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Abstract

In view of the problem of unsustainable nature management, the paper considers coastal dy-
namics of a popular Crimean resort. The work aims to provide a post-assessment of changes
in the Koktebel Bay coastal zone under the anthropogenic influence. The paper uses materials
of surveys, literary and archival sources, data on the digitization of coastlines in space images
for 2011-2021. Physical, geographical and lithodynamic characteristics of the bay were
given. Anthropogenic impact on the coastal zone and coastline response thereto were consid-
ered. It is shown that for the last 100 years, anthropogenic impact on Koktebel Bay has led
to a reduction in the width or to disappearance of beaches, changes in their material compo-
sition, replacement of the natural landscape by the anthropogenic one and, therefore, its aes-
thetic attraction has decreased. Three periods were identified in the evolution of the coastal
zone. The first one is characterized by a gradual increase in anthropogenic impact on the
landscapes of the land and coastal zone. In the second period, the established dynamic bal-
ance was disturbed and the balance of sediments became negative. This was due to the regu-
lation of the streamflows and the industrial development of sand, gravel and pebbles in the
coastal zone. This led to a sharp decrease in the area of the beaches, up to their complete
disappearance in certain areas. The third period is characterized by a dramatic increase in
anthropogenic impact, which manifested itself in the active (often illegal) construction of
various structures on the beaches and by erection of hydraulic structures in order to protect
and restore the beaches. It was shown that to date, man-made coasts occupy about 3 km and
here natural processes have transformed into natural-anthropogenic. Natural coastal land-
scapes have preserved only in the eastern (about 2 km long) and western (about 1.5 km long)
parts of the bay with its total length of 7 km. The paper provides information on coastal
protection projects: both those fulfilled earlier and those being currently implemented.
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images, coastal protection

Acknowledgments: The work was carried out under state assignment no. FNNN-2024-0016.

For citation: Goryachkin, Yu.N., 2024. Anthropogenic impact on the coastal zone of
Koktebel Bay (Black Sea) over the last 100 years. Ecological Safety of Coastal and Shelf
Zones of Sea, (2), pp. 6-22.

© Goryachkin Yu. N., 2024

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

6 Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2024



AHTpPONOreHHoe BO3/1eiicTBIE HA 0eperoByIo 30Hy
oyxThl Kokredenn (Hepnoe mope) 3a nmocaeanue 100 Jer

1O. H. I'opsiukun

Mopckoti euopogpusuueckuti uncmumym PAH, Ceeacmononws, Poccus
e-mail: yngor@mhi-ras.ru

AHHOTAIHUSA

B cBs131 ¢ mpob6ieMoii HeparMOHAIBHOTO ITPUPOIOIIONIF30BAHNS PACCMOTPEHA JMHAMHKA Oe-
PEroB OHOTO U3 MOMYJIPHBIX KypopToB Kprima. Llens paboTsl — 1aTh peTPOCHEKTHBHYIO
OLICHKY HM3MeHeHuil OeperoBoil 30HBI OyxThl Kokrebenb, moaBepraromeiicss aHTpOIoreH-
HOMY BO3/ieiicTBUI0. MCNONBb30BaHbI MaTEpHAIIbl 00CIIEI0BAHUM, TUTEPATypHbBIE U APXUBHBIC
HCTOYHHKH, JaHHbIC OIIM(POBKH OEPEroBhIX JIMHUNA HA KOCMHYECKNX CHIUMKax 3a 2011-2021
rT. Jlaus! pusuKo-reorpaduieckast ¥ TNTOANHAMIYECKAs XapaKTePUCTHKU OyXThl. PaccMoT-
PEHO aHTPOIIOTEHHOE BO3/ICHCTBUE HAa OEPEroByIO 30Hy M OTKJIMK OeperoBoi IMHUY Ha HETO.
[ToxazaHo, uro 3a mocnexuaue 100 et aHTpomoreHHOE Bo3zeiicTBHEe Ha OyxTy Kokrebemsb
TIPUBEIIO K COKPAIIEHHIO ITUPUHBI WIIM NCUYE3HOBEHHIO TUISDKEH, N3MEHEHHUIO HX BEIlECTBEH-
HOTO COCTaBa, 3aMEHE €CTECTBEHHOTO JaHAmAa(Ta aHTPOIIOT€HHBIM, YTO CHU3WJIO €T0 3CTe-
THUYECKYIO ITPUBJIEKaTEIbHOCTh. BhIZieNIeHo TpH nepro/ia B 9BONIOLMH OeperoBoii 30Hb1. J{is
MIEPBOTO XapaKTEpHO IOCTENEHHOE HapacTaHWE AHTPOIIOTCHHOTO BO3ICHCTBHS Ha JIaH-
madThl Cylu 1 OeperoBoii 30Hbl. Bo BTOpoi nepHo ClIoKHUBIIEECs TMHAMHUUECKOE PaBHO-
BECHE HapYIIWIOCh B OallaHC HAHOCOB CTaJl OTPUIATEIBHBIM. JTO OBLIO 00YCIIOBIICHO 3ape-
T'YJINPOBaHUEM CTOKA BOJJOTOKOB M ITPOMBIIUICHHOW pa3paboOTKO# Mecka, rpaBusl U TalibKH B
6eperosoii 30He. Takoe BO3EHCTBHE NPUBEIIO K PE3KOMY YMEHBIICHHIO IUIOIMAAN TULDKEH,
BIUIOTb JIO TIOJTHOTO UX MCYE3HOBEHUS HA OTACIBHBIX yyacTKax. TpeTuii nepruos xapakrepu-
3yeTcsl pe3KHM YBEJIMYEHHEM aHTPOIIOT'€HHOTO BO3/ICHCTBHS, KOTOPOE BBIPA3MUIIOCH B AKTHB-
HOM (4acTO He3aKOHHOM) CTPOMTENBCTBE Ha IUIDKAX PA3IMYHBIX COOPYXKEHUH, a TAK)Ke BO3-
BEACHHEM THAPOTEXHUYECKUX COOPYKEHHH € IIETBIO 3aIlUTHl 1 BOCCTAHOBJICHHS IUIDKEH.
[Toka3aHo, 4TO K HAaCTOSIIEMY BPEMEHH TEXHOTEHHbIE Oepera 3aHUMAaroT OKOJIO 3 KM, 3/1eCh
MIPUPOJIHBIE TPOLECCHl TPaHC(HOPMHUPOBATUCH B IPHPOAHO-aHTPOIIOTeHHBIE. [IpupoaHbie
nmaHamadTe 6eperoB COXPaHWINCH TOIBKO B BOCTOUYHON (IPOTSIKEHHOCTHIO OKOJIO 2 KM) H
3anagHoi (0koJo 1.5 kM) yacTsax OyXThI pu o0IIei ee anuHe 7 kM. [IpuBOIsTCS CBEICHUS
0 MIPOEKTax 3aIUThI Oepera, BHIIIOIHCHHBIX PAHEE H PEAN3yEMBIX B HACTOSILEE BPEMSI.

