maximum in July (2.3°C) at wind
speeds up to 4 m/s (Fig. 7, a). With increasing wind speed, AT decreases. The low-
est AT values occur in the cold season and on average do not exceed 0.3-0.4°C.

A similar dependence for the amplitude of the diurnal cycle A, constructed
from satellite data over a multi-year period [31], has a similar character; however,
the maximum of A is shifted to April-June, with the highest values in June. Such
a difference may be related both to the different duration of the data time series and
to the measurement level and method of data acquisition.

According to the vertical distribution (Fig. 7, b), the highest AT values also
occur in June—August, with a maximum in July in the upper water layers down to
4-6 m, exceeding 1°C at the surface. At levels down to 8 m, AT reaches 1°C. From
April, AT in the upper layers increases, and in September it decreases. Minimum
AT values are noted in December—February for all considered levels.

The main feature of the obtained dependence is a local maximum of AT
in the 14-18 m layer in June-July. Temperature at the lower levels fluctuates sub-
stantially due to internal waves, as well as local currents and advection. In June—
July, the seasonal thermocline layer is located at this depth, and its oscillations lead
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to an increase in AT. In addition, in the summer months, in the 16-20 m layer,
there is a maximum of spectral energy of inertial oscillations [13], coinciding with
a local maximum of spectral energy of diurnal oscillations.

Conclusion

The vertical distribution of the diurnal variability of water temperature
in the Black Sea in the SCC region was studied using thermoprofilemeter data with
a high temporal resolution (0.5 s). It was determined that the thermoprofilemeter
data well display the diurnal, seasonal, and interannual course of temperature,
as well as upwelling and extreme warming events.

The diurnal cycle is traced to a greater or lesser extent for all analysed levels
in each month of the year. At the upper 0.75 m level, it is most pronounced
in May—August. The largest absolute values of anomalies in the mean diurnal cycle
occur in May-July at 4:00-5:00 and 15:00-17:00.

The mean diurnal temperature cycle at different levels in different months was
analysed. Maximum warming was observed from 11:00 to 16:00 (the time varied
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by month), predominantly in the upper layers down to 8 m. However, in the warm
season, warming extended to the lower measurement levels, 14—16 m. In the cold
season (November—March), as well as during the period of seasonal cooling
(August—October), during the morning and evening—night hours, the temperature
at the upper 0.75 m level was lower than in the underlying layers.

Events of extreme diurnal warming in the cold and warm seasons were consid-
ered. The amplitude A of the diurnal temperature cycle was 1.3 and 3.5°C, respec-
tively. The formation of such significant warming was favoured by calm conditions
and elevated air temperature. Data on the vertical temperature distribution allow
the conclusion that stable stratification formed: vertical mixing of water, especially
in the warm season, was almost absent.

A statistical analysis of diurnal warming AT was performed. Warming of less
than 0.3°C is most common. Events in which temperature increased by more than
2-3°C per day were rare and accounted for no more than 2% of the total number
of warming events and 6% in the warm season. In the warm season, AT can reach
5°C and higher, whereas from November to March AT does not exceed 3°C, and
warming events with AT > 1°C during this period are rare and account for no more
than 1%. The highest water temperature is reached in June—August in the upper
layers at wind speeds of 2—-4 m/s. In the warm season, at minimum wind speed,
water warmed to a depth of 16-18 m. From November to April, under high wind
speed, temperature variability was minimal at all considered measurement levels.

The highest A values at the 0.75 m level (1.5°C and higher) were observed
at wind speeds up to 6 m/s from May to September, with maximum values in July
(on average 2.5°C). Minimum A values were noted from November to April at al-
most any wind speed. During the spring warming period, amplitude A increased
at wind speeds below 5 m/s. In the vertical distribution, the highest A values oc-
curred in July; maximum values were concentrated in the 8-17 m layer.

The variability of AT in different months at different wind speeds and at dif-
ferent measurement levels was analysed. For the upper level, the highest AT values
(1.8-2°C) were observed in the summer period, from June to August, with a max-
imum in July (2.3°C) at wind speeds up to 4-6 m/s. With increasing wind speed,
AT decreases. The lowest AT values were recorded in the cold season and on aver-
age did not exceed 0.3-0.4°C.

The highest AT values occur in June—August, with a maximum in July in the up-
per water layers. In the layer down to 4-6 m, AT exceeds 1°C in the summer
months, whereas in the 10-12 m layer it does not exceed 0.65°C in the summer
months. Minimum AT values, close to 0°C, were observed at the lower measure-
ment levels in November—March.

This work demonstrates the successful use of thermoprofilemeter data for ana-
lysing the diurnal variability of water temperature in the coastal zone. These
data can be used for verification of numerical models of hydrothermodynamics
of coastal zones, as well as for studying upwelling events, which will be presented
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in further works. The obtained results complement existing understanding of diur-
nal temperature variability in the coastal zone of the Black Sea. It was determined
that the vertical distribution of diurnal water temperature fluctuations strongly de-
pends on the season and wind conditions, and in the summer period diurnal warm-
ing can penetrate to depths of 14-18 m.
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Abstract

The paper aims to assess features of the spatio-temporal distribution of nutrient concentra-
tions in the pore waters of the upper sediment layer based on modern in situ data. Samples
were collected using a DCh-0.025 bottom grab sampler. Pore water was extracted by cen-
trifugation (Elmi CM-6MT centrifuge). Concentrations of inorganic nutrients were deter-
mined photometrically using a KFK-3KM spectrophotometer and a Skalar San++ continu-
ous flow autoanalyser (the Netherlands) after filtration (0.45 pm membrane), except for
ammonium samples. Ammonium nitrogen was measured by a modified Sagi—Solorzano
method. Correlation coefficients and their significance were calculated using the Statistica
software. Qualitative and quantitative characteristics of the spatial distribution of nutrient
concentrations in pore waters from the upper sediment layer were obtained for samples
collected in Sevastopol Bay in 2024. Seasonal variability was revealed, and relationships
with station location, sediment type and geochemical properties of the solid phase were
established. In the upper sediment layer of Sevastopol Bay, a weakly alkaline reducing
environment predominated: pH and Eh values ranged from 7.1 to 7.8 and from 0
to —270 mV, respectively. Over the year, mean concentrations varied within the following
ranges: nitrites were 0.23—0.37 puM; nitrates were 0.71-3.61 uM; phosphates were 11.91—
25.84 uM; silicic acid was 21.14-297.30 pM; and ammonium was 139.64-543.76 uM.
A negative correlation was found between ammonium and phosphate concentrations and
Eh (r =—-0.8 and —0.7, respectively), while phosphates and silicic acid showed positive cor-
relations with pH (r=0.7 and 0.6, respectively). The weakly alkaline reducing conditions
observed in the sediments of Sevastopol Bay are the main factor controlling elevated am-
monium and phosphate concentrations and low nitrate levels. Intra-annual dynamics of nu-
trient concentrations in pore waters are influenced by hydrological parameters (water tem-
perature), hydrodynamic conditions in different parts of the bay (autumn—winter mixing),
as well as by additional local inputs of nutrients with stormwater and sewage discharges.
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AHHOTANNUSA

Lenp paboThl — OLIGHUTH OCOOCHHOCTH TPOCTPAHCTBEHHO-BPEMEHHOTO paclpeiesicHHs] KOH-
LIEHTPali OMOTEHHBIX AJIEMEHTOB (HUTPATOB, HUTPUTOB, aMMOHHUSI, (Ooc(aToB U KpeMHe-
KHCJIOTHI) B TOPOBBIX BOJIAX IMOBEPXHOCTHOTO CJIOS TOHHBIX OTI0KEHHH CeBacTOIOIbCKOM
OyXTBHI IO COBPEMEHHBIM HAaTypHBIM TaHHBIM. [IpoObI OB OTOOpaHBI C IOMOIIBIO JTHO-
yepmatens [[4-0,025. [TopoBeie BOIBI H3BIIEKAIH ¢ TOMOIIBI0 nieHTpudyru Elmi CM-6MT.
Konuenrpamn MuaepanbHbIX (HOpM OHMOTEHHBIX 3JIEMEHTOB ONPENeIsUTH (POTOMETPHUECKH
¢ ucnonp3oBanreM crnekrpodoromerpa KOPK-3KM um mpoTOYHOr0 aBTOMATHYECKOTO
aHajm3aTtopa OMOTEHHBIX 3JIeMeHTOB Scalar San++ (Hungepnanasr) mocie GuibTpanun
(punbTp 0.45 MKM), 32 HCKITIOYEHUEM TTPOO ISl OTIPEAEICHISI HIOHOB aMMOHUSI. AMMOHUI-
HBIIl a30T ompeAeNsiin ¢ MoMoulblo MomuduuupoBanHoro meroga Camku — Cosop3aHo.
KoaddunmeHTsr Koppensuuu U CTeneHb UX JOCTOBEPHOCTH OBLIM PACCUUTAHBI C TOMOIIBIO
nporpammel  Statistica. IloilydeHbl KauyecTBEHHBIE W KOJMYECTBEHHBIC XapaKTEPHCTHKH
MIPOCTPAHCTBEHHOTO pacnpeieeHusi KOHIIEHTPpaIii OMOTeHHBIX 3JEMEHTOB B MOPOBBIX
BOJIaX M3 BEPXHETO CIIOSl JOHHBIX OTJIOXKEHHH, 0TOOpaHHBIX B CeBacTONOJBCKON OyxTe
B 2024 r. Ilo pe3ynpraTam aHaimn3a ObUIA BBITBICHA WX CE30HHAS M3MEHUYHMBOCTB, yCTAHOB-
JICHBI CBSI3U C TeorpaYecKuM pacloiIoKEHHEM CTaHILUH, THIOM JOHHBIX OTJIOKCHUH
1 TEOXMMHYECKUMH XapaKTePUCTHKaMH MX TBeproi (a3l B BepxHeM ciioe JOHHBIX OTIIO-
xkeHnit CeBacTOMONBCKON OYXTHI (hopMupyeTcs MPEeHMYIIECTBEHHO CIa0oIIeNIouHast BOC-
cTaHOBHUTENbHAs cpena: 3HadeHns pH u Eh m3mensrorcs B auanazone ot 7.1 1o 7.8 m ot 0
1m0 —270 MB cooTBeTCTBEHHO. YCTaHOBIICHO, YTO B TEYCHUE T0Jla CPEIHUE KOHICHTPAIUN
HUTPUTOB HU3MEHsIOTCA B aumamnazoHe 0.23-0.37 mxM; mutpatoB — 0.71-3.61 MxM;
¢dbocdaros — 11.91-25.84 MxM; kpemuekuciorsl — 21.14-297.30 MkM; HOHOB aMMOHUS —
139.64-543.76 MxM. BrpisBiaeHa oTpuIaTeNbHAs KOPPENSANUs KOHIICHTPAIMi aMMOHHSI
u pocdartoB ¢ Eh (» paBHo —0.8 n —0.7 cOOTBETCTBEHHO), MONOKUTENbHas — (ocdaToB
u kpemHekucnoTs! ¢ pH (» paBao 0.7 u 0.6 coorBeTcTBeHHO). Habmonaemble U1t TOHHBIX
omnoxxeHnH CeBacTOIMOJIBCKON OYXTHI CIIa0OIIEIOYHbIE BOCCTAHOBUTEIBHBIE YCIOBHS SIB-
JSIFOTCSL ONPEAEIAIONINM (aKTOPOM MOBBIIIEHHBIX KOHLIEHTPALWH aMMOHHMHHOTO a30Ta
u Gocdaros, a Takke HU3KMX KOHLEHTPALMHd HUTpaToB. BHyTpHromoBas IUHaMHKa KOH-
LEHTpaIii OMOTeHHBIX JIEMEHTOB B MOPOBBIX BOAAX JOHHBIX OTIOKEHUH OYyXTHI ompesie-
JSIeTCsl BIMSIHUEM THAPOJIOTHYECKUX IapaMeTpoB BOA (M3MEHEHHE TEMIIEpaTyphl BO.),
THIPOJIUHAMHYECKAX YCIOBHH B OTACIBHBIX paiioHax OyXThl (OCEHHE-3UMHEE IEepeMeIlH-
BaHME), A TAKXKE JOMOJHHUTEIBHBIM JIOKATIbHBIM MOCTYIUICHUEM OHOTCHHBIX 3JIEMEHTOB
C IMBHEBBIMH U KaHAJIN3AIIMOHHBIMY CTOKaMHU.

KiroueBsie cinoBa: CeBacTonosibckas OyxTa, IOHHBIE OTJIOKEHHsI, OKUCIUTENLHO-BOCCTAHO-
BUTEJIbHBIC YCIIOBHSI, TOPOBBIE BOJIbI, OMOTEHHBIE 3JIEMEHTBI, HUTPATHI, HUTPUTHI, (ocdaThl,
KPEMHEKHCIIOTa, HUOHBI aMMOHUS
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BaaromaprocTu: paboTa BBIOJIHCHA B paMKax TOCYAapCTBCHHOrO 3aJaHUs MO TEME
Ne FNNN-2024-0001 ®I'BYH ®UIL MI'1 «®yHnameHTaIbHBIE HCCIEAOBAHMS IPOLIECCOB,
OTIPENICIIAONINX ITOTOKU BEIIECTBA M SHEPTUH B MOPCKOU Cpejie ¥ Ha €€ TpaHuIlax, COCTOs-
HHUE U 3BOJIIONUIO (PU3UUCCKON M OHMOTCOXHMHUECKOW CTPYKTYPhI MOPCKHX CHCTEM B CO-
BPEMEHHBIX yCIIOBHSIXY.

Jas uurupoBanust: [ ypog K. U., Bapenux A. B., Mviciuna M. A. ConepxaHue OHOTEHHBIX
9JIEMEHTOB B TIOPOBBIX BO/IaX ITOBEPXHOCTHOTO CJIOSI OHHBIX OTJIOKeHUH CeBacTONOJILCKOM
OyXThI // DKojoruyeckas 6€30MacHOCTh NMPUOPEKHOHN U 1Ieab(pOBOI 30H Mopst. 2026. Ne 3,
C. 76-92. EDN JGCVQY.

Introduction

Sevastopol Bay, a classic semi-enclosed water area with hindered water ex-
change and intense anthropogenic load, is a complex dynamic ecosystem where
the hydrological, hydrochemical, and geochemical regimes are formed under
the influence of natural and anthropogenic factors. It is known that organic matter
is actively accumulated in the bottom sediments of the bay [1].

The functioning of marine ecosystems is largely limited by the availability of
nutrients. The balance of these elements regulates biological productivity, determines
the character of biogeochemical cycles, and ultimately influences the evolution of
the marine environment, since it directly controls the scales of photosynthesis and
organic matter degradation [2].

Studies devoted to analysis of the variability of the content of inorganic nutri-
ents in the Sevastopol Bay waters have been carried out in the Marine Biogeochem-
istry Department of Marine Hydrophysical Institute for more than 20 years [2-5].
In the recent study [2], the authors indicate that the influence of the anthropogenic
factor on the hydrochemical regime of the bay prevails over natural processes, and
note an increase in concentrations of almost all studied nutrients in 2007-2016.

When the level of anthropogenic load in aquatic ecosystems is assessed, bot-
tom sediments are one of the most informative objects of study. The surface layer
of bottom sediments (0—5 c¢m) is a dynamic geochemical structure in which
exchange occurs most intensively between the solid and liquid phases, as well as
between the sediment and the water column. An important parameter determining
the intensity of all occurring processes is the redox potential (Eh). At the same
time, pore waters are also one of the key links in the transformation of the main
nutrients and maintain the productivity of marine ecosystems. The regeneration and
binding in sediments of nitrogen, phosphorus, and silicon, which serve as nutrient
sources for phytoplankton, largely determine the trophic status of the entire water
column [13, 14].

It is worth noting that the study of nutrient fluxes is important for understand-
ing eutrophication processes. However, despite systematic investigation of the physi-
cochemical characteristics of bottom sediments (including the chemical composi-
tion of pore waters [11, 12]) and the accumulation patterns of organic and inorganic
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pollutants in them [6—10], data on the quantitative characteristics and spatial distri-
bution of nutrients in pore waters are absent.

The present paper aims to assess features of the spatio-temporal distribution
of nutrient concentrations in the pore waters of the surface layer of bottom sedi-
ments based on modern in situ data.

Methods and Materials

Characteristics of the study area. The Sevastopol Bay water area has long
been a base of the Russian Navy with various types of industrial and economic in-
frastructure, as well as a zone of active navigation and hydraulic engineering
works. In addition, a large urban agglomeration, the city of Sevastopol, is located
on the shores of the bay. As a result, the water area experiences an extremely high
integrated level of anthropogenic load, which leads to disruption of existing eco-
logical equilibria. For a long time, seafood was harvested and cultivated in the bay,
but now this is impossible due to depletion of biological resources and a high level
of pollution [3]. Currently, the bay is among the most polluted coastal water areas
in the Black Sea and, according to model estimates [15], is characterised by a low
self-purification capacity.

The hydrological and hydrochemical regimes of Sevastopol Bay have been
the subject of long-term studies [2—5, 15-24] and are formed as a result of the com-
plex interaction of a number of factors: the intensity of water exchange between
the bay and the adjacent open part of the Black Sea, the features of water circula-
tion inside the bay [18, 19], the runoff of the Chernaya River, the input of storm-
water and sewage waters, as well as atmospheric deposition [3, 4, 16, 21, 22].

According to [3, 15, 17], wind has the greatest effect on the hydrological regime
of the bay. Northern and northeastern winds cause a regime of blocked water ex-
change and accumulation of pollutants. A change of wind to southerly, on the contra-
ry, promotes removal of accumulated polluted waters, including domestic sewage,
toward the northern coast of Sevastopol Bay [1, 15].

In [15, 18, 19], a pronounced two-layer structure of water circulation in the bay
was noted: in the surface layer (0—5 m), a current directed into the bay along its
northern shore prevails, while in the near-bottom layer, a compensatory outflow cur-
rent along the southern shore prevails. At the same time, the average current veloci-
ties in the near-bottom flow over most of the water area do not exceed 10—15 cm/s.

An anticyclonic structure with convergence in the centre and rising isosurfaces
at the periphery forms in the central part of the bay a quasi-stationary area that in-
fluences water dynamics, the distribution of hydrochemical parameters, and mod-
ern bottom sediments [25].

Density stratification of water column is typical of Sevastopol Bay, especially
in summer. This hinders oxygen supply to the near-bottom layer and leads to the for-
mation of hypoxia [3, 23].
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The influence of the Chernaya River runoff is clearly seasonal and spatially
limited [3, 4, 16, 21]. Fresh river waters form a plume propagating in the surface
layer and creating an additional baroclinic component of currents, enhancing the hor-
izontal heterogeneity of thermohaline fields [17]. During floods, a clearly pro-
nounced freshened current forms, propagating along the northern shore, which
leads to significant stratification and transport of suspended matter into the head
of the bay [4, 21]. During low-water periods, the influence of runoff is localised
at the head of the bay [16, 21].

The variability of natural processes is additionally affected by the anthropo-
genic factor. First of all, this is expressed in the input of stormwater and sewage
runoff, which act as a powerful pulsed factor and have a sharper and more local
effect on the hydrochemical regime compared with river runoff [20]. In [24], the au-
thors record the formation of contrasting freshened plumes at storm sewer outlets
after rainstorms, which leads to rapid and significant changes in water temperature,
salinity, and turbidity, as well as in the content of nutrients in the surface layer;
their excess, in turn, leads to eutrophication of the water body, hypoxia, and a change
in the structure of plankton communities [3, 16].

Sampling. Samples of the surface (0—5 cm) layer of bottom sediments were
collected using a BG-0.025 bottom grab sampler during quarterly expeditions of
the Marine Biogeochemistry Department of Marine Hydrophysical Institute, RAS,
onboard small vessel Gidrograf-4. In total, 32 sediment samples were collected
in different hydrological seasons (spring, autumn, winter), from which pore waters
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Fig. 1. Location of the bottom sediment sampling stations, as well as storm-
water and emergency wastewater outlets [20]
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were extracted using an Elmi CM-6MT centrifuge (rotation speed 3000 rpm, rota-
tion time 35 min). The sampling map is shown in Fig. 1.

The pH and redox potential (Eh) values in sediment samples were determined
potentiometrically using I-160MP ion meters, a Hanna Instruments HI 10530 com-
bination electrode (pH), and an EPV-1 platinum electrode (Eh).

Grain-size analysis was carried out in two stages in accordance with
GOST 12536-2014. At the first stage, wet sieving of samples was performed to
isolate and gravimetrically quantify the pelitic-aleuritic fraction (particles smaller
than 0.05 mm). At the second stage, the remaining material (fraction larger than
0.05 mm) was dried and separated by dry sieving on a standard set of sieves.

Concentrations of inorganic nutrients were determined photometrically using
a KFK-3KM spectrophotometer and a Skalar San++ continuous flow autoanalyser
(the Netherlands) after filtration (0.45 um membrane), except for samples for de-
termination of ammonium ions ". The silicic acid concentration was determined
with a salinity correction ":

true = Cobs (1 + 0.00455),

where Cie 18 the true silicic acid concentration; Cops 1S the observed silicic acid
concentration; S is the final salinity of the analysed sample, PSU".

Ammonium nitrogen was determined using a modified Sagi — Solorzano method
for seawater, which is based on the phenol-hypochlorite reaction using sodium nitro-
prusside and sodium citrate 2. Nitrite concentrations and combined nitrite and nitrate
concentrations were determined according to the procedure (RD 52.10.745-2020).

Correlation coefficients and their significance were calculated using the Statis-
tica software. The confidence level of the obtained correlation coefficients was
95%.

Results and Discussion

In Sevastopol Bay, fine-grained silts predominate (on average ~ 85%), with
a maximum in Yuzhnaya Bay and the deep-water part on the fairway. The spatial
distribution of grain-size fractions is determined by the flood regime of the Cher-
naya River (eastern part of the bay), the intense input of stormwater and sewage
discharges, which are the main source of terrigenous suspended matter in the central
part of the bay, and by the contribution of abrasion processes in the coastal strip
(western part of the bay). The maximum silt content on the fairway in the central
part of the bay is associated with great depths in this area and the features of water

D Bordovsky, O.K. and Chernyakova, A.M., eds., 1992. [Modern Methods of Hydrochemical
Studies of the Ocean]. Moscow: 10 AN SSSR, 199 p. (in Russian).

D UNESCO, 1987. Thermodynamic of the carbon dioxide system in seawater. UNESCO
technical papers in marine science. Vol. 51, pp. 3-21.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2026 81



circulation [25], which promote deposition of fine particles due to weakened wind-
wave mixing and reduced rate of input of new clastic material.

The high content of organic carbon (up to 5%) in the bottom sediments of
Yuzhnaya and Artilleriyskaya bays is determined by the presence in these areas of
a large number of stormwater and emergency sewage outlets [8, 12]. The minimum
organic carbon content of 0.5-2.5% in the western part of the bay is explained
by the input of gravel-sand and silty material as a result of abrasion activity [8].
The absence of abrasion processes in the central part of the bay is associated
with anthropogenic transformation of the shoreline, expressed in the construction
of concrete embankments and piers [26].

This promotes the formation of weakly alkaline reducing conditions in bottom
sediments (pH 7.1-7.8, Eh from 0 to —300 mV) (Fig. 2). During the year, pH and
Eh values change insignificantly and average 7.4 and —190 mV, respectively.

The minimum Eh values of sediments in the central part of Sevastopol Bay
(from —190 to —270 mV) and in Yuzhnaya Bay (from —140 to =310 mV) can be
explained by the features of sedimentation in these areas (Fig. 2, b). In the central
part of the bay at maximum depths under conditions of low water exchange
with the open sea, a thick layer of fine-grained silty sediments with elevated organ-
ic carbon content forms. The features of circulation [18, 19, 25] prevent oxygen
supply to the near-bottom water layer [23], as a result of which oxygen is con-
sumed in bottom sediments
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Fig. 2. Spatial distribution of pH (a) and Eh (b) values
in the surface layer of the Sevastopol Bay bottom sedi-
ments
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for oxidation of organic matter, and anaerobic conditions form in the sediments
[11]. In Yuzhnaya Bay, the analogous situation is complicated by additional input
of organic matter with numerous sewage discharges.

The features of the spatial distribution of pH in the surface sediment layer are
also explained by a number of factors of both natural (sediment type, local sources
of fresh water) and anthropogenic (input of suspended matter and organic carbon
with sewage discharges) origin. The weakly alkaline environment (pH = 7.8)
in the area of station 24 (Fig. 2, a) is explained by the sandy type of sediments,
which promotes good water exchange between the sediment and the near-bottom
water layer, while the analogous weakly alkaline environment (pH = 7.7-7.8)
at stations /7, 20, 21 is explained by reducing conditions in the silty sediments of
Yuzhnaya Bay, which are characterised by a distinct smell of hydrogen sulfide, and
Eh reaches —170 mV (Fig. 2, b). The minimum Eh values (—260...—270 mV) rec-
orded in the central part of the bay (stations /2, 15) are explained by the features
of water circulation in the bay (the stations are located at equal distances from
the western part of the bay, which is characterised by intense water exchange with
the open sea, and from the eastern part with a predominant contribution of river
runoff), bottom topography (maximum depth on the fairway), and the geochemical
composition of bottom sediments (the fraction of fine-grained silts with increased
organic carbon content predominates).

The main sources of nutrient input to the bottom sediments of the bay have
a mixed natural-anthropogenic origin: phosphorus and various forms of nitrogen
enter with sewage and surface terrigenous runoff; silicon is primarily of natural
origin and is transported with terrigenous runoff as a result of weathering, and can
also enter bottom sediments as a result of economic activity (e.g., construction).
Thus, the large number of stormwater and sewage outlets located along the perime-
ter of the entire bay is the determining factor of the spatial heterogeneity of concen-
trations of the studied substances.

The distribution of nutrients in the pore waters of the upper sediment layer
changes both in space and in time (during the year). The concentration variation
ranges are 0—7.10 pM for nitrates, 0.02—-0.89 pM for nitrites, 25.74-1380.95 uM
for ammonium, 0.20-94.68 uM for phosphates, and 36.04—628.09 pM for silicic
acid (Figs. 3-6).

For comparison, [2] shows the ranges of nutrient concentration variation
in the bay waters in 2007-2016: nitrates — 0-286.35 uM, nitrites — 0-6.37 puM,
ammonium — 0—40.70 uM, phosphates — 0-5.20 uM, and silicic acid — 0-97.98 uM.

The physicochemical characteristics of sediments — weakly alkaline reducing
conditions (low pH values, Eh values below —100) and increased organic carbon
content — largely determine the features of organic matter decomposition and
the associated transformation of nutrients.
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In general, nitrate concentrations in pore waters are extremely low and on av-
erage an order of magnitude lower than in the near-bottom and surface water layers
[2]. Thus, the average nitrate concentrations in pore waters are minimal in April
(0.37 uM), in October they increase to 1.42 uM, and in December they reach max-
imum values (3.61 uM). This is explained by the fact that in reduced sediments
at high negative Eh values denitrification no longer occurs. At the same time, intra-
annual variability of the values persists, which the authors of [2] associate with
increased vertical mixing in the autumn—winter period, as well as with a decrease
in light availability. This is confirmed by an increase in nitrate concentrations
in the western, most hydrodynamically active part of the bay (Fig. 3).

On the other hand, for this range of sediment Eh and pH values, active ammoni-
fication is characteristic, including decomposition of organic matter with release of
ammonium (NH4"). This is confirmed by high values (on average from 139.64 uM
in April to 543 uM in October) of ammonium ion concentrations in pore waters
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Fig. 3. Nitrate concentrations in pore waters of the Sevastopol Bay sediments
in April (a), October (b) and December (c) 2024, as well as the ratio of nitrate con-
centrations to the characteristics of the sediment solid phase: pH (d) and Eh (e)
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(Fig. 4), which are several orders of magnitude higher than the concentrations of
this compound in the surface and near-bottom water layers [2].

Anaerobic conditions are also characterised by anammox, i.e., anaerobic oxi-
dation of ammonium, which is of great importance for understanding the nitrogen
balance in bottom sediments and nitrate/nitrite fluxes [27].

The maximum concentration of ammonium nitrogen in pore waters
(1380.95 uM) was noted at station 8 (Fig. 4), located in the area of discharge of
local treatment facilities near the thermal power plant (Fig. 1), which is consistent
with the maximum ammonium concentrations in the near-bottom water layer noted
in [2]. An elevated concentration (1185.33 pM) of ammonium nitrogen was also
noted at station /, located at the boundary of the river—bay geochemical barrier.
This area is characterised by increased accumulation of the fine-grained pelitic
fraction (silt proportion — 98%), mineralisation of organic matter (C, content
more than 2% [8, 12]), and carbon dioxide production, accompanied by an increase
in pCO, content in water [4]. For such sediments, characterised by black colour,
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Fig. 4. Ammonium concentrations in pore waters of the Sevastopol Bay sedi-
ments in April (a), October (b) and December (c) 2024, as well as the ratio of am-
monium nitrogen concentrations to the characteristics of the sediment solid phase:
pH (d) and Eh (e)
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intense putrefactive odour, a low Eh value (—257 mV), and enrichment in organic
matter, oxygen-free conditions are noted [11]. This leads to the fact that under hy-
poxia, denitrification and ammonification become the dominant pathways of nitro-
gen transformation, while nitrification is minimised [13]. This is confirmed by
a high statistically significant negative correlation between ammonium concentra-
tion and sediment Eh (» =—0.8, n =21, p <0.05).

In the reducing environment of the silty sediments of Sevastopol Bay, active
sorption of phosphorus can occur on iron, manganese and aluminium (oxy-
hydr)oxide particles. Similar processes are observed in reduced sediments of
the large, anthropogenically loaded Lake Onega [28]. Upon transition to anaerobic
conditions (which is typical for the bottom sediments of the bay), iron oxides are
reduced (Fe** — Fe?") and dissolve, and bound phosphorus is massively released
into pore waters [28—30].

Average phosphate concentrations in pore waters (11.91-25.84 uM) are signif-
icantly higher than in the near-bottom and surface water horizons of the bay [2].
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Fig. 5. Phosphate concentrations in pore waters of the Sevastopol Bay sedi-
ments in April (a), October (b) and December (c) 2024, as well as the ratio of
phosphate concentrations to the characteristics of the sediment solid phase: pH (d)

and Eh (e)
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The maximum average phosphate concentrations in pore waters are noted in Octo-
ber (25.84 uM), and the minimum in April (11.91 pM) (Fig. 5). This is due to
the influence of hydrological water parameters, primarily temperature, as a result
of which the rate of chemical reactions slows down. In addition, the autumn—winter
period is characterised by mixing of the water column, and therefore maximum
concentrations in the near-bottom and surface water layers are observed in Decem-
ber [2]. Elevated phosphate concentrations (18—83 uM) during the study period are
noted mainly in the sediments of Yuzhnaya Bay, and in October also in the area of
station § (95 uM), located near the thermal power plant (Fig. 5). In December,
phosphate concentrations in the pore waters of Yuzhnaya Bay sediments are two
orders of magnitude higher than the values obtained for the fairway area in the cen-
tral part of Sevastopol Bay. This is explained by additional input of nutrients with
stormwater and sewage discharges, as well as by limited water exchange in the sou-
thern and central parts of Yuzhnaya Bay. The correlation between phosphate con-
centrations and sediment pH is » = 0.7, n = 31, p < 0.05, and between phosphate
concentrations and Eh is » =—0.7, n = 31, p < 0.05.
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Fig. 6. Silicic acid concentrations in pore waters of the Sevastopol Bay sedi-
ments in April (a), October (b) and December (c) 2024, as well as the ratio of silic-
ic acid concentrations and the characteristics of the sediment solid phase: pH (d)
and Eh (e)
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In the pore waters of Sevastopol Bay, the silicic acid concentration (21.14—
297.30 uM), like that of phosphates, is significantly (by several orders of magni-
tude) higher than in the near-bottom and surface water layers. Silicic acid concen-
trations in pore waters are minimal in spring, increase in summer, and reach their
maximum in autumn and winter. The main sources of silicon input are river and
stormwater runoff, which explains the elevated silicic acid concentrations noted
for Yuzhnaya Bay (239-568 uM), which persist throughout the year, and the low
values observed on the fairway (76-293 uM) and in the western part of the bay
(138-307 uM) (Fig. 6).

Redox conditions do not have a direct effect on the solubility of silicic acid,
unlike that of phosphorus. However, under anaerobic conditions, as a result of ac-
tive sulfate reduction, pH and total alkalinity increase [31, 32]. The intensity of
sulfate reduction is determined by the amount and availability of organic matter,
which serves as an electron-donor substrate [33]. During oxidation, sulfate ions are
reduced to sulfides, and organic carbon passes into an inorganic form. As a result
of this reaction, bicarbonate ions appear and protons are consumed, which naturally
leads to an increase in both total alkalinity and pH values in pore waters. This indi-
rect mechanism of accelerating silica dissolution under alkaline conditions has
been quantitatively confirmed in experimental and field studies [34].

The statistically significant positive correlation between silicic acid concentra-
tion and sediment pH (r = 0.6, n = 31, p < 0.05), as well as the negative correlation
(r=-0.5, n = 31, p < 0.05) between silicic acid concentration and Eh, confirms
the leading role of this mechanism. Thus, sulfate reduction acts as a powerful
biochemical catalyst: by creating alkaline conditions, it substantially accelerates
the dissolution of silicon-containing compounds, which ultimately determines
the high silicic acid concentrations in the pore waters of anaerobic sediments.

Conclusion

Thus, a complex of natural and anthropogenic factors, including limited water
exchange, features of the shoreline configuration, river runoff, and the input of
stormwater and domestic wastewater, forms a specific redox condition in the bot-
tom sediments of the bay. It is this setting that is the primary factor determining
the direction, sequence, and intensity of all chemical and microbiological processes
occurring in the sediments.

Analysis of the chemical composition of pore waters revealed a sharp contrast
in the distribution of nutrients between bottom sediments and the water column.

Concentrations of labile nitrogen forms (nitrates and nitrites) in pore waters
were lower than in the near-bottom and, especially, surface water. The low content
of nitrates and nitrites indicates an almost complete absence of oxygen and active
denitrification in the sediments, where these compounds are used as alternative
oxidants (electron acceptors) for decomposition of a large amount of organic
matter.
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On the contrary, concentrations of ammonium, phosphates, and silicic acid
in the pore waters of bottom sediments were one to two orders of magnitude higher
than in water. High ammonium concentrations are a consequence of anaerobic
mineralisation (ammonification) of nitrogen-containing organic matter. Phosphates
accumulate as a result of release from iron (oxyhydr)oxide complexes, which lose
sorption capacity under reducing conditions. The high silicic acid content confirms
intense dissolution of biogenic silica, characteristic of anaerobic bottom sediments.

The spatial heterogeneity in the distribution of nutrients is a direct reflection of
diagenetic processes occurring in the sediments and their key role in the ecosystem.
This heterogeneity may also indicate the formation in the sediments of strong con-
centration gradients (directed for ammonium, phosphates, and silicic acid from sed-
iment to water) and determine a constant diffusive flux of these nutrients into
the near-bottom layer. This process can not only maintain phytoplankton produc-
tivity during periods of reduced external runoff but also contribute to eutrophica-
tion even after a technical reduction of direct anthropogenic load on the water area.

As a result, silty sediments rich in organic carbon under weakly alkaline reduc-
ing conditions can act not only as a passive store of all incoming substances but
also as a biogeochemical reactor — an important link in the element cycle in marine
ecosystems.
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Abstract

The study aims to assess the quality of the Chernaya River waters by analysing interannual
changes and spatial distribution of hydrochemical parameters for 2019-2024, and to devel-
op evidence-based scientific and practical recommendations for improving the condition of
the water body. The article analyses the monitoring data of the Chernaya River for 36
standardised and non-standardised hydrochemical parameters, including nutrients, organic
and inorganic substances, heavy metals and pesticides, at five observation points in its up-
per, middle and lower reaches. The material was collected during state monitoring under
the Ecology and Environmental Protection of the City of Sevastopol program. Sampling
was carried out once per season. A hydrochemical analysis was performed on 120 samples
using standard methods. We found significant spatial differences in the content of standard-
ised and non-standardised indicators. It was shown that the concentration of certain nutri-
ents, chlorides, sulfates and metals (Fe, Cu) in the lower reaches exceeded the standard
values for water bodies by more than four times. The content of Ca, Mn, and Mg varied
sharply throughout the observation period, exceeding the maximum permissible levels
by a factor of two or more. In 2024, an increase was observed in the content of suspended
solids and nutrients (NH4", Si), and in chemical oxygen demand, while at all monitoring
sites, by 2024, the content of phenols (since 2021) and petroleum products (since 2023) had
decreased, whereas the concentrations of organochlorine pesticides, nickel, hexavalent chro-
mium, and nitrates were below the maximum permissible concentrations and varied little
across years and regions. In the estuarine part of the Chernaya River, a slight improvement
in water quality was recorded in terms of phenol content. Despite the improvement in or-
ganic indicators, the exceedance of the maximum permissible concentrations for heavy metals
and nutrients requires continued monitoring and the implementation of measures: inventory
of sources, introduction of reed filter strips and strengthening of bioindication monitoring.

Keywords: monitoring of water bodies, hydrochemical indicators, pollutants, spatial dynam-
ics, water quality, Chernaya River, Sevastopol city
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AHHOTaNHUSA

Lenpio nccnenoBaHus SBISIETCS OIEHKA KayecTBa BOJ p. UepHOi Ha OCHOBE MEKTOIOBBIX
M3MEHEHUH THAPOXMMHUYECKHX [TapaMETPOB U OCOOEHHOCTEH HMX MPOCTPAHCTBEHHOTO pPac-
npenenenus 3a 2019-2024 rr., a Takxke pa3paboTka Ha OCHOBE MOIYYSHHBIX JJAHHBIX HAY4Y-
HO-TIPaKTUYECKUX PEKOMEHJAIMi 10 YIydIIEeHHIO COCTOSHHs BOAHOTO oObekTa. IIpoaHa-
JTM3UPOBaHbI JaHHBIE MOHUTOPHHTA 36 HOPMHUPYEMBIX M HEHOPMHPYEMBIX THMIPOXHMHUUE-
CKHX ITOKa3aresei, BKioyasi OMOTeHHbIe, OpraHNYeCKUEe U HEOPraHWMYECKUE BEIlecTBa,
TSDKEJIbIe METAJUIbl U MECTHLM/BI, B MSATH MYHKTAaX HAOJIOJCHUI B BEPXHEM, CPEIHEM
1 HIKHEM TedeHnu p. YepHoil. MaTepuan cobpaH B X0/1e TOCyJapCTBEHHOTO MOHUTOPHHTA
110 IporpamMmMme «DKOJIOTHSI M OXpaHa OKpyskarolei cpensl ropona Cesacromnossiy. OT6op
npo0 MPOBOIWIN OAMH Pa3 B Ce30H. [ MIPOXUMUYECKHU aHanu3 mposeaeH i 120 mpob
110 CTaHJAPTHBIM METOJMKAM. BBISABICHBI 3HAUUTEIbHBIE POCTPAHCTBEHHBIE Pa3IHINs
COJIepXKaHUs HOPMUPYEMBIX U HEHOPMHUPYEMBIX IOKa3aTelel, MoKa3aHO, YTO KOHLEHTpa-
151 HEKOTOPBIX OMOTEHHBIX AJIEMEHTOB, XJIOPUAOB, cyib(aroB u MetaiuioB (Fe, Cu) B HIXK-
HEM Te4eHHH 00Jice YeM B YETHIPE pa3a MPEBBINIACT HOPMATHUBHBIEC 3HAYCHUS IS BOJHBIX
o6bekToB. Conmepxanue Ca, Mn u Mg pe3ko MEHsIIOCh B TEUEHHE BCEro Meproaa Hadro-
JCHUH C TPEBBIIICHHEM MpPEIeNbHO JTOIMyCTUMBIX HOPMAaTHBOB BABoe u Oonee. K 2024 r.
OTMEYEH POCT COJEpKaHUS B3BEUICHHBIX BEIIECTB, OMOTeHHBIX dieMenToB (NH4", Si)
1 XMMHYECKOTO MOTPEOJICHNsT KUCIOPOJa, TOTa KaK Ha BCEX ydacTKax HaOIomeHHH
k 2024 r. cogepxanue ¢peHonos (¢ 2021 r.) nu HepTenpoxykToB (¢ 2023 r.) CHU3HUIIOCH,
a KOHLIEHTPAallUM XJOPOPTaHUYECKUX MECTHLMIOB, HUKENS, XpoMa IIeCTUBAJICHTHOIO
u HuTpaToB Obutn HIbke [1JIK u cmabo BapeupoBanu mo rogaMm u paiioHaMm. B yctheBoit
yact p. YepHOoil 3a(hMKCHPOBAHO HE3HAUMTENHHOE YIIydIlIEHHE KauecTBa BOABI IO COJEp-
*aHuio QeHosoB. HecMOTpst Ha yiydIlIleHHe 10 OPraHMYEeCKUM NOKa3aTessiM, MPEBbIILICHUE
ITJK mo TspKeIbIM MeTaiaM 1 OMOTEHHBIM 3JIEMEHTaM TpeOyeT MpOoJ0IDKEHNS MOHUTOPHUHTA
Y TIPUHSTHUSI MEP: MHBEHTAPU3alMi HCTOYHUKOB, BHEPEHUS (PUIIBTPYIONMX IOJIOC U3 TPOCT-
HHKa U YCUJICHHS] OMOMHIUKAIIIOHHOTO KOHTPOJISI.

KaroueBble €j10Ba: MOHUTOPHHT BOJHBIX OOBEKTOB, THAPOXMMHUYECCKHE MMOKA3aTeNH, 3a-
IPA3HSIONINE BEIECTBA, KAYEeCTBO BOJI, peka UepHas, CeBacTonob

BuaromapHocT: paboTta BBINOIHEHA B paMKax rocyaapctBenHoro 3amanus OUI[ MabIOM
o Teme «bropazHooOpa3ne Kak OCHOBA yCTOWYMBOrO (BYHKIIMOHUPOBAHHUS MOPCKUX 3KOCHCTEM,
KpHUTEpUH U Hay4YHBIE TIPUHIIAIIEI ero coxpaneHms» (Ne roc. peructparmu 124022400148-4).
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Introduction

The quality of fresh waters, water supply problems and protection of water
bodies are global environmental issues included in the list of Sustainable Devel-
opment Goals of the UN General Assembly " and in the Ministerial Declaration
of the 10th World Water Forum ?. In the development programme of the Russian
Federation for achieving the targets of the Sustainable Development Goals ¥,
national target indicators for the period up to 2030 have formed a list of measures
to preserve the quality of fresh waters, including monitoring of water bodies V.
For the federal city of Sevastopol, this task has not only environmental but also
socio-economic significance. The region is classified as water-scarce and arid, while
in recent decades water consumption in it has increased significantly due to intensi-
fication of economic and recreational activity and population growth. The main sour-
ce of drinking water supply for the city has been and remains the Chernaya River.
For this water body, a wide range of measures is being implemented within state
environmental programmes, including federal programmes — “Water of Russia”
and “Clean Banks” ¥, aimed at preserving water quality, reducing discharge vol-
umes of untreated or poorly treated wastewater, and ensuring rational water use.

The first studies assessing the water quality of the Chernaya River were car-
ried out by M. A. Galadzhieva > and G. M. Gasovsky [1, 2] using indicator organ-
isms as early as the beginning of the 20th century. From the 1980s, monitoring of
hydrochemical indicators and the ecological state of the river was conducted by
the Center for Hydrometeorology in the Autonomous Republic of Crimea, and
from 2015 by the Federal State Budgetary Institution “Crimean Directorate for Hy-
drometeorology and Environmental Monitoring” and the Federal Service for Hydro-
meteorology and Environmental Monitoring (Roshydromet). From 1980 to 2008,

D Available at: https://www.ungeneva.org/ru/about/topics/sustainable-development-goals
[Accessed: 20 June 2025].

2 Ziganshina, D.R., Usmanova, O.K., Beglov, LF. and Degtyareva, A.S., eds., 2024. The 10th
World Water Forum. Water for Shared Prosperity: Collection of Papers. Tashkent. p. 53. Available
at: https://www.cawater-info.net/library/rus/10wwf-ru.pdf [Accessed: 20 June 2026] (in Russian).

3 President of the Russian Federation, 2024. Decree No. 309 of 24.05.2024 “On the National
Development Goals of the Russian Federation for the Period up to 2030 and for the Future up to
2036”. Available at: https://rspp.ru/activity/social/nacionalnye-celi-razvitiya-Rossii/ [Accessed 20 June
2026] (in Russian).

4 Government of the City of Sevastopol, 2025. [Annual State Report on the State and Pro-
tection of the Environment of the City of Sevastopol for 2024]. Sevastopol. Available at:
https://spn.sev.gov.ru/ekologicheskoe-sostoyanie-sevastopolya/doklad-o-sostoyanii-i-ob-okhrane-
okruzhayushchey-sredy-goroda-sevastopolya/ [Accessed: 30 July 2025] (in Russian).