KuaroueBsie cioBa: UepHoe mope, KpeiM, OyxTa KokTeOenb, aHTpOIIOreHHOe BO3/ICHCTBHE,
OeperoBast TMHUS, KOCMUYECKHUE CHUMKH, Oepero3amura

BaarompapHocTH: paboTa BBIIOJHEHAa B PaMKax BBINOJIHEHUS TOCYAAapCTBEHHOTO 3aIaHUs
FNNN-2024-0016

Juasi uutupoBanusi: [ opsuxun FO. H. AHTpONIOTEHHOE BO3/IEHCTBUE Ha OEPEroByIO 30HY
oyxthl Koktebens (Uepnoe mope) 3a nocneanue 100 ner / Dxonorndeckas 6e301nacHOCTb
MpUOPEX)HOH U MmensPoBoit 30H Mops. 2024. Ne 2. C. 6-22. EDN UTBCDW.

Introduction

The anthropogenic impact on the environment has reached such proportions that it
has become one of the main global agenda issues. This impact has not bypassed the coas-
tal zone of seas and oceans. As is known, about 40% of humanity lives in the re-
gions adjacent to it, and the population density is twice as high as the average one V.

D) Available at: https://www.unep.org/ru/issleduyte-temy/okeany-i-morya/nasha-deyatelnost/rab-
ota-po-regionalnym-moryam/upravlenie [Accessed: 20 May 2024].
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The Black Sea is no exception. For thousands of years, its coastline has changed
under the influence of natural factors, but remained a stable self-regulating system.
However, constant anthropogenic impact on the coastal zone has brought it out of
this state since the mid-20th century. The coastline has begun to retreat intensively
over a considerable distance destroying some coastal objects and posing a threat
to others. The reduction and disappearance of beaches, deterioration of their material
composition have reduced the recreational attractiveness of the resort. In a number
of regions, landscapes have changed from natural to man-made.

Researchers from different countries recognize the dominant role of the anthro-
pogenic factor in changing the natural environment of the Black Sea coastal zone
over the past 100 years [1-6]. The same can be said about the coastal zone of
the Crimean Peninsula [7-10]. We classified the types of anthropogenic impact
on the coastal zone of the Black Sea coast of Crimea in [10, 11]. In [12], changes
in the coastal zone over the past 100 years were studied using the example of
the resort of Yevpatoriya and it is shown that these changes were caused mainly
by ill-considered actions in the past. Unfortunately, even now, when developing
business projects, previously acquired experience is often ignored, which leads
to negative consequences. In this sense, the stages of the development of the coastal
zone in Koktebel Bay, which is a well-known resort area, are typical.