%) Galadzhieva, M.A., 1927. [Materials on the Fauna of Protozoa of Fresh Waters in the Envi-
rons of Sevastopol]. In: 1. 1. Puzanov, ed., 1927. [Proceedings of the Crimean Research Institute].
Simferopol: Krymskoye Gosudarstvennoye Izdatelstvo. Vol. 1, iss. 2, pp. 106—-117 (in Russian).
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the water quality of the Chernaya River was determined by 29 indicators, including
various organic and inorganic pollutants and dissolved gases [3, 4], and from 2015
to 2024 by 22 parameters taking into account data on fresh water discharge¥. Over
the entire observation period, the largest volume of data was collected for the gaug-
ing station near the village of Khmelnitskoye, 2 km from the river mouth ¥). Episod-
ically, studies of the river channel were performed at four gauging stations [5, 6],
mainly at the observation point (OP) in the village of Khmelnitskoye, the mouth of
the Chernaya River and in sections of some of its tributaries — the Baidarka River
and the Urkusta River [4, 6, 7].

Generalisation of data on water quality of the Chernaya River for 1980-2015
by 16 hydrochemical indicators revealed a significant increase in concentrations of
phenols, synthetic surfactants, petroleum products and heavy metals (HMs), espe-
cially in the last decade [4, 7]. Thus, from 2016 to 2019, at the gauging station
in the village of Khmelnitskoye, exceedances of maximum permissible concentra-
tions (MPCs) of nitrites, phenols and HMs were found [3, 7, 8]. At other gauging
stations, according to seasonal observations from 2010 to 2023, an increase in con-
centrations of nitrates and silicic acid was also recorded [6]. At the same time,
a tendency toward an increase in the content of nitrites and ammonium nitrogen
was also revealed for averaged values, and along the entire river course, exceed-
ance of the standard for NH4" for fishery water bodies was recorded [5].

Taking into account the high ecosystem, environmental and socio-economic
significance of the Chernaya River, a significant increase in water consumption and
wastewater disposal volumes, as well as increased pollution risks due to intensifi-
cation of economic activity, in 2021 a programme of regular monitoring of waters
and bottom sediments was developed within the state programme “Ecology and En-
vironmental Protection of the City of Sevastopol” ®. Since 2015, state monitoring
of the ecological state of the Chernaya River waters has been carried out by 38 in-
dicators, and since 2020 by 43 at five OPs in the upper, middle and lower reaches.
In 2019-2024, water quality at all OPs was assessed by seasons, which made
it possible to prepare an extensive database, although without taking into account
chronic and short-term pollution ”.

Since the technogenic influence of the urban environment has a significant im-
pact on the ecological state of the Chernaya River, the relevance of the conducted
studies is beyond doubt.

The aim of the work is, based on interannual changes in 36 hydrochemical in-
dicators and the features of their spatial distribution for 2019-2024, to assess
the water quality of the Chernaya River in its upper, middle and lower reaches and
to develop scientific and practical recommendations for improving the condition of
the water body.

9 Government of the City of Sevastopol, 2021. [On the Approval of the State Program of the City
of Sevastopol “Ecology and Environmental Protection of the City of Sevastopol’]: Resolution of
the Government of the City of Sevastopol no. 660-I1I1 as of 20 December 2021. Published 21 Decem-
ber 2021. Available at: https://sev.gov.ru/docs/253/163582/ [Accessed: 11 August 2026] (in Russian).

7) Ministry of Ecology and Natural Resources of the Republic of Crimea, 2025. [Report on
the State and Protection of the Environment in the Territory of the Republic of Crimea in 2024].
Available at: https://meco.rk.gov.ru/uploads/meco/container/2025/07/16/2025-07-16-15-31-21_2024.pdf
[Accessed: 18 August 2026] (in Russian).
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Materials and Methods

Characteristics of the study area

The Chernaya River, whose length is 35 km, belongs to the main rivers of
the north-western slope of the Crimean Mountains and is one of the three largest
rivers of Sevastopol . The watercourse originates in the Baidar Basin from the Skel-
sky Spring and flows into the Black Sea [9]; the river catchment area is 669 km?,
its average elevation is 395 m [10], and the main recharge is provided by the Skelsky
Spring (discharge 40—220 L/s) and atmospheric precipitation®. The hydrographic
network is represented by 11 tributaries (the Uzundzha, Bosa, Baga Nizhnyaya, Baga
Verkhnyaya, Urkusta, Ay-Todorka, Sukhaya Rechka, Baidarka, Uppa, Armanka,
Kalenda rivers) with a total catchment area of 287.02 km?, as well as the Chernore-
chenskoye Reservoir (catchment area S = 6.04 km? volume V' = 64 million m*)?.
The width of the river water protection zone is 100 m ®; within its boundaries there
are specially protected natural areas (SPNAs), lands of rural settlements, their sew-
age treatment facilities and agricultural lands.

The Chernaya River is the only full-flowing and perennial watercourse of
Sevastopol. A significant part of its channel (7.5 km) is within the boundaries of
the state natural landscape reserve of regional significance “Baidarsky”, on whose
territory the Chernorechensky Canyon is located®"”. Despite the fact that many
types of economic activity on the territory of the reserve, the largest in the network
of SPNAs of Sevastopol, are prohibited or limited, sources of river pollution are
industrial, agricultural and other facilities located near its boundaries. According
to 2024 data, up to 2.23 million m® of water entered the Chernaya River channel,
of which one third was transit water from the Kadykovsky quarry (0.78 million m3),
and the main part (two thirds) was wastewater from sewage treatment facilities of
the State Unitary Enterprise “Vodokanal”?. In addition, the Chernaya River is among
the most flood-prone rivers [11], and runoff from the entire catchment basin during
a flood can significantly worsen water quality due to the entry of various pollutants
[11-13].

Sampling and research methods

The territorial system for monitoring the water quality of the Chernaya River
is represented by five OPs (Fig. 1): OP-/ — Inkerman, OP-2 — Zelenaya Gorka set-
tlement (wastewater discharge), OP-3 — Oktyabrsky settlement (wastewater dis-
charge), OP-4.1 (site 1), OP-4.2 (site 2) — Sakharnaya Golovka settlement (back-
ground and control sites), OP-5 — Rodnikovoye village (SPNA “State Natural Land-
scape Reserve of Regional Significance ‘Baidarsky’”).

Samples for assessing the water quality of the Chernaya River were collected
within the framework of state monitoring of surface water bodies from 2019 to 2024

8 Government of the City of Sevastopol, 2016. [On Approval of the Regulations on the State
Natural Landscape Reserve of Regional Significance “Baydarsky”]: Resolution of the Government
of the City of Sevastopol no. 408-I111 as of 29 April 2016. Available at: https://docs.cntd.ru/document/
438883181?ysclid=mtiqivyg5882718582 [Accessed: 18 August 2026] (in Russian).
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Fig. 1. Map of observation points on the Chernaya River (the dots denote ob-
servation points and their numbers). The map is from: https://map.ru/pkk/sevastopol
(Accessed: 28 August 2026)

under the programme “Ecology and Environmental Protection of the City of Sevas-
topol” once per season at five OPs in accordance with GOST R 59024-2020.

A hydrochemical analysis was performed for 120 samples; 43 parameters were
determined, including the content of dissolved gases (3) and nutrients (12), organo-
leptic indicators (6), organic (10) and inorganic (12) compounds. Of these, 25 indi-
cators were standardised and 18 were non-standardised. The samples were studied
in the testing laboratories of RusInteCo LLC, EkoSvet Firm LLC and Biopotentsial
LLC.

In this work, data on 36 hydrochemical indicators were analysed. These include
standardized indicators: dissolved oxygen (O) content, five-day biochemical oxy-
gen demand (BOD:s), chemical oxygen demand (COD), suspended solids, nutrients
(silicon Si, nitrites NO, ", nitrates NOs , ammonium nitrogen NH4", total nitrogen
Niowt, phosphates PO,4*"), ions of the main salt composition (sulfates SO4*, carbon
dioxide COa, chlorides CI7), macroelements (Mg, Ca, Na and K total), microele-
ments and heavy metals (Fe, Cu, Zn, Ni, Mn, Cr®"), as well as non-standardised
indicators: pH, oxygen saturation O, (%) and bicarbonate concentration HCOs".
In addition, the concentrations of organic pollutants were determined, including
petroleum products, phenols, anionic surfactants (ASs) and organochlorine pesti-
cides (o-, B-, y-HCH, DDT, DDD, DDE, HCB).

To assess the water quality of the Chernaya River, a comparative analysis
of the obtained data and water quality standards for water bodies of fishery
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significance was carried out in accordance with Order of the Ministry of Agricul-
ture No. 552 of 13.12.2016 ¥, and SanPiN 1.2.3685-21 ',

The PAST 4.0 software package and Microsoft Excel were used for statistical
analysis.

Results

Interannual dynamics of standardised hydrochemical indicators

The concentration of dissolved oxygen from 2019 to 2024 at all OPs varied in-
significantly — from 6.82 to 8.3 mg/dm® (with a standard of 6.0 mg/dm?).

The content of suspended solids in the upper reaches of the river (OP-5 Rod-
nikovoye) from 2019 to 2024 was within the range of standard values (2.8—
23.9 mg/dm?); at other sections it was 1.2-1.9 times higher (27.1-46.12 mg/dm”)
(Fig. 2, a). Maximum values were observed in the middle and lower reaches of
the river in 2023 and 2024.

The content of nutrients during the study period exceeded the MPC at most OPs.
Thus, in 2024, the maximum NH4" content at OP-4./ Sakharnaya Golovka rea-
ched 0.685 mg/dm’® with an MPC of 0.5 mg/dm® (1.4-fold exceedance) (Fig. 2, b).
A single peak in NO, concentration was observed at OP-3 Oktyabrsky (0.48 mg/dm’
with an MPC of 0.08 mg/dm®) in 2021; by 2024 the value had decreased to
0.0025 mg/dm®. The NOs~ content varied within the MPC (40 mg/dm?®) from 0.447
to 4.26 mg/dm’® in 2021 and 2023, respectively ”; the highest values were recorded
in the middle reaches of the river at OP-3 Oktyabrsky.

High concentrations of SO4*" (11-1174 mg/dm® with an MPC of 100 mg/dm?)
and C1” (17-10467 mg/dm® with an MPC of 300 mg/dm®) were revealed at all OPs
(Fig. 2, ¢, d), while in the lower reaches of the river at OP-/ Inkerman, exceedance
of the MPC for these indicators was noted throughout the entire observation period.

BOD:s throughout the entire study period at all monitoring sites, except OP-4.2
Sakharnaya Golovka in 2019 (2.0 mg O,/dm®) and OP-5 Rodnikovoye in 2021
(2.1 mg Oy/dm*), exceeded the standards (2.1 mg O,/dm’), amounting to 2.7—
5.82 mg O»/dm*. Maximum BOD:s values (more than 1.9 times above the norm) were
recorded in 2023 and 2024 at OP-4. Sakharnaya Golovka and OP-3 Oktyabrsky.

The pH values at all OPs were within the range of natural variation (from 7.69—
8.35 to 7.3-7.7) from 2019 to 2024, whereas COD increased from 4.5-5.9 mg/dm’
in 2019-2022 to 78.5-98.5 mg/dm’ in 2023 and 2024, exceeding the standard value
by a factor of more than 2.6.

%) Ministry of Agriculture of Russia, 2016. On the Approval of Water Quality Standards for Water
Bodies of Commercial Fishing Importance, Including Standards for Maximum Permissible Concen-
trations of Harmful Substances in the Waters of Water Bodies of Commercial Fishing Importance:
Order of the Ministry of Agriculture of Russia dated December 13, 2016, No. 552. Moscow: Ministry
of Agriculture of Russia (in Russian).

19 Chief State Sanitary Doctor of the Russian Federation, 2021. Decree No. 2 of 28.01.2021
“On the Approval of Sanitary Rules and Norms SanPiN 1.2.3685-21 'Hygienic Standards and Require-
ments for Ensuring the Safety and (or) Harmlessness of Environmental Factors for Humans'”. Available
at: https://mru31.fmba.gov.ru/upload/iblock/56a/cj7i0jx6pyscza503n4t3zo31jv79cyi/Postanovlenie-
Glavnogo-gosudarstvennogo-sanitarnogo-vracha-RF-_-2-0t-28.01.2021.pdf [Accessed: 20 August 2026]
(in Russian).
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Fig. 2. Content dynamics of solids (a), NH4" (b), SO+* (¢), CI” (d)
in the Chernaya River water in 2019-2024

Concentrations of microelements, including some HMs, were characterised
by significant interannual variability; exceedances of the MPC were revealed from
2019 to 2024. An above-standard Mn concentration (from 0.0166 to 0.0282 mg/dm’
with an MPC of 0.001 mg/dm®) was noted at all OPs from 2022 to 2024, with
a maximum at OP-/ Inkerman in 2019 (0.062 mg/dm?).

The content of Fe (0.11-0.49 mg/dm’® with an MPC of 0.1 mg/dm’) and Cu
(0.00147-0.0096 mg/dm® with an MPC of 0.001 mg/dm®) at OP-/ Inkerman also
exceeded the MPC throughout the observation period, except 2021 and 2022
(Fig. 3, a, b).
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Fig. 3. Interannual content of Fe (a), Mn (b), Cu (c), Mg (d)
in the Chernaya River water in 2019-2024

Concentrations of Cr and Ni (<0.01 mg/dm®) were within the standards
at all sites.

The Mg concentration in 2022 at all sites exceeded the MPC (40 mg/dm’) by
a factor of more than three (140.7-193.4 mg/dm®), and in 2023 and 2024 it de-
creased by more than an order of magnitude (to 6.88-11.2 mg/dm®) (Fig. 3, ¢, d).
An above-standard Ca concentration in 2022 was also observed at all OPs (213.3—
423.3 mg/dm® with an MPC of 180 mg/dm?*); at OP-7 Inkerman and OP-2 Zelenaya
Gorka from 2021 to 2024, exceedance of its MPC by a factor of more than 1.6 was
recorded.
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Among organic pollutants, the highest concentration was found for phenols
(0.0021-0.0029 mg/dm* with an MPC of 0.001 mg/dm®) at all OPs in 2019 and
2020 (Fig. 4, a). From 2021 to 2024, a significant decrease in the average annual
phenol content was observed (to 0.0002 mg/dm?), with a minimum at OP-5 Rodni-
kovoye in 2023.

The content of petroleum products throughout the entire observation period
atall OPs was insignificant: in 2019 and 2020 it did not exceed 0.02 mg/dm’.
In 2022, a ubiquitous slight increase to 0.058-0.074 mg/dm® was noted (MPC
0.05 mg/dm?), except at OP-2 Zelenaya Gorka; in 2023-2024, values varied from
0.0165 to 0.0268 mg/dm® (Fig. 4, b). The content of ASs in the middle and lower
reaches of the river in 2022 increased to 0.09-0.21 mg/dm® (MPC 0.1 mg/dm°);
by 2024, the values of this indicator had decreased threefold, except at OP-/
Inkerman, where exceedance of the MPC persisted (Fig. 4, ¢). The concentration
of organochlorine pesticides at all OPs was below the MPC throughout the entire
observation period.
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Fig. 4. Content dynamics of phenols (a), petroleum products
(b), ASs (c) in the Chernaya River water in 2019-2024

102 Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2026



Interannual dynamics of non-standardised water indicators

The HCO;™ concentration varied between 53—128.8 mg/dm? during the obser-
vation period, peaking at OP-4.2 Sakharnaya Golovka in 2022. The concentrations
of CO; and total nitrogen did not exceed 1 mg/dm?.

The total content of Na" and K" was maximum at all OPs in 2020 (518—
10 489 mg/dm?), and minimum in 2019 (0.064-0.127 mg/dm?). In the lower reach-
es of the river in 2021, the values of this indicator varied in the range of 5906—
6646 mg/dm’, and in the upper and middle reaches — 21.5-31.5 mg/dm’. In subse-
quent years, at all OPs, the total content of Na+ and K+ was 26-38.75 mg/dm’.

The average values for 2019-2024 of the hydrochemical indicators of
the Chernaya River that determine water quality are presented in the table.

Average values of the Chernaya River water quality indicators in 2019-2024

Observation point
Indicator

OP-1 OP-2 OP-3 OP-4* OP-5
pH 7.5 7.38 7.69 7.66 7.4
Dissolved oxygen, mg/dm? 7.6 7.58 7.63 7.65 7.58
Suspended solids, mg/dm? 154 13.84 18.93 14 10
Petroleum products, mg/dm?3 0.02 0.02 0.02 0.02 0.02
BODs, mgO»/dm® 3.77 3.56 3.89 34 3.5
COD, mg/dm? 39.16 44.26 38.29 37.2 34.86
Anionic surfactants, mg/dm? 0.075 0.066 0.04 0.044 0.064
Oxygen saturation, % 93.6 63.2 74.9 75.39 73.6
Sulfates, mg/dm? 582.8 439 86.89 108.6 96.16
Chlorides, mg/dm? 7456 5593 375 323 449
Nitrates, mg/dm? 1.5 1.67 2.19 1.95 1.77
Nitrites, mg/dm? 0.053 0.016 0.031 0.024 0.026
Ammonium ions, mg/dm? 0.16 0.215 0.182 0.2 0.184
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Continued

Observation point

Indicator

OP-/ OP-2 OP-3 OP-4* OP-5
Carbon dioxide, mg/dm? 0.5 0.5 0.5 1.0 0.5
Phosphates, mg/dm? 0.054 0.055 0.086 0.078 0.059
Bicarbonates, mg/dm? 279.0 270.7 233.6 175.8 264.6
Phenols, mg/dm?3 0.0012  0.0006  0.0013  0.0009 0.001
Calcium, mg/dm?3 512 360 100 94 93
Magnesium, mg/dm? 108 78 37 30 37

Sodium and potassium

(in total), mg/dm’ 4778 1454 147 127 121
Total iron, mg/dm?3 0.179 0.173 0.110 0.128 0.098
Manganese, mg/dm? 0.025 0.015 0.020 0.020 0.020
Copper, mg/dm? 0.003 0.003 0.002 0.002 0.002
Zinc, mg/dm? 0.036 0.0154 0.010 0.01 0.0124
Chromium (VI), mg/dm? 0.005 0.005 0.005 0.01 0.005
Nickel, mg/dm? 0.005 0.005 0.005 0.005 0.005
Total nitrogen, mg/dm? 1.69 0.92 1.00 0.90 1.00
Phosphorus, mg/dm? 0.040 0.005 0.050 0.025 0.025
Silicon, mg/dm? 3.00 3.69 2.67 2.77 2.83
Pesticides

(o-, B-, y-HCH, DDT, <0.00001 <0.00001 <0.00001 <0.00001 <0.00001

DDD, DDE, HCB)

* For OP-4, mean values are given (site 1 and site 2).
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The lower reaches of the Chernaya River (OP-/, OP-2) are characterised
by increased content of chlorides, sulfates, calcium, magnesium, sodium and potas-
sium in total, compared with the upper and middle reaches (table). The NO, con-
centration in the lower reaches of the river was twice as high as in the upper reach-
es, and the NO; content reached a maximum in the middle reaches of the river
(table), which indicates chronic pollution (washout with storm runoff).

The phosphate content at all OPs in the Chernaya River is below the MPC
for mesotrophic water bodies ” (table).

An increase in the concentration of some HMs (Mn, Fe, Cu, Zn) was observed
from the upper reaches (OP-5 Rodnikovoye) to the lower reaches (OP-/ Inkerman).

The average values of Cr®', Ni, petroleum products and pesticides were within
the MPC limits at all monitoring sites. For 2019-2024, the average COD value was
an order of magnitude greater than BODs (table). This is probably due to the pres-
ence of difficult-to-degrade organic compounds of plant origin. It is indicative that
the high content of dissolved oxygen (7.58-7.65 mg/dm®) determines biochemical
equilibrium and normal functioning of the biota of the Chernaya River.

Discussion

According to the results of water quality monitoring of the Chernaya River
in 2019-2024, exceedances of the MPC were revealed for a number of hydrochem-
ical indicators, such as COD and the content of HMs (except Ni*" and Cr®"), nutri-
ents, phenols, chlorides and sulfates (see Figs. 2, 4).

Throughout the entire observation period, one-time or periodic spikes in the con-
centrations of Mn, Fe, Mg and Cu and suspended solids were noted, exceeding
the standards for fishery water bodies (see Figs. 2, 3), which may be associated
with intensive bank erosion, erosion and washout of fertilisers from agricultural
fields. The high content of Mg and Ca in the waters of the Chernaya River in 2022,
exceeding the MPC (see Fig. 3), proved comparable to data for 1989-2008 [3],
which may be the result of specific hydrochemical conditions in the mixing zone
of river and sea waters, given the absence of mining and chemical enterprises
in the area of OP-/ Inkerman and OP-2 Zelenaya Gorka.

Exceedance of the COD standard and above-standard concentrations of CI”
and SO4* (see Fig. 2) were observed annually. Peaks in the concentrations of phe-
nols, ASs and petroleum products exceeding the MPC for fishery water bodies
were recorded (see Fig. 4). From 2019 to 2024, an increase in the content of nutri-
ents NH," and Si was noted.

It should be noted that the increase in the concentration of nutrients
in the upper and lower reaches of the Chernaya River revealed by us is comparable
to the results of other researchers for 2012-2023 [5, 6]. Apparently, the high con-
centration of pollutants in the Chernaya River is associated with their entry from
agricultural lands located mainly along the middle reaches of the river (including
in the coastal and water protection zones), as well as with economic wastewater
from industrial enterprises. In addition, sources of pollution include the inflow of
sea waters during storm surges in the estuarine zone, discharges of centralised and
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local sewage treatment facilities and storm runoff [3, 5, 6]. Nevertheless, at all riv-
er sections we revealed a decrease in the content of Cu, ASs and petroleum prod-
ucts from 2019 to 2024.

Analysis of the spatial distribution of some hydrochemical indicators revealed
fairly high concentrations of chlorides, sulfates and HMs, as well as exceedance
of the BODs and COD standards in the estuarine zone of the Chernaya River
(OP-1, -2, see Figs. 2, 3) compared with other sections (OP-3, -4, -5). At the same
time, the high content of sulfates and chlorides exceeding the MPC proved compa-
rable to data for 1989—2008 [3]. This may be due to the high content of organic
substances in water because of the entry of insufficiently treated or untreated
wastewater and natural precipitation.

Overall, researchers noted a deterioration in the water quality of the Chernaya
River in 2012-2023 and associated it with the entry into the channel of some pollu-
tants from its tributaries [5, 6].

Analysis of monitoring data for 2019-2024 showed some deterioration in the wa-
ter quality of the Chernaya River. The main reason is the entry into the channel
of significant volumes of insufficiently treated industrial wastewater from enter-
prises, as well as untreated domestic wastewater from unorganised wastewater dis-
posal sources. The situation was aggravated by the restriction of control (superviso-
ry) measures¥. A slight increase in the content of ASs, phenols, petroleum prod-
ucts and some metals is associated with their accumulation on the river catchment
area during low-water periods and subsequent washout with intensive storm runoff,
as well as during short-term extreme floods (June 2021, June and December 2022)?.

Nevertheless, in the lower reaches of the river and the estuarine part, a de-
crease in phenol concentration to a level below the MPC for water bodies of fishery
importance was recorded?. This indicates some improvement in water quality
in terms of this indicator compared with data for 1980-2020 [8, 14]. In addition,
a decrease in concentrations of nitrites and nitrates was noted, which proved below
the standards " compared with 2015-2020 [5, 11].

At all observation points, low concentrations of organochlorine and other pes-
ticides were revealed, not exceeding the MPC, which corresponds to data for 1980—
2015 and 2020 [14, 15]. The stable oxygen content at different river sections
proved similar to 2015 data [11].

A comparative analysis of interannual changes in the hydrochemical indicators
of the Chernaya River with data on the other largest watercourses of Crimea and
water bodies of fishery importance for 2022-2024 revealed a similar tendency
toward an increase in COD>®. Apparently, this is associated with leaching
from the soils of the catchment basin of persistent organic compounds and the en-
try of nutrients, metals and other pollutants as part of insufficiently treated
wastewater from sewage treatment facilities.

Based on the conducted studies and analysis of published data for 2019-2024 *»
some decrease in the water quality of the Chernaya River — the main source of
drinking water supply for the city of Sevastopol — was established. This requires
the adoption of comprehensive measures and the implementation of water protection
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measures. First of all, these include restriction or prohibition of the placement
of unorganised recreation areas in the river water protection zone and increased
requirements for environmental expertise during the construction of permanent
structures in this zone. In our opinion, the inclusion in the water quality monitor-
ing system of bioindication studies using indicator species from representatives
of coastal aquatic vegetation, such as common reed (Phragmites australis), will
make it possible not only to improve the assessment of environmental quality but
also to develop scientifically substantiated recommendations for reducing the nega-
tive impact on the water body.

Conclusion

Analysis of the interannual dynamics of the water quality of the Chernaya
River by 36 standardised and non-standardised hydrochemical indicators for 2019—
2024 revealed their significant variation at five OPs located in the upper, middle
and lower reaches of the river.

The variability of the content of elements of the main salt composition of river
waters (Cl°, SO4*, Ca, Mg), nutrients (NH4", NO, ", NO5’, PO4*", Si) and micro-
elements, including some HMs (Fe, Cu, Mn, Ni and Cr®), was analysed. The dynam-
ics of a number of organic pollutants (phenols, petroleum products, organochlorine
pesticides, ASs) was assessed.

The greatest degree of pollution of the Chernaya River waters was revealed
in the lower reaches, which is directly associated with the entry into the water-
course of insufficiently treated industrial wastewater, organic compounds and
heavy metals with intensive storm runoff from the catchment basin, during extreme
floods, as well as with polluted waters of tributaries.

During the study period, the content of Fe and Cu increased by a factor of more
than four, and the Mn concentration exceeded the MPC by more than an order
of magnitude. In addition, increased concentrations of Ca and Mg, suspended sol-
ids, Cl, SO4* and NH4" were revealed. Interannual changes in the content of
NO;", Ni and Cr" were insignificant. The concentration of organic pollutants at all
OPs decreased by 2024; the concentration of phenols fell below the MPC from
2021, and that of petroleum products from 2023.

Non-standardised hydrochemical indicators varied to a lesser extent than
standardised ones: pH decreased to neutral values, Si concentration and COD indi-
cators increased more than twofold, and the total content of Na and K decreased
by two orders of magnitude by 2021, changing insignificantly in subsequent years.

Thus, the water quality of the Chernaya River by 36 hydrochemical indicators
for the specified period can be considered satisfactory, especially with respect
to organic pollutants. Exceedances were noted only for some heavy metals and nu-
trients, mainly in the lower reaches of the river and at its mouth.

Since the Chernaya River is the main surface source of water supply for Sevas-
topol, monitoring of its water quality remains a priority task. To improve the effec-
tiveness of control, it is recommended to:

— conduct an inventory of pollution sources;
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— develop a set of measures aimed at reducing the volumes of incoming un-

treated wastewater;

— introduce reed filter strips for sedimentation of suspended solids and absorp-

tion of pollutants;

— supplement water monitoring with bioindication studies using indicator spe-

cies of coastal aquatic vegetation.
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Distribution of macrophytobenthos
in the landscapes of the natural monument
“Coastal Aquatic Complex at Cape Sarych”
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A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS, Sevastopol, Russia
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Abstract

For the first time, based on a landscape approach, the features of the spatial distribution
of benthic vegetation, floristic composition, and qualitative and quantitative characteristics
of the macrophyto-benthos of the regional natural monument “Coastal Aquatic Complex
at Cape Sarych” (Southern Coast of Crimea, Sevastopol region) are shown. The study used
materials from hydrobotanical and landscape surveys conducted in this area in the summer of
2021. A landscape map of the water area was compiled, and seven underwater landscapes
were identified, featuring the key macrophyte species Ericaria crinita, Gongolaria barbata
and Phyllophora crispa. For each landscape contour, the total macrophyte biomass (TMB)
and the proportion of key macrophyto-benthic species were calculated. The comparative
analysis showed that the landscape of the shallow zone (0.5—1 m) has the greatest variability
in TMB values (2036.5 + 264.6)(8167.6 = 465.7) g'-m ™ raw mass and proportions of E. crinita,
G. barbata (4-83%). The contribution of epiphytes does not exceed (3—21% TMB). Max-
imum values of TMB (6972.8 +371.2)~(10 673.3 + 654.8) g'm 2 raw mass and high con-
tribution of E. crinita, G. barbata (53—77%) were observed in the landscapes upper shore-
face (1-5 m), where the highest proportion of epiphytic algae was also recorded (23-34%).
The TMB in landscapes of the gently (515 m) dipping accumulation plain was characterized
by relatively low values, which varied slightly (1312.7 + 141.3)~(2463.0 = 196.7) g'm>
raw mass, with the contribution of P. crispa increasing sharply with depth (from 20
to 87%), whereas that of E. crinita and G. barbata significantly decreasing (from 66
to 2%); the proportion of epiphytic plants was 8-23%. It was established that the marine
flora contained a significant number of algal species listed in Red Data Books, which con-
firms the conservation value of the studied aquatic area. However, species of macrophytes,
indirectly indicating pollution of the protected water area, were found in the algoflora of
the nature monument. In the coastal zone under recreational pressure, a mass development
of green algae (Ulva rigida, Ulva intestinalis, Cladophora laetevirens) was observed, along
with the highest proportion of polysaprobic and the maximum contribution of annual and
summer macrophyte species inhabiting waters with an elevated organic content. The obtained
results can be utilized for optimizing the conservation regime of the natural monument.

Keywords: bottom vegetation, Ericaria crinita, Gongolaria barbata, Phyllophora crispa,
specially protected natural areas, landscape structure, Black Sea, Sevastopol
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Pacnpenesnenue makpopurodenroca
B Janamadrax naMaTHUKA PUPOABI
«IIpubpexHbIii aKBaJIbHBIN KOMILIEKC Y MbIca Capbiu»
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AHHOTALMSA

BriepBrie Ha ocHOBe JaHMIIAQTHOTO MOJX0Aa OLCHUBAIOTCS (DIIOPUCTHYECKHUI COCTaB, Kade-
CTBEHHBIC W KOJIMYECTBEHHBIE XapaKTEPUCTHKH Makpo(pHUTOOEHTOCa 1 0COOEHHOCTH €ro pac-
TIpeIeNICHUs B aKBATOPHH MAMSITHHAKA MPHPOIBI PETHOHAIBHOTO 3Ha4YeHUS «IIpuOpekHbIit
akBaJbHBIN KoMIDieke y Mbica Capera» (FOxHseri Oeper Kprima, pation r. CeBacTormmost).
Hcnonb30Banbl MaTepHalbl TUAPOOOTAHUMYECKOW M JAHAIAQTHONW CHEMOK, ITPOBEICHHBIX
B 3TOM paiioHe sietoM 2021 1. CocraBieHa gaHmmadTHas KapTa akBaTOPHUH, BBIICIICHO CEMb
MTOABOJHBIX JIAHAMA(PTOB C yd4acTHEM KIIIOUEBBIX BHIOB MakpodurtoB Ericaria crinita,
Gongolaria barbata v Phyllophora crispa. J]ns xaxnoro nanamadTHOrO KOHTypa paccyuTa-
HBI 00IIasi OroMacca MakpO(QUTOB U JIOJIS KITFOUEBBIX BHIOB Makpogurodenroca. CpaBHH-
TENBHBIN aHaIM3 MOKa3al, YTO JaHAma(Tel MEIKOBOIHOM 30HbI (TiryOuHa 0.5—1 M) oTimya-
FOTCS HAanOOJbIICH BapraOeIbHOCTRIO 00mIel Omomaccel MakpodutoB — (2036.5 +264.6)—
(8167.6 +465.7) r-m 2 cipoii Maccel — u nomu E. crinita, G. barbata (483 %). Bxnan smu-
¢uroB He npesbimaet (3—21 % obmelt Gnomaccel MakpoguToB). MakcUMabHbIE 3HAYCHHS
obmeit Guomaccel MakpoduToB — (6972.8 +371.2)+(10 673.3 = 654.8) "M 2 CHIPOH Macchl —
u BeIcokuit BKknan E. crinita, G. barbata (53—77 %) oTMedeHbI B TaHAIadTaX, OTHOCAIIAXCS
K IOJBOAHOMY CKIIOHY (TiryOmHA 1-5 M), TIe TakKe 3aperucCTpHpOBaHa HAUOOIBIIAs OIS
snuduTHbIX Bonopocieit (23-34 %). Ilokazarenu oOieit OuomMacchl Makpo(HUTOB B JIaH[I-
madrax cIadOHAKIOHHOW paBHUHBI (TTyOMHA 5—15 M) OTHOCHTENILHO HEBBICOKM M CJIabo
BappupyIoT — oT (1312.7 = 141.3) 1o (2463.0 £ 196.7) r'M 2 CBIPOH Macchl; IPH 3TOM BKJIAJ
P. crispa pe3ko Bo3pactaeT ¢ riyouHoi (¢ 20 mo 87 %), a nons E. crinita u G. barbata —
CYIIECTBEHHO CHIKaeTcs (¢ 66 mo 2 %), moins snuduTHON cuHy3uu cocraBiseT 8—23 %.
B cocraBe Mopckoit ¢Iopsl 3aperucTpHPOBaHO 3HAYUTEIHHOE KOJIMYECTBO BHJIOB BOJOPOC-
JeH, 3aHeceHHBIX B KpacHble KHWUTH, 4TO ITOJNTBEPKIAET BBICOKYIO NMPUPOJOOXPAHHYIO IIEH-
HOCTb M3y4aeMoil akBaropuu. OpHako B ainbrodiope maMsTHHKA IPHPOABI 0OHAPY>KEHBI
BHABI MAaKPO(HUTOB, KOTOPHIE KOCBEHHO YKAa3bIBAIOT HA 3arps3HEHHE OXPAaHAEMON aKBATOPHH.
B npubpesxHOl 30HE, UCIBITHIBAIONICH peKpearnoOHHY0 Harpy3Ky, OTMEYEHO MacCOBOE
pasButHe 3eneHbIX Bogopocueit (Ulva rigida, U. intestinalis, Cladophora laetevirens),
HauOoJIbIIas MO TONHUCATIPOOMOHTOB M MaKCHMAJbHBIN BKJIAJ OTHOJETHUX M CE30HHO-
JIETHUX BHJOB MaKpo(UTOB, OOUTAIONINX B BOJIE C TOBBIIIICHHBIM YPOBHEM aHTPOIIOT€HHON
aBTpodukanuu. [lomydeHHble pe3yabTaThl MOTYT OBITh MCIHOJIB30BAHBI Ul ONTUMH3AIMH
MIPUPOIOOXPAHHOTO PEKHMMA MTAMSTHHKA IPUPOIBI.
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Phyllophora crispa, 0co00 oxpaHsieMble TPUPOIHBIE TEPPUTOPUH, JTaHIIAQTHASI CTPYKTY-
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BaaropapHocTn: pabora BhINIOJIHEHa B paMKax rocynapcrsenHoro 3ananus OULl MTaBIOM
no teme «KoMIiekcHOe HcClieloBaHUE MEXaHW3MOB (DYHKIIMOHHPOBAHUS MOPCKHX OHO-
TEXHOJIOTUYECKUX KOMIUIEKCOB C IIEJBI0 MOJTYy4eHHsS OHOJIOTHYECKH AKTHUBHBIX BEIIECTB
n3 TuapobrnonToBy (Ne roc. peructpanuu 124022400152-1).

s murtupoBanus: Muponosa H. B., Ilankeesa T. B. Pacnpenenenne makpogpurodeHroca
B JaHqmadTax namMATHUKA IpuUponsl «IIpuOpeXHBIH aKBaNbHBIH KOMILIEKC y MbICa
Capbru» // Dxonorndeckast 0€30MacHOCTh MPUOPEXKHON 1 1IeNTb(oBoi 30H Mops. 2026. Ne 3.
C. 110-124. EDN BCBKRB.

Introduction

Recent hydrobiological studies have shown that global environmental and cli-
matic changes, together with an increase in storm intensity, pose a significant threat
to the ecosystems of the world’s coastal zones, 30% of which are covered by mac-
rophyte beds [1-3]. Increased eutrophication of seawater and a substantial rise inan-
thropogenic pressure on the coastal zones of the world’s oceans, including the Black
Sea, are also leading to adverse changes in the seabed vegetation cover [4-9].
The area of water bodies with bottom vegetation is known to be shrinking signifi-
cantly. Thus, according to data from the United Nations Environment Programme
(UNEP), the area of macrophyte habitats has been decreasing by 7% since 1930.
For example, the average annual rate of decline in the area where kelp grows is 2%
[10]. It is telling that the destruction of phytobenthos habitats, leading to a reduction
in macrophyte biomass, is also characteristic of protected marine areas [11, 12].

In Sevastopol, there are six protected areas, which include a marine protected
area (MPA). A significant proportion of the MPA’s area is occupied by the “Cape
Aya” and “Karansky” state-owned natural landscape reserves of regional importance.
Hydrological natural monuments cover 391.9 hectares, accounting for 54.6% of
the total protected water area in Sevastopol. Within these protected areas, the eri-
caria—gongolyaria and phyllophora phytocenoses, as well as communities of higher
aquatic vegetation, are of scientific and conservation value; these constitute key
components of the Black Sea ecosystem and have a protected status at internation-
al, national and regional levels [13].

The scientific literature contains data on the floristic composition of macro-
phytic benthos and landscape diversity in protected areas in the Republic of Crimea
and the federal city of Sevastopol [11, 12, 14]. However, information on the spatial
distribution and biomass of macrophytes in the underwater landscapes of protected
water bodies remains limited.

The aim of this study is to assess the distribution of macrophyte benthos and
its quantitative and qualitative indicators in the landscapes of the “CAC at Cape
Sarych” natural monument.
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Study materials and methods

The “Coastal Aquatic Complex (CAC) at Cape Sarych” hydrological natural
monument of regional significance is located in the southern part of Sevastopol.
The coastline stretches for 1,900 metres, and the water area is 300 metres wide.
The total area of the monument is 62.28 hectares, of which 3.51 hectares are land
and 58.77 hectares are water [13].

Along most of the coastline, there is a boulder bench that merges into sections
of a pebble one [15]. The narrow bench drops off sharply to a considerable depth.
The underwater slope is rather steep. The open shores near Cape Sarych promote
active mixing of water masses, ensuring high water clarity and low trophic levels
[16]. Anticyclonic currents prevail here throughout the year. In summer, the water
temperature near the shore drops significantly due to the upwelling of deep waters,
which renew the water column during surges [17].

In the summer of 2021, hydrobotanical and landscape surveys were carried out
in the waters of the “CAC at Cape Sarych” natural monument. As part of these
surveys, three profiles were set, running perpendicular to the shoreline (Fig. 1).
A portable Oregon 650 GPS receiver was used to determine their coordinates.
When selecting the locations for the profiles, consideration was given to the char-
acteristics of the geological and geomorphological structure of the coastal zone and
the type of land use. Profiles 1 (44°23.566' N, 33°43.624' E) and III (44°23.244' N,
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Fig. 1. A schematic map of the waters of the “Coastal Aquatic Complex (CAC)
at Cape Sarych” natural monument, showing the boundaries of the protected area
(red outline) and location of the profiles (I-1II), 2021. The inset shows the Crime-
an Peninsula, with the study area marked by a red circle
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33°43.266' E) run at the foot of the cliffs, where the coastal zone consists of boul-
der deposits and a sharp drop in depth is observed. At present, the adjacent coast-
line in the area of profile I is under active development, while at Cape Sarych,
where profile III is located, there is virtually no human activity. Profile II
(44°23.477' N, 33°43.836' E) runs along a section of a pebble bench on which
the beach is situated, while the adjacent area is occupied by a cottage estate.

To study the landscape structure of the water body, the landscape profiling
method was applied, involving a detailed description of the profiles and key areas.
Samples were collected in accordance with the standard methodology " at depths
of 0.5-15 m. A total of 84 quantitative samples were collected and analysed
(28 samples per profile). Algal species were identified using an identification
guide ?, taking into account the latest changes in nomenclature (available at:
http://www.algaebase.org). The level of seawater pollution was assessed indirectly
using Cheney’s floristic ratio [18]. The structure and composition of the macro-
phytobenthos were analysed using Shannon’s species diversity index (H) [19].
The distribution of algal species by ecological groups (vegetation duration and sap-
robity) is presented in accordance with the classification by A. A. Kalugina-Gutnik .

The QGIS 3.28.13 software package and a digitised, georeferenced navigation
map were used to create the landscape map. The landscape structure was studied
at the local area level.

Results and discussion

Within the landscape structure of the “CAC at Cape Sarych” natural monu-
ment, seven underwater landscapes were identified; six of these differ in terms of their
dominant macrophyte species: Ericaria crinita (Duby) Molinari et Guiry = Cys-
toseira crinita), Gongolaria barbata (Stackh.) Kuntze = Cystoseira barbata) and
Phyllophora crispa (Huds.) P. S. Dixon; landscape 7 is devoid of vegetation (Fig. 2).

A boulder bench predominated by Ericaria crinita and Gongolaria barbata
(1) occupies depths of 0.5-1 m in the western (profile 1) and eastern (profile III)
parts of the nature monument (see Fig. 2). The projected coverage of the bed
by macrophytes (PC) at these depths is up to 100%.

The total macrophyte biomass (TMB) ranged from (2,036.5+264.6) to
(7,197.3 £494.5) g'-m > wet weight (Table 1). The proportion of E. crinita and
G. barbata varied widely from 4 to 83% of the TMB: the maximum was recorded
in the waters of profile I at a depth of 1 m, and the minimum was in the waters of
the same profile at a depth of 0.5 m, where the bottom vegetation was dominated

D Kalugina-Gutnik, A.A., 1969. [Black Sea Benthic Vegetation Survey Using Light-Weight
Diving Equipment]. In: AS USSR, 1969. [Marine Underwater Studies]. Moscow: Nauka, pp. 105-113
(in Russian).

2 Zinova, A.D., 1967. [Field Guide to Green, Brown and Red Algae of the Southern Seas of
the USSR]. Leningrad: Nauka, 397 p. (in Russian).

3 Kalugina-Gutnik, A.A., 1975. [Phytobenthos of the Black Sea). Kiev: Naukova Dumka, 248 p.
(in Russian).
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Fig. 2. Schematic map of the landscape structure of the water area of the natural monu-
ment CAC at Cape Sarych with defined underwater landscapes: / — boulder benches pre-
dominated by Ericaria crinita and Gongolaria barbata; 2 — pebble-boulder benches with
individual blocks, predominated by Ericaria crinita and Gongolaria barbata; 3 — upper
shoreface consisting of psephitic sediments predominated by Ericaria crinita and Gongo-
laria barbata; 4 — upper shoreface consisting of psephitic deposits predominated by Ericar-
ia crinita and Gongolaria barbata with mosaic alternation of pebble and gravel deposits
and shell fragments predominated by Phyllophora crispa; 5 — gently dipping accumulation
plain formed by gravel-psammitic deposits with inclusion of shell fragments predominated
by Phyllophora crispa, and individual blocks predominated by Ericaria crinita and Gongo-
laria barbata; 6 — gently dipping accumulation plain formed by psammitic deposits with
inclusion of shell fragments predominated by Phyllophora crispa; 7 — gently dipping accu-
mulation plain formed by sandy sediments, with no bottom vegetation; 8§ — boundaries of
the natural monument.

The red rectangular in the inset shows the study area
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by Palisada perforata (Bory) K. W. Nam (31%), Corallina officinalis L. (24%),
Cladophora sericea (Huds.) Kiitz. (14%) and species of the genus Ceramium (21%).

In the waters of profile III, in addition to the dominant species E. crinita and
G. barbata, Cladostephus spongiosus (Huds.) C. Agardh (2-6%) was recorded,
whilst at a depth of 0.5 m, Padina pavonica (L.) Thivy (3%) was noted, and
at a depth of 1 m, Carradoriella elongata (Huds.) Savoie et G. W. Saunders (16%
of the TMB) was recorded.

Within this depth range, epiphytes predominated within the boundaries of
the landscape under study: Vertebrata subulifera (C. Agardh) Kuntze (1-17%),
Ceramium ciliatum (Ell.) Ducl. (3-5%), Ceramium diaphanum (Lightf.) Roth
(1-3%), and Laurencia coronopus J. Agardh (1-2% of the TMB).

Significant variation in the values of the species diversity index H indicates ra-
ther a complex structure of the macrophytobenthos community, due to the alterna-
tion of dominant algal species in the profiles area, with a high contribution from
epiphytes (Table 1).

Table 1. Total biomass of macrophytes, percentage of dominant species and their epi-
phyts species, diversity index H in the landscape structure of natural monument CAC
at Cape Sarych by depth in 2021

Proportion of, %
Land- | Depth, o frlilsrr(r)lals;s tes Ericaria H
scapes m ,mlfzy ’ crinita, |Phyllophora| epiphytic
g Gongolaria crispa plants
barbata

. (2036.5+264.6)- - - 1.12-

1 0.5-1 (71973 £ 494.5) 4.1-82.8 0 3.0-19.6 287
. (67722+403.8)- - g ~ 1.92-

2 0.5-1 (8167.6 % 465.7) 55.3-72.7 0-0.1 8.2-21.4 246
- (6972.8 +371.2)~ - - 3 0.95-

3 1-3 (81953 + 481.4) 68.3-77.0 0.6-6.0 22.7-24.3 177
B (7681.9 £397.8)— 3 » 8 1.47-

4 3-5 (10 673.3 + 654.8) 53.5-62.0 11.5-22.8 15.2-34.4 178
B (1370.3 £ 126.8)— g . B 1.43—

5 5-10 (2463.0  196.7) 30.8-65.9 19.7-519 8.4-17.3 191
- (1312.7 £ 141.3)- - . ~ 0.59-

6 10-15 (1967.6 + 164.2) 0-1.8 76.9-87.1 11.1-23.1 078

Note: The numbering and description of underwater landscapes correspond to the information pre-
sented in the text and in Fig. 2.
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A pebble-boulder bench with individual blocks, predominated by Ericaria
crinita and Gongolaria barbata (2), is situated at a depth of 0.5—1 m in the central
(profile IT) part of the natural monument (see Fig. 2). The PC values at these depths
reached 60—70%. The TMB varied slightly within the range from (6,772.2 + 403.8)
to (8,167.6 £ 465.7) g'm? wet weight (Table 1). Of note, in the waters of this
profile, at a depth of 0.5 m, where E. crinita and G. barbata (55%) dominated
the macrophytobenthos, significant clusters of Ulva rigida C. Agardh) (29%) and
U. intestinalis L. (2% of wet weight) were found in the water column of this profile
at a depth of 0.5 m, where E. crinita and G. barbata (55%) dominated the macro-
phytobenthos composition. At a depth of 1 m in this landscape, the contribution of
E. crinita and G. barbata increases by a factor of 1.3, whilst the proportion of spe-
cies of the genus Ulva decreased to 1.4% of the TMB. It is noteworthy that, with
increasing depth, the role of representatives of the epiphytic synusia more than
doubled (Fig. 2); at a depth of 0.5 m, Cladophora laetevirens (Dillwyn) Kiitz. (4%),
whilst at a depth of 1 m, V. subulifera (17% of the TMB) predominated.

The species diversity of the phytocenosis is confirmed by high values
of Shannon’s index H (Table 1).

An upper shoreface consisting of psephitic sediments predominated
by Ericaria crinita and Gongolaria barbata (3) is situated along the coastline
at a depth of 1-3 m (see Fig. 2). The underwater slope is steep and complicated
by boulder deposits. The PC values at these depths were at their maximum (100%).
The TMB varied within a fairly narrow range from (6,972.8 + 371.2) to (8,195.3 +
+481.4) g'm2 of wet weight (Table 1). The contribution of E. crinita and G. barbata
varied from 68 to 77% of the TMB. The composition of the benthic vegetation
included C. spongiosus (1-3%) and P. crispa (1-6%). It is characteristic that epiphy-
tic synusia was abundant in this depth range; among the epiphytes, V. subulifera
(19-22%) predominated, while Antithamnion cruciatum (Agardh) Nigeli (1-3%
of the TMB) was also present.

The relatively low values of the species diversity index H (Table 1) indicate
a homogeneous structure of the macrophytobenthos community, with a prevalence
of dominant species.

An upper shoreface consisting of psephitic deposits predominated by Eri-
caria crinita and Gongolaria barbata with mosaic alternation of pebble and
gravel deposits and shell fragments predominated by Phyllophora crispa (4),
extends to depths of 3—-5 m (see Fig. 2). The underwater slope is steep, with areas
covered with pebbles, gravel and broken shells situated between the boulders.
The PC values at these depths were high (90-100%). The TMB ranged from
(7,681.9 £ 397.8) to (10,673.3 = 654.8) g-m > wet weight (Table 1). The proportion
of E. crinita and G. barbata varied from 53 to 62%, while the contribution of
P. crispa ranged from 11 to 23% of the TMB. V. subulifera dominated the epiphyte
community (12-32%); 4. cruciatum (1-3% of the TMB) was noted; the maximum
contribution of the epiphytic synusia was recorded in the water column of pro-
file II, and the minimum was in the area of profile III.
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The complex polydominant structure of the macrophytobenthos community,
in which a significant proportion of epiphytic algal species was observed, is con-
firmed by the values of the species diversity index H (Table 1).

A gently dipping accumulation plain formed by gravel-psammitic deposits
with inclusion of shell fragments predominated by Phyllophora crispa and in-
dividual blocks predominated by Ericaria crinita and Gongolaria barbata (5),
is found at a depth of 5-10 m (see Fig. 2). The relief is a plain characterised by
smoothed forms and randomly arranged boulders and stones. The PC values were
90%. The TMB varied from (1,370.3 + 126.8) to (2,463.0 + 196.7) g-m 2 wet weight
(Table 1). The proportion of E. crinita and G. barbata ranged from 31 to 66%,
whereas that of P. crispa ranged from 20 to 52% of the TMB. The composition of
the benthic vegetation included Codium vermilara (Olivi) Delle Chiaje (3%) and
Nereia filiformis (J. Agardh) Zanard (1% of the TMB). The contribution of epi-
phytic algae was relatively low, with Rhodochorton purpureum (Light.) Rosenv.
predominating (8—17% of the TMB).

The values of the species diversity index H indicate a high contribution of
dominant algal species to the composition of the macrophytobenthos community
(Table 1).

A gently dipping accumulation plain formed by gravel-rubble deposits
with inclusion of shell fragments predominated by Phyllophora crispa (6),
extends to depths of 10—15 m (see Fig. 2). The relief consists of a sloping plain
with a slight gradient. The PC values in this depth range reached 90%. The TMB
varied within a narrow range from (1312.7 £ 141.3) to (1967.6 = 164.2) g-m 2 wet
weight (Table 1). The contribution of P. crispa ranged from 77 to 87%, while
the proportion of E. crinita and G. barbata did not exceed 2% of the TMB.
N. filiformis was recorded in the benthic vegetation (1% of the TMB). Among
the epiphytes, R. purpureum predominated (11-23% of the TMB).

Low values of the Shannon H species diversity index indicate a fairly homo-
geneous structure of the macrophytobenthos community, with a single dominant
species (Table 1).

A gently dipping accumulation plain formed by sandy sediments, with no
bottom vegetation (7), extends to depths of over 15 m (see Fig. 2).

According to the obtained data, the greatest variability within the boulder
bench landscape (/) was observed in the TMB values and the proportion of key
species (E. crinita and G. barbata). At the same time, in the landscape of the peb-
ble-boulder bench with individual blocks (2), the TMB indices and those of
the same dominant species showed only slight variation. The highest TMB values
and the greatest contribution from E. crinita and G. barbata were recorded in land-
scapes belonging to the upper shoreface (3—4). The highest proportion of epiphytic
algae was also recorded in these landscapes. TMB indices in the gently dipping
plain landscapes (5—6) are characterised by relatively low values, which varied on-
ly slightly. The contribution of the key species, P. crispa, increased sharply with
increasing depth, whilst that of E. crinita and G. barbata decreased significantly;
the role of the epiphytic sinusia also diminished.
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Thus, the ratio of biomass values for key species of macrophytes and lithophytic
algae comprising the macrophytobenthos of underwater landscapes depends not
only on the change in the light gradient with increasing depth, but also on the char-
acteristics of the seabed lithology and the hydrodynamic regime of the coastal zone
under study [20].

The TMB values in the boulder bench landscapes of the natural monument
and the adjacent coastal area, which is not part of it, were found to be broadly
comparable. At the same time, in the landscapes of the upper shoreface, this indica-
tor was 2—3 times higher, whilst in the landscapes of the gently dipping plain it was
approximately twice as high as in the unprotected water area [21].

Today, eight species of algae listed in the Red Data Books of the Russian
Federation (2024) ¥ and Sevastopol (2018) ¥; of these, two species—P. crispa and
Stilophora tenella (Esper) P.C. Silva—are listed in both registers; six species—
C. vermilara, N. filiformis, Dictyota spiralis Montagne, D. dichotoma (Huds.) J. V.
Lamour., Spermatochnus paradoxus (Roth) Kiitz. and Dermocorynus dichotomus
(J. Agardh) Gargiulo, M. Morabito et Manghisi— are listed only in the Sevastopol
Red Data Book.

It is noteworthy that a comparative analysis of protected macrophyte species
(listed in the Red Data Books of the Russian Federation and Sevastopol), forming
part of Sevastopol’s hydrological natural monuments, revealed that the highest
number of such species (eight) was recorded specifically in the waters of the “CAC
at Cape Sarych” natural monument, whilst the minimum (three species) was rec-
orded in the waters of the “CAC at Cape Lucullus” site. In the waters of the “CAC
at Chersonesos Taurica” and “CAC at Cape Fiolent” sites, an equal number (five
species each) was found [13].

Thus, the “CAC at Cape Sarych” natural monument, established to preserve
species and landscape diversity, is functioning as such under current conditions.
This is evidenced by the species composition of the phytobenthos, the significant
number of algal species protected at regional and national levels, the high TMB
values and the substantial proportion of dominant macrophyte species within its
composition in the underwater landscapes.

Notably, macrophyte species were identified in the algal flora of the natural
monument, a finding that indirectly indicates seawater pollution. It is well known
that algae and seagrasses respond markedly to changes in the quality of the coastal
environment, so their communities can be used as indicators of the trophic status of
the environmental [6, 12, 22, 23]. A study by A. A. Kalugina-Gutnik * shows that
as eutrophication in a water body increases, the total number of macrophyte species
rises, and red (Rhodophyta) and green (Chlorophyta) algae tend to become more
abundant than brown (Heterokontophyta) algae *).

4 Geltman, D.V., ed., 2024. Red Data Book of the Russian Federation. Plants and Fungi.
Moscow: VNII “Ekologiya”, 944 p. (in Russian).

3 Dovgal, LV. and Korzhenevsky, V.V., eds., 2018. [Red Data Book of Sevastopol]. Kalinin-
grad; Sevastopol: Izdatelsky Dom “ROST-DOLFK”, 432 p. (in Russian).
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A comparative analysis of the floristic composition of algae was carried out
using an annotated list of macrophyte species compiled during a hydrobotanical
survey conducted jointly with 1. K. Evstigneeva and I. N. Tankovskaya [14]. It was
shown that the greatest number of macrophyte species and the most extensive
growth of green algae were recorded on landscapes of a pebble-and-boulder bench
with individual boulders and on an upper shoreface composed of coarse-grained
clastic sediments within the water area of profile II, where the beach and sewage
treatment facilities are located (Table 2). By contrast, in the area of profile III,
where access to the shore is difficult and there are no residential developments
or recreational activity, the lowest number of species was recorded. Furthermore,
the Cheney index, which reflects the ratio of green, brown and red algae, also had
the lowest value, indirectly confirming the relative cleanliness of the seawater in this
part of the nature reserve’s waters [18] (Table 2). The highest value of the Cheney
index was recorded in the area of profile I, where the construction of recreational
facilities in the adjacent area is likely to negatively affect the species composition
of macrophytobenthos (Table 2).

The macroalgae growing in the area of the “CAC at Cape Sarych” natural mo-
nument differ in their saprobiont composition, which indirectly confirms the vary-
ing trophic status of the seawater in the waters of the three profiles®. Thus, the high-
est proportion of oligosaprobic species and the lowest proportion of mesosaprobic
macrophytes were recorded in the area of profile III, whilst the waters of profile 11
showed the highest proportion of polysaprobic species and the lowest proportion

Table 2. The floral and saprobiont composition of macrophytes in the water area of
the natural monument CAC at Cape Sarych in the summer of 2021

Total Of these, Prop((;rtlon, Pr;)pcs);tl(r)(r)lb(i)(fiipeg/les

Profile | number ° Ken ¥ sap Yo
ofspecies |y | g | Rh | 4 | P Oligo- | Meso- | Poly-

I 52 7 12 33 63 37 333 71 23 6
II 58 14 17 27 67 33 2.63 62 26 12
1l 50 7 14 29 58 42 257 74 20 6
Total 77 19 19 39 65 35 3.05 61 30 9

Note: the annotated list of macrophyte species of the natural monument was compiled by I. K. Ev-
stigneyeva and I. N. Tankovskaya [14].

Notations: Ken — Cheney’s index; Ch — Chlorophyta; H — Heterokontophyta; Rh — Rhodophyta;
A — annual macrophytes; P — perennial macrophytes.
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of species inhabiting clean coastal waters (Table 2). The algal contribution indices
on the saprobiont scale in the waters of profile I occupy an intermediate position
(Table 2). However, an abundance of C. officinalis was observed in the vicinity of
this profile, suggesting a moderate degree of environmental pollution. This is sup-
ported by studies conducted in the Mediterranean Sea, which found that in the are-
as close to sewage outfalls, a plant cover dominated by coralline algae species
forms [4, 8]. In the waters of profiles I and II, Ulothrix implexa (Kiitz.) Kiitz. is
found—a species indicative of water eutrophication. This species was not recorded
in the area of profile III. However, Codium vermilara (a typical inhabitant of
clean waters) was found in its waters.

It should be noted that, under anthropogenic pressure, perennial algal species
are replaced by seasonal and annual species within the benthic vegetation [12, 24].
A comparative analysis of the species composition of the microphytobenthos
showed that the highest proportion of perennial algal species was recorded in the area
of profile I1I, whilst the lowest one was found in the waters of profile II (Table 2).

It is well known that macrophytobenthos biomass reduces as a result of the ad-
verse effects of pollutants entering the water [12, 22, 24]. Thus, in the waters of
profile II, the key perennial species (E. crinita and G. barbata), which prefer clean
areas of the open littoral zone, were observed to reduce their contribution to
the TMB. At the same time, there was an increase in the proportion of annual and
summer-seasonal green algae belonging to the genera Ulva and Cladophora, which
inhabit environments with elevated levels of organic compounds. It is noteworthy
that, under current conditions in the Black and Baltic Seas, species of the genus
Ulva dominate in eutrophicated areas [7, 12, 23-25]. It is characteristic that not
only along the Black Sea coast, but also in the Mediterranean Sea, in areas under
excessive recreational pressure and sewage inflow, dominant algal species are be-
ing replaced [4, 9, 22]. In these areas of the water body, a decline in the biomass of
perennial species of the genus Cystoseira was recorded, accompanied
by a shrinkage of their habitat area.

At present, the waters adjacent to the “CAC at Cape Sarych” natural monu-
ment are under adverse human impact due to the presence of recreational facilities
and a cottage estate on the coast.

To optimise the nature conservation regime, it is important to observe
the 500-metre-wide water protection zone, as specified in Article 65 of the Water
Code of the Russian Federation. Special regulations governing economic and other
activities apply within this zone. In future, it will be necessary to clarify the bound-
aries of the natural monument and its buffer zone, taking into account the natural
features and the impact of human activity on the coastline. The creation of a south-
coast land-and-sea reserve, comprising the “Cape Aya” and “Laspy Cliffs” protect-
ed areas, the “Laspy Cliffs” protected stow and the “CAC at Cape Sarych” natural
monument [20].
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Conclusions

1. As a result of underwater surveys carried out in the waters of the “CAC
at Cape Sarych” natural monument, seven landscapes were identified, each charac-
terised by dominant macrophyte species: Ericaria crinita, Gongolaria barbata and
Phyllophora crispa.

2. Shallow-water landscapes (/-2) (depth 0.5—-1 m) are characterised by
the greatest variability in TMB values—ranging from (2036.5 £264.6) to
(8167.6 £465.7)g'm* of wet weight-and in the proportion of E. crinita and
G. barbata (4-83%). The contribution of epiphytes did not exceed 3-21% of
the TMB. Maximum TMB values-ranging from (6,972.8 £371.2) to (10,673.3
+654.8) g'm? wet weight-and a high contribution from E. crinita, G. barbata
(53-77%) were recorded in the upper shoreface landscapes (3—4) at depths of 1—
5 m, where the highest proportion of epiphytic algae (23—-34%) was also recorded.
In the gently sloping plain landscapes (5—6) at depths of 5—15 m, the TMB is char-
acterised Dby relatively low values, which vary only slightly: from
(1,312.7 £ 141.3) to (2,463.0 £196.7) g'm? of wet weight; with increasing
depth, the contribution of P. crispa rose sharply from 20 to 87%, while the con-
tributions of E. crinita and G. barbata fell from 66 to 2%, and the proportion of the
epiphytic sinusia ranged from 8 to 23%.

3. Significant variation in the values of the species diversity index H was ob-
served in the underwater landscapes of the nature reserve, indicating a complex
structure of the macrophytic benthic communities. The relatively low values of
Shannon’s diversity index H (0.59—1.77) are characteristic of a fairly homogeneous
structure of macrophyte communities, where dominant species prevail. The species
diversity of phytocommunities, which is mainly due to the significant contribution
of epiphytes, is confirmed by high values of the H index (1.92-2.87).

4. Eight species of algae (Phyllophora crispa, Stilophora tenella, Codium
vermilara, Nereia filiformis, Dictyota spiralis, D. dichotoma, Spermatochnus
paradoxus, Dermocorynus dichotomus), which are listed in the Red Data Books
of the Russian Federation and Sevastopol, were identified in the marine flora
of the natural monument confirming the high conservation value of the study area.

5. In the area of profile 11, which experiences the greatest recreational pressure
and the greatest impact from sewage treatment facilities, signs of eutrophication
were observed: the highest proportion of green algae species (24%), the lowest con-
tribution from perennial plants (33%), and the highest proportion of polysaprobic
species (12%). In the waters of profile III (with the lowest anthropogenic pressure),
these indicators corresponded to relatively clean water (oligosaprobionts — 74%,
polysaprobionts — 6%, perennials — 42%, and lowest Cheney’s index (2.57)).

The obtained results can be used for monitoring studies of benthic vegetation
and rare and protected species of macrophytes, as well as for addressing issues re-
lating to optimisation of the conservation regime for Sevastopol’s natural monu-
ments and protected areas.
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Abstract

Early ontogenetic stages of aquatic organisms are most susceptible to the effects of pollu-
tants. Drilling fluids are toxic for aquatic environment and can impair the growth, devel-
opment and survival of aquatic organisms. The paper studies the effect of two water-based
drilling fluids (WBF 1 and WBF 2) at concentrations of 0.025, 0.05, 0.1, 0.5 and 1 mg/L
on the survival of fertilized eggs and prelarvae of Russian sturgeon Acipenser gueldenstaedtii
as well as the dynamics of their hatching in fresh and 5% saline water for 5 days.
The studied drilling fluids exhibited varying toxicity. The survival of embryos in the con-
trol groups in fresh water and exposed to a medium with WBF 1 at a concentration of
0.1-0.5 mg/L did not differ, but at a concentration of 1 mg/L, all the embryos died. In salt
water, at WBF | concentrations of 0.025 mg/L and higher, a decrease in survival by 87%
was observed (p <0.01). WBF 2 did not affect the survival of the sturgeon embryos.
In both control groups, larval hatching occurred on the first day, but embryos exposed
to the medium with WBF 1 at a concentration of 0.025-0.5 mg/L hatched only on the second
day. The number of prelarvae in the medium with all tested concentrations was less than
in the control. At a concentration of 1 mg/L, prelarvae did not hatch. Significant differences
in the survival rate of prelarvae in the experimental groups compared to the control were
found at a WBF 1 concentration of 1 mg/L. A high positive correlation was established be-
tween the concentration of the toxicant and the mortality of fish prelarvae (R? = 0.87).
No differences were found between the survival rates of fish prelarvae in the control and
experimental groups maintained in WBF 2. Based on these studies, it can be concluded that
WBEF 2 had no toxic effect on fish prelarvae at the tested concentrations and is therefore more
environmentally safe than WBF 1. Fish embryos are adequate bioindicators for assessing
the toxicity of drilling fluids and can be used to assess the ecological status of coastal waters
in offshore oil and gas fields.
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AHHOTALMSA

I'mapo6GHOHTEI HA pAaHHNX OHTOTEHETHYECKNX CTaIUSIX B HAHMOOBIIIEH CTEIIEHH TIOABEPKEHBI
BO3JICHCTBUIO 3arpsi3HUTENEH. bypoBble pacTBOpbI TOKCUUHBI JUIsl BOIXHOM Cpeibl U MOTYT
HapyllaTh POCT, Pa3BUTHE U BBIKMBAEMOCTh BOJHBIX OpraHU3MOB. MccienoBanu neiicteue
JIByX OypOBBIX pacTBOPOB Ha BOAHOM ocHOBe (WBF 1 u WBF 2) B xonnentparuu 0.025, 0.05,
0.1, 0.5 u 1 Mr/nm Ha BBDKMBaEMOCTb OIUIOAOTBOPEHHOHW HMKPBI U MPEAJIHYHMHOK PYCCKOTO
ocetpa Acipenser gueldenstaedtii, a Taxxke Ha JMHAMHUKY X BBUIYIUICHHS B TIPECHOM U coJie-
Ho (5 %o) Bojie B TeueHue 5 cyT. Mccremyembie OypOBbIe pacTBOPHI MPOSBIISIN PA3IHNIHYHO
TOKCHYHOCTH. BBDKMBaeMOCTh SMOPHOHOB B KOHTPOJIBHBIX IPYIINax B MPECHOH BOJE U HKC-
TTOHUPOBaHHEIX B cpeze ¢ WBF 1 npu konuentpanuu 0.1-0.5 Mr/n He pasnuyaiach, HO IpH
KOHIIeHTpauu 1 Mr/m Bce 3MOpHOHBEI noru6iu. B coseHoi Boxe Mpu KOHLEHTPAUU
WBF 1 0.025 mr/11 1 BbIlIe HaOIIOAAIH COKpalieHne BeokuBaemMoctr Ha 87 % (p < 0.01).
WBF 2 He MOBIUAI HA BEDKUBAEMOCTh IMOPHOHOB OceTpa. B 00erxX KOHTPOIBHBIX TPYyIIax
BBUTYIIJICHHWE JIMYMHOK MPOM30IIJIO B MEPBBIE CYTKH, HO 3MOPHOHBI, 3KCIIOHUPOBAHHBIEC B
cpene ¢ WBF 1 npu xouuentpamuu 0.025-0.5 mMr/in, BBUIYNHINCH TOJBKO Ha BTOPBIC
cyTku. KonudyecTBo MpPEIMYMHOK B CPEE CO BCEMH TECTUPYEMBIMH KOHLEHTpAIUSIMU
ObUTI0 MeHblIe, yeM B KoHTpouse. IIpu KoHIeHTpanuu 1 Mr/ia npeasuuyuHKA He BBUTYTIH-
JUCh. JI0OCTOBEPHBIE Pa3Myusl B BBDKMBAEMOCTH MPEUIMYNHOK B OIBITHBIX TPYIIaX Io
CPaBHEHUIO C KOHTPOJIbHBIMHU ObLIM OOHAPYKEHBI NpH KOHUEeHTpauun WBF 1 1 mr/n. Ycra-
HOBJIEHA BBICOKas OTpULATeNIbHAs KOPPEISIHS MEXAY KOHIEHTpaLUel TOKCUKaHTa U BbI-
JKHBAEMOCTHIO TPEIMUHMHOK IO (R? = 0.87). Pasnuunii Mex Iy BEDKMBAEMOCTBIO TIPEIIH-
YHHOK B KOHTPOJIBHOW U OMBITHOH Ipynmnax, cogepxamuxcs B WBF 2, ve BoisBieHo. Ha oc-
HOBAHHH TPOBEIECHHBIX UCCICIOBAHUI MOXKHO 3aKIIOUUTh, YTO0 WBF 2 He oKa3all TOKCHYe-
CKOTO JEWCTBHS HA MPEAIMYMHOK PHIO B TECTUPYEMBIX KOHIIEHTPAIMAX; CIEJOBATEIBHO,
STOT PacTBOP ABJISIETCS OoJIee SKOIOTHIECKH Oe30macHbIM, YeM WBF 1. DMOpHOHEI PBIO s1B-
JSIFOTCS aJIeKBaTHBIMUY OMOUANKATOPaMH JJIsl OLIEHKH TOKCHYHOCTH OypOBBIX pacTBOPOB U
MOTYT OBITh UCIIOJIB30BAHbI VISl OMPEIEIECHHS YKOIOTHUECKOT0 CTaTyca NPUOPEKHBIX aKBa-
TOpHii B paiioHax pa3paboTku HedTera3oBbIX MECTOPOKACHHU Ha mmenbde.
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KaroueBble ci10Ba: OypoBbie pacTBOPBI, 3arpsI3HEHUE BOJIBI, HKPa PbIO, MPEATHYHHKH, OHO-
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BJaarogapHocT: aBTOpPHI BBIPAXKAIOT MCKPEHHIOIO OJ1arofapHOCTh paboTHHKAM TeMprok-
CKOT'O ppIOOBOJIHOTO 3aBOJiA 32 IIPEJOCTABICHUE IKCIIEPUMEHTAIIBHOIO MaTepuaa, IoMOILb
Y KOHCYJIbTAllUM B NPOBEICHUH JKCIEPHUMEHTAIBHBIX MccienoBaHuid. Pabora BhINONHEHA
nipu uHarcoBo momnepxke OO0 «IxoCepBuc-A».

das uutupoBanusi: Pyouwesa U. U., lllaiioa B. I'., Meosanxuna M. B. Ouenka
TOKCHYHOCTH JIBYX BH/IOB OYpPOBBIX PacTBOPOB JIsS PAHHEI'O0 PA3BUTHS PYyCCKOT'O OCETpa
Acipenser gueldenstaedtii // Dxonorudeckasi 0€30MacHOCTh MPUOPEIKHOHN U MeNb(HOBOH 30H
Mopsi. 2026. Ne 3. C. 125-138. EDN IGKNBG.

Introduction

The development of offshore oil and gas fields in the seas and oceans is carried
out using drilling fluids, for which information on their toxicity to marine life is
limited and contradictory [1-3]. Drilling fluids are mixtures of various chemical
components, as well as water, suspensions, emulsions and aerated liquids, organic
solvents, heavy metals and clay, and are used to flush boreholes during drilling.
Depending on the liquid phase, drilling fluids are divided into three groups: water-
based (WBF), oil-based (OBF) and synthetic fluid-based, mainly ether-based
(SBF) V. WBFs are the most commonly used; they consist of barite (over 90%), ben-
tonite, brown coal, lignosulphonate and heavy metals, with other components ac-
counting for 8—12% [4].

Spent drilling fluids are classified as industrial waste and must be disposed of,
since many of them are toxic, mutagenic and carcinogenic [1, 5, 6]. When released
into the aquatic environment, these substances can cause adverse effects, alter
the physical and chemical properties of the hydrobionts’ habitat, disrupt their vital
functions, behaviour, metabolic processes, reproduction, growth and development,
lead to the death of organisms, and also alter the structure of aquatic communities [7].
Therefore, study of the toxicity of drilling fluids, their impact on biota, and determi-
nation of their permissible concentration levels in water bodies are of significant
practical and theoretical importance. For these purposes, various toxicological tests
are used to assess the hazard posed by these substances, understand the mechanisms
by which they affect aquatic ecosystems and determine the ecological risk based
on the responses of test organisms and their biomarkers [8].

Fish embryos and larvae are sensitive to various toxicants and are therefore widely
used as test organisms for analysing water quality. The fish embryo toxicity test is
mandatory when determining permissible levels of pollutants in both fishery waters
and marine waters in areas of active economic activity [8]. Given the intensive

D Deka, B., 2023. Oil-based drilling fluid’s composition. Chapter 2. In: K. Hazarika, ed., 2023.
Theory of Drilling Fluid. India, Noida: CIIR Scientific Publications, pp. 3—6.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2026 127



development of offshore oil and gas fields in the seas and oceans, as well as
the risks associated with this activity, the pollution of the marine environment
by drilling fluids could have disastrous consequences for the ecosystem and its in-
habitants [9]. Nowadays, the biological effects of drilling fluids remain poorly stud-
ied, which makes determining their toxicity for aquatic organisms particularly im-
portant.

The Russian sturgeon, Acipenser gueldenstaedtii (Brandt & Ratzeberg, 1833),
is a bottom, anadromous, euryhaline species of fish that spawns in rivers, after which
the juveniles migrate to the sea to grow and mature, before returning to the rivers
to reproduce [10]. In spring and summer, sturgeons inhabit the sea shelf and lay their
eggs in rivers at depths of 3 to 10 metres, favouring areas temporarily flooded
by spring floodwaters. The fertilised eggs develop for 8-10 days, after which the
larvae are carried downstream along the spawning rivers and enter a brackish wa-
ter environment. Sturgeons are found in the Caspian and Black Seas as well as
in the Sea of Azov, where the water salinity is lower than in the ocean. Fertilised
eggs and the subsequent stages of embryonic development are highly sensitive to
changes in the environment and the presence of pollutants, which adversely affect
the embryonic development, hatching and survival of the larvae [11].

The study is aimed to determine the toxicity of two types of drilling fluid,
WBF 1 and WBF 2, at concentrations of 0.025, 0.05, 0.1, 0.5 and 1 mg/L to fertilised
eggs and prelarvae of the Russian sturgeon Acipenser gueldenstaedtii.

Material and methods

Fertilised Russian sturgeon eggs at stages 31-35 (with clearly distinguishable
embryos and eye spots) were obtained at the Temryuk Fish Farm in May 2021.
The eggs were placed in glass containers (10 fertilised eggs in each, at a ratio
of one egg per 15 mL of the appropriate medium) and incubated at an ambient tem-
perature of 16.3 to 18.0°C throughout the period of embryogenesis. The water was
changed once every two days. All experiments were carried out in triplicate 2 over a
period of 5 days.

Natural fresh water from the Kuban River, which had undergone special water
treatment at a fish farm, was used as the control and background medium in the exper-
iments. Artificial seawater was prepared using the same freshwater base, with the
addition of sea salt at a concentration of 5%o, which corresponds to the average salinity
of the Sea of Azov, where sturgeon are found. Thus, the experiment included two
control groups: freshwater (Control 1) and 5%o-saline water (Control 2).

2 On the Approval of Water Quality Standards for Water Bodies of Commercial Fishing Im-
portance, Including Standards for Maximum Permissible Concentrations of Harmful Substances
in the Waters of Water Bodies of Commercial Fishing Importance: Order of the Federal Agency
for Fishery dated May 26, 2025, No. 296 (in Russian).
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Two water-based drilling fluids were used:

— WBF 1 is a clear liquid with a boiling point of over 100°C, a pH of 3.1-3.3
and a relative density of 1.4 g/mL. It is water-soluble, stable under normal condi-
tions, and is used in the oil and gas industry as a biocide containing ammonium salts
of nitrilotriacetic acid;

— WBF 2 is a clear liquid with an ammonia odour, containing
bis[tetrakis(hydroxymethyl)phosphonium] sulphate. Its boiling point is 100°C,
pH is 7.5-9.9 and relative density is 1.15 g/mL.

The concentrations of the drilling fluids were 0.025, 0.05, 0.1, 0.5 and 1 mg/L.

During the experiment, the percentage of live embryos at the end of embryo-
genesis, the hatching rate of prelarvae and their survival rate were recorded.

The results were analysed statistically: the mean and standard error of the mean
(M £ m) were calculated. The survival index was defined as the ratio of the number
of live embryos and prelarvae in the experimental groups to the control values.
Statistical significance of differences was assessed using the Mann—Whitney U test
at p <0.05. To determine the relationship between drilling fluid concentration and
the survival rates of embryos and prelarvae, the CURUEFIT computer programme
(version 2.10-L) was used.

Results

Incubation of embryos exposed to two drilling fluids for 5 days showed varying
results. No statistically significant differences were found between the survival rates
of sturgeon embryos in fresh water and in salt water (5%o). No differences were
found between the survival rates of embryos in the control group in fresh water and
those exposed to WBF 1 at concentrations of 0.1-0.5 mg/L; while a statistically sig-
nificant (p < 0.01) reduction in this parameter was observed at a concentration
of 1 mg/L (Table 1). In salt water, significant differences were observed even
at a toxicant concentration of 0.025 mg/L.

A moderate negative correlation was found between the concentration of
the WBF 1 toxicant and the survival of fish embryos in fresh and salt water
(y =15.5—-17.4x,R>=0.37). The survival index of fish embryos at various concen-
trations of WBF 1 relative to the control in fresh and salt water showed a similar
trend: differences were insignificant in the two control groups, whilst the indices
tended to decrease as the concentration of the toxicant increased (Fig. 1, a).

WBEF 2 had no significant effect on the survival of sturgeon embryos (Table 1);
the survival index varied only slightly (Fig. 1, ). No correlations were found be-
tween the concentrations of the WBF 2 drilling fluid and the embryo survival.

In both control groups, the prelarvae hatched on the first day of incubation.
At WBF 1 concentrations ranging from 0.025 to 0.5 mg/L, the prelarvae only began
to hatch on the second day (Fig. 2). At a concentration of 1 mg/L, no hatching oc-
curred. At concentrations of 0.025 and 0.05 mg/L, hatching continued on the third day,
but ceased as the concentration increased. The number of hatched prelarvae in all
experimental groups was lower than in the control groups. The onset of hatching
of prelarvae from eggs exposed to WBF 2 occurred simultaneously with the control

group.
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Table 1. The influence of drilling fluids on the embryos survival rate

(n =30 embryos for each group)

1.0 -
0.8 -
0.6 -
0.4 -
0.2 -

Embryos survival percentage

Experiment M <£m)
conditions
WBEF 1 WBEF 2
Control 1 26.7+3.4 26.7+54
Control 2 333+27 333+2.7
Concentration, mg/L
0.025 10.0+0.0 * 233+7.2
0.05 10.0£0.0 * 23.3+£10.9
0.1 6.7+£2.7% 20.3+7.9
0.5 6.7+24% 20.3+6.9
1.0 0+0** 23.3£10.9

* Significant difference relative to control in fresh water (p < 0.01).

** Significant difference relative to control in fresh water (p <0.01) and in 5 %o
saline water (p <0.01).
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Table 2. Effect of drilling fluids on survival rate of sturgeon prelarvae (n =
30 embryos for each group)

Prelarvae survival percentage
Experiment M +m)
conditions
WBF 1 WBEF 2
Control 1 75.0+£11.8 75.0+£11.8
Control 2 66.7 £6.8 66.7 £ 6.8
Concentration, mg/L
0.025 66.7+0.5 58.3+6.8
0.05 66.7+7.7 66.7 3.7
0.1 25.0+£17.7 * 66.3 +12.8
0.5 20.0+16.3 * 63.5+4.6
1.0 0+0** 66.7+13.6

* Significant difference relatively to control in fresh water (p <0.01) and in 5 %o
saline water (p < 0.01).

** Significant difference relatively to control in fresh water (p < 0.01).
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Maximum hatching was recorded on the third day at a drilling fluid concentra-
tion of 0.1-0.5 mg/L. The concentration of the toxicant WBF 2 that did not affect
the dynamics of prelarvae hatching from eggs was 0.05 mg/L.

The survival of sturgeon prelarvae exposed to drilling fluids at various concen-
trations is presented in Table 2. Statistically significant differences in the survival
o prelarvae between the experimental and control groups were observed when
WBEF 1 was used at concentrations of 0.1-0.5 mg/L, whereas at a concentration of
1 mg/L the prelarvae died. A strong positive correlation was established between
the concentration of the toxicant and the mortality of the prelarvae (y = 1.1 — 0.01x,
R?=0.87). No differences were found in the survival of the prelarvae between
the control and experimental groups exposed to WBF 2.

The survival indices of fish prelarvae at the tested concentrations of WBF 1
in fresh and salt water differed only slightly in the two control groups, while
in the experimental groups they showed a downward trend as the toxicant concen-
tration increased to 0.05 mg/L and above (Fig. 3, a). The survival index of prelarvae
exposed to a medium containing WBF 2 varied only slightly (Fig. 3, b).

Discussion of the study results

The results of a study into the effect of two water-based drilling fluids
on the survival of sturgeon embryos and prelarvae, and their hatching, showed that
WBEF 1 is more toxic than WBF 2. Anadromous fish, to which sturgeon belong, re-
produce in freshwater bodies and return to the sea for further growth and develop-
ment. They are of particular interest for ecotoxicological studies, as they allow
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the effects of toxicants on the same fish species to be compared in both freshwater
and saltwater [12]. As the spawning grounds of the Russian sturgeon are located
in the lower reaches of rivers, wave action and wind-induced surges can cause
changes in salinity in the spawning areas and affect survival rates, hatching
of prelarvae from the eggs and their further development.

Furthermore, variations of sea level resulting from global climate changes may
alter the ecological conditions in river estuaries and affect the development of
marine organisms, including sturgeon [13, 14]. Toxicants can rapidly travel from
well-drilling sites downstream along rivers, posing a significant threat to the devel-
opment of fish eggs and larvae and to their reproduction [15]. Thus, we ana-
lysed two control groups of sturgeon embryos: one in fresh water and the other
in 5%o-salt water.

The survival rate of sturgeon embryos exposed to WBF 1 solutions at various
concentrations differed significantly from that of the control. At a toxicant concen-
tration of 1 mg/L, the embryos died in both fresh and salt water. In salt water, statis-
tically significant differences from the control were observed even at a toxicant con-
centration of 0.025 mg/L, indicating that WBF 1 is more toxic in salt water. Previ-
ously, other researchers had noted that salt water had a negative effect
on the early development of chum salmon eggs [14]. Thus, in fresh water, WBF 1
at a concentration of 0.5 mg/L had no effect on embryo survival, whereas in salt
water the threshold concentration fell to 0.025 mg/L. For WBF 2, no differences
were observed between the experimental and control groups.

Our results are consistent with those of other authors, who showed that exposure
to a medium containing 2.5% XP-07 drilling fluid caused degeneration (atresia) of
maturing oocytes in the gonads of Tilapia guineensis, leading to their complete dis-
appearance and subsequent disruption of the fish’s reproductive process [16]. In
study [17], the toxicity of oil-based drilling mud (OBDM), which contains heavy
metals, was investigated using zebrafish embryos. The embryo mortality, heart rate
and larval hatching rate were measured daily over a 96-hour period. The 96-hour
lethal concentration of OBDM at which 50% of the test organisms died (LCso) was
0.005 mg/mL (5 ppm).

As the concentration of OBDM increased, the hatching rate of larvae and
the heart rate of embryos in the experimental group decreased. The results indicated
the high toxicity of OBDM and its teratogenic effect on fish embryos, which was
concentration-dependent [17]. Thus, fish embryos and the early developmental
stages of various aquatic organisms provide a suitable and adequate model for as-
sessing the toxicity of drilling fluids [18-21].

Another informative test used to characterise the toxicity of the drilling fluids
under study was the hatching rate of prelarvae from eggs. In both control groups,
hatching occurred on the first day, while in the experimental groups, exposed
to WBF 1 at concentrations of 0.025-0.5 mg/L, hatching only took place
on the second day. Furthermore, the number of hatched larvae was lower than
in the control group, and at a concentration of 1 mg/L, no hatching occurred.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2026 133



WBEF 2 had no effect on this process: in both the experimental and control groups,
hatching occurred simultaneously at all concentrations under study.

Incubation of Atlantic cod embryos and early larval stages in solutions of for-
mation water (FW) and drilling waste discharges also revealed no effect on larval
survival or hatching. However, at minimal concentrations of the toxicant in cod eggs,
abnormalities were detected in the cytoskeletal and signalling proteins that regulate
muscle development, the function of the retinal rods, cellular signalling and the tis-
sue integrity of juveniles, all of which are essential for swimming and escaping
predators. After hatching, maldevelopment was observed in the majority of larvae:
due to jaw malformations, fish kept in a 1% FW solution were unable to feed and
died of starvation. Furthermore, when incubated in FW at this concentration, abnor-
malities in the normal pigmentation of the fish larvae were noted. No adverse effects
were seen following exposure to 0.1 and 0.01% FW [22].

The survival rate of prelarvae decreased when incubated in a solution containing
0.1-0.5 mg/L of WBF 1, whereas that of the fish, exposed to the tested concentra-
tions of WBF 2, did not change significantly and did not differ from the control.
Thus, the studied drilling fluids have varying effects on the early stages of sturgeon
ontogenesis, which is consistent with the findings of other authors [22]. It is worth
noting the positive effect of water-based drilling mud (WBM) waste at concentra-
tions of 1-10 mg/L on the feeding efficiency, growth and survival of cod larvae after
14 days of exposure, which, as suggested, was caused by particles of a certain size
that stimulated feeding activity [23].

Individual components of drilling fluids had a negative impact on fish, with their
toxicity differing from that of the mixture as a whole. This may be due to both syn-
ergistic and antagonistic interactions between the components [24]. Benthic fish
and invertebrates, which come into direct contact with toxicants, suffer most
from xenobiotics entering the aquatic environment [25]. Experiments conducted
on Tilapia mossambica, Mugil persia and the benthic mollusc Boleopthalmus
boddarti showed that water-insoluble components have a lesser effect on these or-
ganisms than water-soluble drilling fluids [24].

The adverse effects of drilling fluids entering the water were observed
in the open sea, where, even at a distance of 5 km from the oil platform, significant
damage was caused to benthic organisms, mainly bivalves, with the most severe
damage being detected at a distance of 0.5-1 km from the oil well [23]. Studies
on fish (haddock and herring) from wild populations in areas of intensive oil produc-
tion have shown significant induction of the body’s defence systems, increased ac-
tivity of cytochrome P-450 family enzymes in the liver, damage to and alterations
in DNA and fatty acid composition, indicating a complex negative impact of oil
and associated components used in oil fields during well drilling [26].
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The main risk stems from the large volumes, high concentrations and discharges of
water-soluble drilling fluids. However, the rapid migration of these fluids over long
distances and the sedimentation of solid components at a depth of 80 m may mitigate
the anticipated harm. An impact of these substances on benthic filter-feeders has
been observed, but no adverse effects on the epibenthic fauna and fish near the mes-
otrophic reef have been identified [27].

The toxic effects of drilling fluids on aquatic ecosystems can occur via three
mechanisms [28]: a) changes in the physical and chemical properties of water result-
ing from the release of drilling fluids into the marine environment; b) the formation
of a film on the water’s surface that impedes normal gas exchange, creating hy-
poxic and anoxic conditions leading to the death of aquatic organisms; c) the for-
mation of anoxic zones due to the decomposition of organic components by micro-
bial consortia [29]. Consequently, deterioration in habitat conditions, the accumula-
tion of solid particles on the surface of the egg shell and delayed hatching, the direct
toxic effects of toxicants (particularly heavy metals present in the drilling fluid)
as well as the development of oxidative stress create extremely unfavourable condi-
tions for the viability of fish eggs and embryos [30]. We have also observed the neg-
ative consequences of drilling fluids entering the marine environment for members
of the benthic community in the shelf zone, namely zostera and amphipods [31].

Therefore, the main objective of analysing the toxicity of drilling fluids during
early ontogenetic development of aquatic organisms is to assess risks to these organ-
isms and human health, evaluate water quality and develop criteria for establishing
maximum permissible concentrations of toxicants.

Conclusion

Sturgeon embryos and prelarvae proved to be appropriate models for assessing
the toxicity of drilling fluids. The response of the tested developmental stages of
sturgeon to drilling fluids depended on the duration of exposure, concentration and
type of toxicant. The most sensitive tests were the sturgeon embryo survival and
the hatching dynamics of prelarvae from eggs. There was no difference in embryo
survival between the control groups in fresh water and those exposed to a medium
containing WBF 1 at concentrations of 0.1-0.5 mg/L; however, at a concentration
of 1 mg/L, all embryos died.

In salt water at a WBF 1 concentration of 0.025 mg/L and above, a reduction
in survival of 87% was observed (p < 0.01). WBF 2 had no effect on the survival
of sturgeon embryos. In both control groups, the larvae hatched on the first day, but
the embryos exposed to a medium containing WBF 1 at concentrations of 0.025—
0.5 mg/L hatched only on the second day. The number of prelarvae in the medium
containing all tested concentrations was lower than in the control. At a concentra-
tion of 1 mg/L, the prelarvae did not hatch. Statistically significant differences
in prelarvae survival between the experimental groups and the controls were ob-
served at a WBF 1 concentration of 1 mg/L.
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The toxicity test results presented here for drilling fluids at early life stages
of sturgeon may be of practical value for assessing the consequences of climatic dis-
asters and storm events, when seawater containing drilling fluids can enter rivers
at sturgeon spawning grounds and potentially harm this species.

Fish embryos and larvae can be used as test organisms in diagnostic tests.
The results of this study will be applied in the development of methods for assessing
the toxicity of drilling fluids, as well as in the creation of environmentally safe drill-
ing fluids and new technologies. It should be noted that, in order to reach a definitive
conclusion regarding the toxicity of drilling fluids, further studies are required on
other taxonomic groups, in particular planktonic organisms, aquatic vegetation and
benthic molluscs and crustaceans.

REFERENCES

1. Antia, M., Ndidiamaka, A., Ezejiofor, A., Obasi, C.N. and Orisakwe, O.E., 2022.
Environmental and Public Health Effects of Spent Drilling Fluid: An Updated
Systematic Review. Journal of Hazardous Materials Advances, 7, 100120.
https://doi.org/10.1016/j.hazadv.2022.100120

2. Hossain, E.M. and Apaleke, A., 2015. An Overview of Mud Technology and Challenges
Toward Greening of Drilling Fluid. Environmental Engineering and Management Jour-
nal, 14(12), pp. 2837-2848. https://doi.org/10.30638/eem;.2015.300

3. Yalman, E., Federer-Kovacs, G., Depci, T., Al Khalaf, H., Aylikci, V. and Aydin, M.G.,
2022. Development of Novel Inhibitive Water-Based Drilling Muds for Oil and Gas
Field Applications. Journal of Petroleum Science and Engineering, 210, 109907.
https://doi.org/10.1016/j.petrol.2021.109907

4. Ejileughaa, Ch., Ezejiofor, A.N., Ezealisiji, K.M. and Orisakwe, O.E., 2022. Metal
Oxide Nanoparticles in Oil Drilling: Aquatic Toxicological Concerns. Journal of Haz-
ardous Materials Advances, 7, 100116. https://doi.org/10.1016/j.hazadv.2022.100116

5. Pereira, L.B., Sad, C.M.S., Castro, E.V.R., Filgueiras, P.R. and Lacerda, V., 2022. En-
vironmental Impacts Related to Drilling Fluid Waste and Treatment Methods: A Critical
Review. Fuel, 310(Part B), 122301. https://doi.org/10.1016/j.fuel.2021.122301

6. Xiong, D. and Han, X., 2023. Particular Pollutants, Human Health Risk and Ecological
Risk of Oil-Based Drilling Fluid: A Case Study of Fuling Shale Gas Field. Environmental
Geochemistry and Health, 45(3), pp. 981-995. https://doi.org/10.1007/s10653-022-01259-z

7. Rudneva, L.I., 2025. Responses of Aquatic Organisms to Marine Pollution by Drill-
ing Fluids and Cuttings. Russian Journal of Marine Biology, 51(1), pp. 1-13.
https://doi.org/10.1134/S106307402470055X

8. Beyer, J., Trannum, H.C., Bakke, T., Hodson, P.V. and Collier, T.K., 2016. Environ-
mental Effects of the Deepwater Horizon Oil Spill: A Review. Marine Pollution Bulletin,
110(1), pp. 28-51. http://doi.org/10.1016/j.marpolbul.2016.06.027

9. Ivanyutin, N.M. and Pasynkov, A.A., 2019. Monitoring System of Hydrocarbon Deposites
Exploitation Areas in the Black Sea. Ecological Safety of Coastal and Shelf Zones of Sea,
(3), pp. 37-51. https://doi.org/10.22449/2413-5577-2019-3-37-51 (in Russian).

10. Vilkova, O.Yu., 2022. Anadromous Sturgeons of Russia: Prospects for Fishing. Trudy
VNIRO, 190, pp. 14-21. https://doi.org/10.36038/2307-3497-2022-190-14-21 (in Russian).

11. Minaz, M. and Kurtoglu, I.Z., 2024. Long-Term Exposure of Endangered Danube
Sturgeon (Acipenser gueldenstaedtii) to Bisphenol A (BPA): Growth, Behavioral, His-
tological, Genotoxic, and Hematological Evaluation. Environmental Science Pollution
Research, 31(21), pp. 30836-30848. https://doi.org/10.1007/s11356-024-33168-2

136 Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2026


http://dx.doi.org/10.1016/j.marpolbul.2016.06.027

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Foley, M., Askin, N., Belanger, M.P. and Wittnich, C., 2022. Anadromous Fish as
Biomarkers for the Combined Impact of Marine and Freshwater Heavy Metal Pol-
lution.  Ecotoxicology = and  Environmental  Safety, 230, 113153.
https://doi.org/10.1016/j.ecoenv.2021.113153

Almar, R., Ranasinghe, R., Bergsma, E.W., Diaz, H., Melet, A., Papa, F., Vousdou-
kas, M., Athanasiou, P., Dada, O. et al., 2021. A Global Analysis of Extreme Coastal
Water Levels with Implications for Potential Coastal Overtopping. Nature Communica-
tions, 12, 3775. https://doi.org/10.1038/s41467-021-24008-9

Park, J.W., Kim, B.S., Kim, J.K., Jung, HK., Park, H.J. and Lee, C.I., 2024. Influence of
Salinity on the Survival Rate of Fertilized Chum Salmon (Oncorhynchus keta) Eggs. Journal
of Marine Sciences and Engineering, 12(1), 39. https://doi.org/10.3390/jmse12010039

Zhou, Z., Wu, F., Tong, Y., Zhang, S., Li, L., Cheng, F., Zhang, B., Zeng, X., Yu, Z. et al.,
2024. Toxicity and Chemical Characterization of Shale Gas Wastewater Discharged
to the Receiving Water: Evidence from Toxicity Identification Evaluation. Science of
the Total Environment, 912, 169510, https://doi.org/10.1016/j.scitotenv.2023.169510

Vincent-Akpu, L.F. and Allison, M.E., 2010. Effect of Chronic Exposure to Drilling
Fluid XP-07 on Gonad Histology in Tilapia guineensis. Toxicology and Environmental
Chemistry, 92(2), pp. 271-277. https://doi.org/10.1080/02772240902927502

Sridewi, N., Nurbariah, S. and Ahmad, S., 2021. Heavy Metal Content Analysis and
Toxicity Assessment of Oil-Based Drilling Mud Using Zebrafish Embryos. Transactions
on Maritime Sciences, 10(2), pp. 390-395. https://doi.org/10.7225/toms.v10.n02.w06

Tarasova, S.S. and Gaevaya, E.V., 2021. Research of the Toxicity of Drill Sludges
and the Possibility of Their Disposal. Regional Environmental Issues, (3), pp. 75-79.
https://doi.org/10.24412/1728-323X-2021-3-75-79 (in Russian).

Mazlova, E.A., Malina, N.V. and Semenychev V.G., 2019. Study of Influence of Drill-
ing Wastes on Black Sea Planktonic and Benthic Organisms. Chemistry and Technology
of Fuels and Oils, 55(5), pp. 70-84. https://doi.org/10.1007/s10553-019-01005-9

Somashekaraiah, R., Suvin, P.S., Gnanadhas, D.P., Kailas, S.V. and Chakravortty, D.,
2016. Eco-Friendly, Non-Toxic Cutting Fluid for Sustainable Manufacturing and Machining
Processes. Tribology Online, 11(5), pp. 566-567. https://doi.org/10.2474/trol.11.556

Jimoh, M.O., Arinkoola, A.O., Salawudeen, T.O. and Daramola, M.O., 2024. Environ-
mental challenges of natural gas extraction and production technologies. In: M. R. Ra-
himpour, M. A. Makarem, M. Meshksar, eds., 2024. Advances in Natural Gas: For-
mation, Processing, and Applications. Volume 1. Natural Gas Formation and Extraction.
Elsevier, pp. 75-101. https://doi.org/10.1016/B978-0-443-19215-9.00009-8

Meier, S., Morton, H.C., Nyhammer, G., Gresvik, B.E., Makhotin, V., Geffen, A., Boit-
sov, S., Kvestad, K.A., Bohne-Kjersem, A. et al., 2010. Development of Atlantic Cod
(Gadus morhua) Exposed to Produced Water During Early Life Stages Effects on Em-
bryos, Larvae, and Juvenile Fish. Marine Environmental Research, 70(5), pp. 383-394.
https://doi.org/10.1016/j.marenvres.2010.08.002

Bakke, T., Klungseyr, J. and Sanni, S., 2013. Environmental Impacts of Produced Water
and Drilling Waste Discharges from the Norwegian Offshore Petroleum Industry. Marine
Environmental Research, 92, pp. 154-169. http://doi.org/10.1016/j.marenvres.2013.09.012

Sil, A., Wakadikar, K., Kumar, S., Babu, S.S., Sivagami, S.P.M., Tandon, S., Kumar, R.
and Hettiaratchi, P., 2010. Toxicity Characteristics of Drilling Mud and Its Effect on

Aquatic Fish Populations. Journal of Hazardous, Toxic, and Radioactive Waste, 16(1),
pp. 51-57. https://doi.org/10.1061/(ASCE)HZ.2153-5515.0000092

Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2026 137



25. Ekpo, M.A. and Uzegbu, M.L., 2004. The Effect of the Petroleum Drilling Mud Ad-
ditive (Chromelignosulphonate) on the Microbiology and Survival of Periwinkle
(Pachymelania spp. and Tympanotonus spp.). World Journal of Microbiology and Bio-
technology, 20(6), pp. 559-562. https://doi.org/10.1023/B:WIBI.0000043161.02154.57

26. Balk, L., Hylland, K., Hansson, T., Berntssen, M.H.G., Beyer, J., Jonsson, G., Melbye, A.,
Grung, M., Torstensen, B.E., et al., 2011. Biomarkers in Natural Fish Populations Indi-
cate Adverse Biological Effects of Offshore Oil Production. PLoS One, 6(5), €19735.
https://doi.org/10.1371/journal.pone.0019735

27. Jones, R., Wakeford, M., Currey-Randall, L., Miller, K. and Tonin, H., 2021. Drill Cuttings
and Drilling Fluids (Muds) Transport, Fate and Effects near a Coral Reef Mesophotic Zone.
Marine Pollution Bulletin, 72, 112717. https://doi.org/10.1016/j.marpolbul.2021.112717

28. Ismail, A.R., Alias, A.H., Sulaiman, W.R.W., Jaafar, M.Z. and Ismail, 1., 2017. Drilling
Fluid Waste Management in Drilling for Oil and Gas Wells. Chemical Engineering
Transactions, 56, pp. 1351-1356. https://doi.org/10.3303/CET1756226

29. Rasti, A., Ameri, A. and Riahi, M.A., 2021. Aerobic Degradation of Oil-Based Mud Drill-
ing Fluid by In Situ Bacteria in the Hawizeh Marshes. Journal of Petroleum Exploration
and Production Technology, 11(10), pp. 3775-3783. https://doi.org/10.1007/s13202-021-
01263-6

30. Rudneva, 1.1., 2023. Interspecies Peculiarities of Biomarkers Response of Marine Fish
Embryos to Oil Pollution. Pollution, 9(1), pp. 243-253. https://doi.org/10.22059/
poll.2022.345522.1530

31. Rudneva, L.I., Shaida, V.G., Medyankina, M.V. and Shaida, O.V., 2025. Effects of
Drilling and Cementing Fluids on Indicator Species in Marine Coastal Benthic Systems. Eco-
logical Safety of Coastal and Shelf Zones of Sea, (3), pp. 81-95.

Submitted 24.02.2026; accepted after review 10.03.2026;
revised 30.06.2026; published 30.09.2026

About the authors:

Irina I. Rudneva, Leading Researcher, Marine Hydrophysical Institute of RAS (2 Kapitan-
skaya St., Sevastopol, 299011, Russia), DSc (Biol.), Professor, ORCID ID: 0000-0002-
9623-9467, Scopus Author ID: 9266541700, ResearcherID: L-3758-2016, svg-
41@mail.ru

Valentin G. Shaida, Researcher Engineer, Company “EcoService-A” (17A Verkhnyaya
Krasnoselskaya Str., Bldg. 15, Of. 8, Moscow, 107140, Russia)

Maria V. Medyankina, Associate Professor, Ecology and Nature Use Chair of Department
of Biotechnologies and Fisheries, Moscow State University of Technology and Management
K. G. Razumovsky (First Cossack University) (14 Shabolovskaya Str., Bldg. 9, Moscow,
119049, Russia), PhD (Biol.), ORCID ID: 0000-0002-9195-0399, mediankina@mail.ru

Contribution of the authors:
Irina 1. Rudneva — concept development, task statement
Valentin G. Shaida — development of methods and carrying out the experimental studies

Maria V. Medyankina — processing and description of the study results

All the authors have read and approved the final manuscript.

138 Ecological Safety of Coastal and Shelf Zones of Sea. No. 3. 2026



ISSN 2413-5577, Ecological Safety of Coastal and Shelf Zones of Sea, 2026, No. 3, pp. 139-155.

Original paper

Organic Matter—Destructing Bacteria in Bottom Sediments
of the Southern Kamchatka: Distribution Patterns
under Variable Geochemical Conditions

G. V. Frolkin' *, K. M. Zaripova?, E. A. Tikhonova? 3,
N. V. Burdiyan?, Yu. V. Doroshenko %, K. A. Selivanova *

! Research Center for Freshwater and Brackish-Water Hydrobiology — Branch of
the A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS, Sevastopol, Russia

2A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS, Sevastopol, Russia
3 Far Eastern Federal University, Vladivostok, Russia

4 Herzen State Pedagogical University of Russia, Saint Petersburg, Russia

* e-mail: egor frolkin@ibss-ras.ru

Abstract

The paper aims to assess the organic pollution level of the coastal waters of the southern part
of the Kamchatka Peninsula based on microbiological and physical and chemical parameters
of bottom sediments. During cruise 25/2 aboard PV Professor Multanovsky (July—August
2025), samples of surface-layer bottom sediments were collected at 16 stations in the north-
western Pacific Ocean and the Sea of Okhotsk. The grain size distribution, organic matter
content (determined by the loss-on-ignition method), physical and chemical parameters
of the bottom water (temperature, salinity, pH, redox potential), as well as the abundance
of heterotrophic and hydrocarbon-oxidising bacteria (determined by the limiting dilution
method) were determined. The study revealed that the organic matter content in silty soils
(5.0-14.7%) was significantly higher than in sandy-gravelly soils (less than 2.3%); an inverse
relationship was identified between this parameter and the redox potential (p =—0.72;
p <0.01). The abundance of heterotrophic bacteria ranged from 102 to 107 cells-g™!,
whilst that of hydrocarbon-oxidising bacteria ranged from 10 to 10* cells-g™'. The highest
abundance values for both groups were recorded in Avacha Bay (107 and 10° cl-g™, respec-
tively) and in the recreational bays (Vilyuchenskaya, Listvennichnaya), indicating a high an-
thropogenic load. The minimum values (10? and 10 cells-g™") were recorded in the background
area at the mouth of the Nalycheva River. A positive correlation was found between the abun-
dance of hydrocarbon-oxidising bacteria and organic matter content (p = 0.6, p < 0.05), as well as
a negative relationship was found between the abundance of both groups and the redox potential
(for heterotrophic bacteria p = —0.7, p < 0.01; for hydrocarbon-oxidising bacteria p = —0.8,
p <0.001). The soil type has a statistically significant effect on the abundance of hydrocar-
bon-oxidising bacteria (p < 0.05). The results confirm the effectiveness of using heterotrophic
bacteria and hydrocarbon-oxidizing bacteria abundance indicators as bioindicators of organic
pollution and show the self-purification potential of the studied waters.
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AHHOTaNNA

Iens uccaeq0BaHUSA — OLICHUTH YPOBEHb OPraHUYECKOTO 3arpsA3HEHUS MPUOPEIKHBIX aK-
BaTOPHI FO)KHON YacTH MoiyocTpoBa KamuaTka 1Mo MEUKpOOHOIOTHICCKIM U (PH3UKO-XUMH-
YECKHMM TIIOKa3aTe/IsiM JOHHBIX OTIIOKeHuH. B xome skcmemunuu peiica 25/2 IIC «IIpo-
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(eccop MynpTaHoOBCKHi» (Hroib — aBrycT 2025 1.) Ha 16 CTaHIMAX B CEBEPO-3aIIaHON Ya-
ctu Tuxoro okeana 1 OXOTCKOM MOpe O0TOOpaHbI MPOOBI MOBEPXHOCTHBIX JTOHHBIX OTIIO-
xeHni. OnpeneseHbl rpanyIOMETPUIECKHH COCTaB, COJEepKaHNEe OPTaHUYECKOro Bellle-
CTBa METOJZIOM TIOTEph NPH IPOKATMBAHWH, (U3UKO-XMMHUYECKHE MapaMeTpbl HMPHIOHHON
BOJBI (TEMIleparypa, CoJIeHOCTb, pH, OKHCINTEIHbHO-BOCCTAHOBUTEINIBHBIA ITOTEHIINA),
a TaKoKe YHUCJICHHOCTh TeTepPOTPO(HBIX M YIIEBOZOPOMOKHUCISIONIMX OaKTepHid METOAOM
MIpeebHBIX Pa3BEACHUH. YCTaHOBIEHO, YTO COJEpPXaHHE OPTaHWYECKOro BEIIEeCTBa
B WIHCTHIX TpyHTax (5.0—-14.7 %) 3HaYUNTENBHO BBIIIE, YEM B NECYAHO-TPABUHHBIX (Me-
Hee 2.3 %), BbIsBIICHa 0OpaTHAsl 3aBUCHMOCTh MEXIY 3THM IOKa3aTeJeM M OKHCIUTEIBHO-
BOCCTaHOBHTENBHBIM HoTeHnuanoMm (p =—0.72; p < 0.01). YucneHHOCTh TeTepOTPOPHBIX
Oakrepuii BapprpoBaia ot 107 no 107 wir !, yrneBomopomokucistonmx — ot 10 go 10% k.
MaxcumanbHble 3HAYSHHUS YHCICHHOCTH 00enX rpymi 3apuKcHpoBaHbl B ABaYMHCKOH ry0e
(107 1 10° Ki'T™' COOTBETCTBEHHO) M PEKPEAMOHHBIX OyxTax (Bumouenckas, JIMCTBeHHUYHAS),
4TO yKa3bIBaeT Ha BBHICOKYIO AHTPOIOTEHHYIO Harpy3ky. Munumanbneie 3Hadenus (102 u
10 k1'r') oTMeueHsl B pOHOBOM paiioHe ycThsi p. HanbrueBa. BrisiBiena monmoxurensHas
KOPPEJALUs MEXAY YUCICHHOCTBIO YIJIEBOJOPOJOKHUCISAIOMNX OaKTEpUil U copepKaHueM
opranunveckoro Bemectsa (p = 0.6, p < 0.05), a Taxke OTpUIATEIbHAS CBS3b YACICHHOCTH
00eux TpymIl C OKUCIUTEIbHO-BOCCTAHOBUTENBHBIM MOTEHIMAIOM (AJSI TeTepOoTPOGHBIX
6akrepuii p=—0.7, p < 0.01, yrneBonoponoxucisronmx — p = —0.8, p <0.001). Tun rpyHTa
CTAaTUCTHYECKH BIUSET HAa YUCICHHOCTH YTIEBOAOPOAOKHUCIIOMMX Oakrepuit (p < 0.05).
[TonrydeHHble JaHHBIE TOATBEPKAAIOT 3 (HEKTUBHOCTH UCIIOJIb30BaHUS YUCICHHOCTH T'e-
TEPOTPO(HBIX U YIIEBOJAOPOAOKHUCIIIOMNX OaKTEepUil B KaueCcTBE OMOMHAMKATOPOB Op-
TaHUYECKOT'0 3arpA3HEHUS U OTPaKAaIOT MOTEHIIMAJI CAaMOOYMIIEHUS UCCIIEJOBAHHBIX aK-
BaTOPHIL.

KitoueBble ¢JI0Ba: JOHHBIC OTJIOKEHHS, TeTepoTpodHbIe OaKTEPUH, YIIICBOAOPOLOKUCIIS-
Io1IMe OakTepuu, NpUOpekKHbIE aKBaTOPHH, ModyocTpoB Kamuarka, OxoTckoe Mope

BaarogapHocTH: 0TO0p MPOO B X0/1¢ HAYYHOT'O peiica MPOBOIIICT B paMkax Bceepoccwii-
CKOWl Hay4HO-00pa3oBarenbHON nporpammsl «IlnaByunii yHuBepcurer» no teme «Iloaro-
TOBKa MOJIOZIOTO KaJpOBOTO pe3epBa B 00JaCTH MOPCKUX HayK 10 Hay4YHO-00pa3oBaTeNbHOM
nporpamme ,,JInaBy4nii yHHBEepCUTET Ha OCHOBE KOMILIEKCHBIX HCCIIEIOBaHUM 3KOCHUCTEMBI
JaTbHEBOCTOUHBIX Mopei Poccumy (mpoextsr Ne 075-03-2025-662/8 u Ne 075-03-2025-421/5).
[MoaroToBka nmuTaTeNnsHBIX Cpel AT ONpeeIeHHs] YUCISHHOCTH HHANKATOPHBIX TPy OaK-
TepHi, IPOOOIIOrOTOBKA JIOHHBIX OTJIOXKEHHH, onpeereHre (GU3NKO-XUMHIECKHX XapaKTe-
PUCTHK JTOHHBIX OTJIO’KEHUH BBITIOHEHBI B paMKax rocyaapctBeHHoro 3ananus OUI MubIOM
o teme «V3yueHne OGMOreOXMMHYIECKNX 3aKOHOMEPHOCTEH PagnoIKOIOTHIECKUX H XEMO-
9KOJIOTMYECKUX TPOIIECCOB B IKOCHCTEMAaX BOJOEMOB A30Bo-UepHOMOpCKOro OacceliHa
B CPaBHEHMH C JIPYTMMHU aKBaTOPUAMH MHUPOBOro OKeaHa M OTHEIbHBIMH BOJHBIMU DKOCH-
cTeMaMH HX BOJOCOOpPHBIX OacceliHOB /i oOecreyeH s YCTONYMBOTO Pa3BUTHS Ha I0XKHBIX
Mopsx Poccum» (Ne roc. peructparuu 124030100127-7). Onpenenenue coqepkanus opra-
HMYECKOTO BEIECTBAa B JJOHHBIX OTJIOKEHHSX U aHAIN3 OCOOCHHOCTEH pacrpelesieHns] NH-
JMKAaTOPHBIX TPYII OaKTepHil BBIOIHEHBI P Noaaepkke MuHoOpHayku Poccun B pamkax
HarpasJeHus « DKoJorus u bnopasnoodpazue Kamuarkm» MexBe10MCTBEHHO IPOrpaMMBbl
uccnenoBanuil Kamuarckoro nosyocTpoBa u conpeenbHbix akBaTopui 2024—-2026 rr.,
npoekT Ne FZNS-2024-0037 «KoMmieKcHBIH 3KOJIOTHYECKHH MOHMTOPHHT NPHOPEXHBIX
MOPCKHX U Ha3eMHBIX 3KocucTeM KamuaTkm».

Jas uutupoBanusi: @poaxun I'. B., 3apunosa K. M., Tuxonoea E. A., Bypouau H. B. u dp.
OcoOEeHHOCTH pacIpeeeHHs] OCHOBHBIX IPYII OaKTepHil — NECTPYKTOPOB OPraHUYECKOro
BEIECTBA B PAa3JINYHBIX T'€OXUMHUYECKUX YCIOBHAX AOHHBIX OTJIOKEHHH MPHOPEKHBIX
aKBaTOpUHU I0KHOH gacTu nmosryoctpoBa Kamuatka // Dkonorndeckas 0€301MacHOCTh IpH-
OpesxHoi u menbdosoit 300 mopst. 2026. Ne 3. C. 139-155. EDN NKLUME.
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Introduction

Coastal marine ecosystems play a key role in the global biogeochemical cycle.
Coastal sediments act as the main reservoir for organic pollutants, including petro-
leum products and other hydrocarbon compounds from human activities (port oper-
ations, shipping, recreation) and natural processes (river discharge, natural oil seeps)
[1-3]. Under slow water exchange, bottom sediments become a long-term store for
pollutants, underscoring their particular ecological significance as indicators of an-
thropogenic pressure on marine ecosystems.

Assessing the condition of bottom sediments requires a comprehensive
approach combining physico-chemical and microbiological analytical methods.
The physico-chemical parameters of the bottom layer (temperature, salinity, pH, re-
dox potential) shape the habitat conditions for microbial communities and determine
the direction of biogeochemical transformations of organic matter (OM). In turn, mi-
crobiological indicators—the abundance of heterotrophic bacteria (HB) and hydro-
carbon-oxidising bacteria (HOB)—can serve as bioindicators of organic pollution and
reflect the ecosystem’s self-purification potential [4—7]. In polluted water bodies, an
increase in the abundance of certain bacterial groups is often observed before any
detectable change in the chemical parameters of the water. Thus, microbiological
methods can be significantly more sensitive than sanitary-chemical ones [8—10].

Despite the available data on the state of Kamchatka’s coastal waters, infor-
mation on the quantitative composition and distribution of functional groups of de-
grading bacteria in bottom sediments remains scarce [11], particularly when com-
paring background and anthropogenically impacted areas spatially. Since some
of the studied sampling stations are located at a mooting site where fuel is constantly
being transported and bunkered, oil was selected as the model pollutant and the sole
substrate for degrading microorganisms [12, 13].

This study is the first to comprehensively investigate the spatial distribution
of HB and HOB in the bottom sediments of coastal waters of various types
in Kamchatka, including port areas (Avacha Bay), recreational bays (Vilyuchin-
skaya, Listvennichnaya) and background sites (the mouth of the Nalychev River),
while considering the grain size distribution of the sediments, organic matter content
and levels of key physico-chemical parameters of the bottom environment. This ap-
proach aims to assess the level of organic pollution and identify the factors deter-
mining the spatial heterogeneity of microbial communities.

The aim of this study is to study the microbiological and physico-chemical char-
acteristics of bottom sediments in the coastal waters of the north-western Pacific
Ocean and the Sea of Okhotsk in order to assess the level of organic pollution.
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Materials and methods

The work was carried out in the summer of 2025 during a cruise of passenger
vessel Professor Multanovsky in the north-western Pacific Ocean and the Sea
of Okhotsk (Fig. 1).

A total of 16 stations were surveyed. Stations /—3 were located within Avacha
Bays; station 4 was at the mouths of the Vakhil and Ostrovnoy Rivers; station /6 was
at the mouth of the Nalychev River, where “red tides” were recorded in 2020 [14,
15]; Station /7 was near Khalaktyrsky Beach; Station 40 was in the strait connecting
Avacha Bay with the ocean; station 4/ was in the Sarannaya Bay; station V/ was in
the waters of the Vilyuchinskaya Bay, into which the Vilyucha and Zhirovaya rivers
flow; stations R/ and 48 were in Russkaya Bay; station L2 was in Listvennichnaya
Bay, into which the river of the same name flows; station 9/ was opposite the vil-
lages of Ust-Bolsherechsk and Oktyabrsky; station /75 was near the mouth of the
Ozernaya River by the village of Ozernovsky; station /29 was at Cape Kambalny,
into which the river of the same name flows; station /42 was in Maria Bay, where
the mouths of the Krivoy and Lysaya Rivers are situated.

54°—

53°/

522\

520

52°

51°

Depth, m

50°+

b : [
156° 157° 158° 159° 160°E
Fig. 1. Map of the sediment sampling stations (red dots)

in the northwestern Pacific Ocean and the Sea of Okhotsk
(2025)
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The stations at the river mouths were selected because of the organic matter transport
by river waters. At these sites, salinity decreases slightly, which may influence the
spatial distribution of the microbiological community. By contrast, bays have limited
water exchange, leading to a sharp increase in OM concentration; they also often
serve as mooring sites for vessels and form part of tourist routes.

Samples of surface bottom sediments (top layer up to 5 cm) were collected using
a box corer. Immediately after sampling, the physical properties of the bottom sedi-
ments were assessed visually and the type of seabed was determined V. The tem-
perature, salinity of the bottom water layer and depth at the sampling stations were
determined using a CTD probe. The pH and redox potential (Eh) were measured
using a Nitron-pH pH-metre with a temperature compensator. For analysis, the upper
oxidised layer of the bottom sediments was collected.

The total OM content in bottom sediment samples was determined by loss on ig-
nition (LOI) according to GOST (State Standard) 23740-2016 . Sample preparation
involved grinding air-dried samples and sieving them through a 0.2-mm mesh sieve.
A sub-sample weighing 3-5 g was dried in duplicate at (105 £ 2)°C to constant
weight and then ignited in a muffle furnace. Ignition began with a cold furnace: the
temperature was gradually raised to (525 £ 25)°C, and the samples were held at this
temperature for 3 h until constant weight was reached. The LOI was calculated from
the difference in mass. The final result was the arithmetic mean of two replicate
determinations, with the acceptable discrepancy between them being less 10%.

The abundance of HB and HOB in bottom sediment samples was determined by
limiting dilution using liquid nutrient media *. A peptone medium was used for HB,
and the Dianova—Voroshilova medium was used for HOB. Sterile oil was added to
each tube after inoculation at a concentration of 1% as the sole source of carbon and
energy. The samples were processed within 2 h of collection.

Initial data processing and calculation of correlation coefficients were per-
formed using Microsoft Excel. Statistical analysis was performed using R. To assess
the influence of environmental factors on bacterial abundance in bottom sediments,
a correlation analysis was conducted. The primary method for assessing bacterial
abundance data was Spearman's nonparametric correlation coefficient (p).

1 Oradovsky, S.G., ed., 1979. [Methodical Guidance no. 43 on the Determination of Pollutants
in Marine Sediment]. Moscow: Gidrometeoizdat, 36 p. (in Russian).

2 GOST, 2016. GOST 23740-2016. Soils. Methods of Laboratory Determination of Organic
Composition. Moscow: Standartinform. (Interstate Standard). Introduced 1 July 2017.

3 Netrusov, A.L, ed., 2005. [Practical Course on Microbiology]. Moscow: Akademiya, 608 p.
(in Russian).
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Pearson's parametric correlation coefficient (r) was additionally used to assess linear
relationships between variables whose distribution satisfied the assumptions for its
application [16—17]. To assess the effect of sediment type on bacterial abundance,
all stations were divided into three groups based on sediment descriptions in the sam-
pling documentation: 1) predominantly silty sediments; 2) sandy (including silty
sand) ones; 3) sand-and-gravel ones. Since abundance data did not follow a normal
distribution, the nonparametric Kruskal-Wallis H test was used to compare the
groups; when significant differences were found, pairwise comparisons were per-
formed with Holm—Bonferroni correction (to control the family-wise error rate in
multiple comparisons). Differences were considered statistically significant
atp <0.05.

Results and discussion

The bacterial groups under study were isolated from samples collected under
a wide range of physico-chemical environmental conditions (table). At most sta-
tions, the bottom sediments consisted of sandy soils mixed with silt. In areas
with limited water exchange, the bottom sediments more frequently contained

Physical and chemical properties of bottom water and sediments at sampling stations

j&ﬁf; t,°C S,PSU | Depth, m pH Eh, mV
i 3.0 297 23 75 ~192
2 4.0 273 24 75 -385
3 26 318 26 7.6 199
4 25 297 30 72 -35
16 12 32.9 41 7.7 +197
17 12 33.1 56 7.6 +192
40 1.4 33.9 62 75 +169
41 13 33.1 87 7.8 +104
VI 8.5 278 5 72 +53
RI 7.8 28.1 5 7.8 +129
48 2.7 304 32 7.4 219
L2 8.7 28.5 12 7.5 161
91 9.9 29.0 25 8.2 1228

115 34 33.0 76 7.6 30
129 6.6 304 37 75 1338
142 7.1 326 33 7.8 +284
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a higher proportion of fine-grained material (Appendix A). The temperature of
the bottom layer during the studies ranged from 1.2 to 9.9 °C. The lowest values
were recorded at station /6 (the mouth of the Nalychev River) and station /7 (Kha-
laktyrsky Beach). The salinity of the water in the bottom layer ranged from 27.3
(in Avacha Bay) to 33.9 PSU (at the bay’s outlet). The pH varied from 7.2 to 8.2.
The lowest pH values were recorded in the silty sediments of Vilyuchinskaya Bay,
whilst the highest ones were found in the Sea of Okhotsk near the villages of Ust-
Bolsherechsk and Oktyabrsky. On average, the pH was 7.7 (close to neutral condi-
tions), which favours the growth and development of HOB [18]. The redox potential
(Eh) varied widely, ranging from —385 to +338 mV. The lowest values were recorded
in the bottom sediments of Vilyuchinskaya Bay, whilst the highest were recorded
opposite Cape Kambalny in the Sea of Okhotsk.

An analysis of samples from the surface layer of bottom sediments, collected
at 16 stations in the coastal waters of Kamchatka, revealed high spatial variability
in OM content (Fig. 2). The values varied widely from 0.6% (station /7) to 14.7%
(station 48), indicating the combined influence of local factors on the accumulation
and retention of OM.

One of the factors influencing the accumulation and retention of OM in bottom
sediments is the grain size distribution of the sediments *» > [19-21]. The highest
concentrations of OM (ranging from 5.0 to 14.7%) were in silty soils (stations /-3,
48, 115). Fine-grained silt particles, with their large specific surface area, effectively

LOI, %

I 2 3 4 16 17 40 41 BI PI 48 M2 91 115 129 142
Station number

Fig. 2. Content of organic matter (LOI, %) in surface-
layer bottom sediments of the coastal waters off
the Kamchatka Peninsula, 2025

4 Dauvalter, V.A., 2002. [Formation Factors for the Chemical Composition of Lacustrin
Sediments]. Murmansk: Izd-vo MGTU: 75 p. (in Russian).

3 Romankevich, E.A., 1977. [Geochemistry of Organic Matter in the Ocean]. Moscow: Nauka, 256
p- (in Russian).
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sorb organic material and create conditions for its burial. By contrast, in sandy and
gravelly sediments typical of areas with high hydrodynamic activity (stations 16, 17,
R1, 91, 40, 41), the OM content did not exceed 2.3%. Coarse soil particles of this
type have a low capacity to retain OM, whilst good aeration promotes its rapid oxi-
dation. Stations with transitional soil types (silty sand, silted sand) — 4, L2, 129, 142,
VI — showed intermediate LOI values (1.1-2.3%), apparently depending on the pro-
portion of the silty fraction.

For silty facies, which are favourable for the accumulation of OM, the key pa-
rameter that comprehensively reflects the conditions for its preservation is the redox
potential. In the studied sediments, a consistent inverse relationship was observed (r
=-0.80; p <0.001; p=—0.72; p <0.01): all stations with the OM content above 5%
(stations 1, 2, 3, 48, 115) were characterised by negative Eh values (ranging from
—385 to —30 mV), indicating the formation of reducing (anaerobic) conditions.

This relationship was particularly pronounced at stations 2, 3 and 48, where low
Eh values (down to =385 mV) were accompanied by signs of hydrogen sulphide (a
characteristic odour, hydrothroilite spots) and maximum LOI values (9.0-14.7%).
Low redox potential values in such sediments may result from oxygen consumption
during the oxidation of OM and may cause a rapid deceleration
in its further degradation, as anaerobic processes (e. g. sulphate reduction) become
dominant, effectively preserving the organic material. An exception to this pattern is
station V/ with silty soils, where, despite a soil structure favourable for OM accu-
mulation, a relatively low LOI value (1.7%) and a positive Eh value (+53 mV) were
recorded. This is likely due to the shallow depth in the vicinity of this station (5 m),
since wave action and the absence of stable stratification of the water column prevent
the formation of reducing conditions near the seabed.

Thus, the distribution of OM in the study area is shaped by several interrelated
factors. The hydrodynamic regime influences the localisation of silty (accumulative)
and sandy-gravelly (transitional) facies. It is the fine-grained composition of the sed-
iments that creates the conditions for sorption and burial of OM. An additional factor
increasing the influx of OM to the seabed is anthropogenic pressure. In Avacha Bay,
which is under chronic pollution due to shipping and discharge of domestic and in-
dustrial effluents, an increased amount of allochthonous OM enters the silty sedi-
ments. This leads to a higher OM content compared with background water bodies
of similar grain size composition. Redox conditions play an important role in main-
taining high concentrations of OM: in this case, a positive feedback mechanism is at
work, since the intensive inflow and accumulation of OM (of both natural and an-
thropogenic origin) in silty sediments leads to active oxygen consumption by micro-
organisms and the formation of reducing conditions (negative Eh wvalues
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Fig. 3. Abundance (cells-g™') of heterotrophic bacteria
in the surface layer of bottom sediments at the study stations

at stations /-3, 48, 115). The resulting anaerobic conditions, in turn, sharply decel-
erate the further degradation of the OM, thereby helping to preserve it.

OM destructing bacteria were detected in all samples of the bottom sediments
(Fig. 3). The abundance of these bacteria ranged from 102 to 107 cells-g .
The highest values were recorded in Avacha Bay (107 cells-g '), as well as in Vil-
yuchinskaya and Listvennichnaya Bays (10° cells-g'). Avacha Bay (station /) is
home to one of Kamchatka’s largest ports, while Vilyuchinskaya and Listven-
nichnaya Bays (stations V/ and L2, respectively) are of high recreational value.
The high microorganism abundance in these areas indicates water pollution
by organic compounds and the ability of microbial communities to degrade them.
Furthermore, the mouths of small rivers are situated in the bays, which are potential
sources of OM for the studied water bodies. The lowest values for HB abundance
were recorded in the vicinity of the Nalychev River mouth (10*cells-g™").
The mouth of this river has the largest catchment area among the rivers of
the Avachinskaya volcanic group and probably lies within the zone of increased tur-
bidity of the river plume.

HOB were also detected in all samples analysed (Fig. 4), with concentrations
ranging from 10 to 10* cells-g™'. At half of the stations under study, the HOB
concentration was 102 cells-g . The lowest values were recorded at station 4/
in Sarannaya Bay and at station /6 near the mouth of the Nalychev River
(10 cells-g ™). High concentrations of HOB (10° cells-g ') were recorded in Avacha
Bay, Vilyuchinskaya Bay and Russkaya Bay, near the village of Ozernovsky (sta-
tion //5) and Cape Marii (station /42). The highest values (10* cells-g™') were
recorded at station 48, which is situated in the area of Russkaya Bay. The high
abundance of HOB in these areas may be due to high anthropogenic pressure
on the bay’s ecosystem as a result of recreational activities.
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Fig. 4. Abundance (cells-g™) of hydrocarbon-oxidizing
bacteria in the surface layer of bottom sediments at the study
stations

A statistically significant positive correlation was found between the total abun-
dance of HB and HOB in bottom sediments (Spearman's rank correlation coefficient
p = 0.7, p=0.005). This relationship may indicate the combined influence of com-
mon abiotic factors on both groups, as well as possible trophic interactions or func-
tional coupling within the microbial community. The proportion of HOB in the total
HB abundance varied widely: from 0.001 to 10%. At six stations (2, 16, 17, 91, 115
and /42), this proportion was highest, reaching 10%. The average proportion of HOB
across all stations was about 3.8%, while the median proportion of HOB relative to
total HB abundance was 1.0%.

A statistical analysis revealed no significant relationship between bacterial
abundance in bottom sediments and near-bottom water temperature. At the same
time, a moderate negative correlation was found between HB abundance and near-
bottom water salinity (p = —0.6, p < 0.05), as well as between HB abundance and
depth (p =—0.6, p < 0.05). These relationships appear to be indirect and reflect gen-
eral hydrological and trophic conditions. Lower salinity was observed at coastal
shallow-water stations, which receive continental runoff that serves as a source of la-
bile OM and nutrients, creating conditions for the development of the bacterial com-
munity [22]. For HOB, no statistically significant relationships with salinity or depth
were found.

A correlation analysis revealed a significant positive correlation between
the HOB abundance and OM content (Pearson's correlation coefficient r= 0.6,
p < 0.05; Spearman's rank correlation coefficient p = 0.6, p < 0.05). No such rela-
tionship was found for HB.
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Negative correlations were found between redox potential (Eh) and the abun-
dance of both HB (p =—0.7, p <0.01) and HOB (p =—0.8, p < 0.001). These corre-
lations probably indirectly reflect a relationship with sediment type. Silty sediments,
characterised by a high specific surface area, tend to accumulate OM and form
poorly aerated reducing conditions (low Eh values). At the same time, an abun-
dance of substrate for adhesion and the availability of OM may create favourable
conditions for the development of bacterial communities. pH values
within the studied range had no significant effect on the bacterial abundance.

A statistical analysis (Kruskal-Wallis H test) revealed a significant effect
of sediment type on the abundance of both HB (H="7.14, p = 0.028) and HOB (H =
8.55, p=0.014). A pairwise comparison with Holm—Bonferroni correction showed
that pronounced and significant differences occurred for HOB between silty and
sandy-gravelly sediments (Mann—Whitney U test, p < 0.01). Silty sediments were
characterised by a higher abundance of this group, whereas coarse-clastic sediments
had the lowest values [23, 24].

A comparison with data from 2023-2024 for the studied region reveals some
general spatial patterns in the distribution of OM destructing bacteria. In both stud-
ies, the maximum abundance of functional bacterial groups (HB and HOB) was rec-
orded in anthropogenically impacted water areas—Avacha Bay and recreational bays
(Vilyuchinskaya and Listvennichnaya)-which confirms the role of these bacteria as
bioindicators of organic pollution [11]. Minimum abundance values were recorded
in background areas near the mouth of the Nalychev River. In bottom sediments,
the bacterial abundance varied over a wider range than in the water column, re-
flecting the role of bottom sediments as the main accumulator of OM and microor-
ganisms. The both studies confirm the effectiveness of using HB and HOB abun-
dance as an indicator of the organic pollution level in the coastal waters of Kam-
chatka.

Conclusions

The HB abundance in the bottom sediments varied widely: from 107
to 107 cells-g ™!, while the HOB ranged from 10 to 10* cells-g ™. This variability re-
flects the influence of local factors: anthropogenic pressure, hydrodynamic and ge-
ochemical conditions.

The analysis of the abundance of the studied bacterial groups shows that
the most contaminated areas, based on microbiological parameters, are Avacha, Vil-
yuchinskaya and Listvennichnaya Bays. This is due to increased anthropogenic pres-
sure and the inflow of organic pollutants from rivers. The high abundance of de-
structing bacteria in these areas indicates both the input of organic pollutants (in-
cluding hydrocarbons) and the maintenance of the ecosystem’s self-purification po-
tential.

The lowest bacterial abundances were recorded in the background area
at the mouth of the Nalychev River (10% cells-g™ for HB, 10 cells-g™" for HOB),
which, together with the low OM content (0.68%) in the bottom sediments, may
indicate minimal anthropogenic impact.
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Silty soils (stations /-3, 48, 115) accumulate OM (5.0-14.7% of LOI) and sup-

port higher bacterial counts than sandy-gravelly sediments (< 2.3% of LOI).

The correlation between the location of port areas and recreational bays and

the maximum abundance of HOB confirms the role of these bacteria as bioindi-
cators of oil pollution. The spatial correlation between the increased abundance

of the studied microbial groups areas of human activity supports the use of HB

and HOB abundance in bottom sediments as bioindicators of the ecological status
of the coastal waters near the Kamchatka Peninsula.
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Appendix A

Table A1. Sediment types ® at sampling stations

Station _
number Description
1 Dark gray silt with an admixture of sand, semi-liquid, viscous
5 Dark gray silt with greenish spots, soft, viscous, dark smears, strong
hydrogen sulfide odor
3 Dark gray silt with greenish spots, soft, viscous, strong hydrogen sulfide
odor
4 Dark gray sandy silt, compact, plastic, plant remains
Dark gray medium-grained sand with an admixture of silt, soft, loose,
16 dominance of fine- and medium-grained gravel, occasional fine- and
coarse-grained pebbles
17 Dark gray medium-grained sand with an admixture of silt, soft, loose,
shell inclusions, dominance of fine- to medium-grained gravel
20 Dark gray silty sand, compact, plastic to loose, with an admixture of shells,

with occasional fine-grained gravel inclusions

9 Oradovsky, S.G., ed., 1979. [Methodical Guidance no. 43 on the Determination of Pollutants
in Marine Sediment]. Moscow: Gidrometeoizdat, 36 p. (in Russian).
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Table A1l (concluded)

Sﬁ?;f; Description

4] Dark grayish-brown silt, compact, plastic, shell detritus inclusions

B/ Dark gray fine- to medium-grained sand

P/ Dark gray heterogeneous silt with light spots, semi-liquid, very viscous,
strong hydrogen sulfide odor

48 Dark gray silty sand, soft, loose, with decomposition odor

2 Dark gray meflium- to ﬁpe-gra?ned gravel, soft, loose, algae, occasional
benthic organisms, shell inclusions

91 Dark gray silt, soft, viscous

115 Dark gray silty sand, soft, loose, shell detritus inclusions

129 Dark gray silty sand, soft, plastic, shell detritus inclusions

142 Dark grayish-brown silt, compact, plastic, shell detritus inclusions
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