Koktebel became a popular summer holiday resting place at the end of the 19th
century. As early as the 1890s, famous writers, artists and scientists visited the estate
of Eduard Junge, the owner of the surrounding lands, which he sold for summer cot-
tages. Despite such fame of Koktebel Bay, there are very few literary sources devoted
to its nature. In our opinion, this is due to the proximity of the bay to the Kara Dag
massif, which was given primary importance due to the uniqueness of its nature.
Among the oldest ones, we can note publications » ) containing the information
concerning the width and material composition of the Koktebel beaches.

The first scientific survey of the bottom of the bay by divers was carried out
in 1939 under the leadership of Academician R. A. Orbeli, founder of the Russian
underwater archeology *. In the western part, the remains of an ancient underwater
breakwall were discovered. Some of its masonry was removed and used in the con-
struction of the pier and in 1933-1934 its remains were blown up. Presence of
the ancient breakwall, absence of ancient Black Sea terraces on the shore, as well as
shallow waters and configuration of the bay made it possible for V. P. Zenkovich
to conclude that the shore of the bay was ingressive, experiencing modern sub-
mergence . This monograph published in 1954 and classified until 1992 contains
only one and a half pages devoted to Koktebel Bay. The work mainly describes its
eastern wing — Toprakh-Kaya Cape. The monograph dedicated to Kara Dag contains
some information about the bay [13]. Work [14] examines the issues of morphology

2) Elpatievsky, S.Ya., 1913. [Crimean Notes]. Moscow, 149 p. (in Russian).

3 Voloshinov, .M., 1929. [Crimean Guide. Crimean Society of Naturalists and Nature Lovers].
Simferepol: Krymskoe Gosudarstvennoe Idatelstvo, 614 p. (in Russian).

4 Zenkovich, V.P., 1954. [Morphology and Dynamics of the Black Sea Coasts Within the Borders of
the USSR. Part I1l. Section II (Southern Crimea, Kerch and Taman Peninsulas)]. Moscow, 234 p.
(in Russian).
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and dynamics of the eastern coasts of Crimea. Some peculiar conclusions on the rea-
sons for the reduction of beaches in Koktebel are given in [15]. The modern granu-
lometric composition of sediments in Koktebel Bay based on the results of a survey
by MHI in 2021 is considered in [16].

In our opinion, the most information about Koktebel Bay is contained in the mo-
nograph by A.A. Klyukin devoted mainly to the South-Eastern Crimea exogeody-
namics [17]. However, the information is scattered across several chapters and does
not provide a comprehensive picture of the natural conditions and coastal dynamics.

This work aims to provide post-assessment of changes in the Koktebel Bay
coastal zone over the past 100 years under the anthropogenic impact.

Materials and methods

We analyzed the materials of the Koktebel Bay surveys in 2009 and 2021 carried
out by Marine Hydrophysical Institute of Russian Academy of Sciences (MHI).
The work used the data on the digitizing of coastlines in space images of the Google
Earth service for 2011-2021. At the same time, to compare the coastlines, they
were additionally referenced by clearly visible landmarks on the coast of the urban-
type settlement of Koktebel due to insufficient reference accuracy for our purposes.
Since there were no such landmarks outside the settlement, the images were refer-
enced to coastal roads, which are fairly stable elements of the landscape. In addition,
literary and archival sources were used, mainly departmental reports of liquidated
organizations (Division of Landslide Protection, Yalta Team of KrymMorGeologiya
Association, Institute of Mineral Resources of the Ministry of Geology of the Ukrain-
ian SSR). An electronic archive of photographic images of the Crimean Peninsula
coasts created at MHI was also used.

Physical, geographical and lithodynamic characteristics of Koktebel Bay

Koktebel Bay (here and below the official names of geographical objects are
given) is located between Cape Planerny (formerly called Malchin) in the west and
Cape Lagerny (formerly called Toprakh-Kaya) in the east (Fig. 1). The resort village
(urban-type settlement) of Koktebel is located on the shore of the bay. The length of
the bay coastline is about 7 km. The distance along the line connecting the above
mentioned capes is about 4 km, with the largest perpendicular to this line being 2 km
long. Thus, the bay forms an almost perfect semicircle.

In its southern part, the coastline is most indented and forms a series of small
bays with boulder heaps on the edge and near the shore. The landslide of boulder
heaps in the water stretches for 1.5 km, and they are also noted in the eastern part
near Cape Lagerny. The coast in the western part is mountainous and abrasive,
with small bays. In the eastern part, it is abrasive, with landslide and loose rocks.
The central part of the coast can be classified as accumulative and man-made
according to the prevailing modern exogenous processes [11].
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Fig. 1. Sketch-map of Koktebel Bay

The southern edge of the bay consists of cliffs of the Magnitny Ridge, which is
part of the Kara Dag massif. The strong volcanic rocks of this part of the bay are
replaced to the north, first by a long valley, on the shore of which there was previ-
ously a pier and now three groins, and then by a protrusion of an abrasive shore up
to 30 m high composed of loose clay shales and marls (Kilovaya Mountain).
Previously, the coast here was bordered by a wide pebble and sand beach. The open
arc of the bay apex, 2 km long, borders an alluvial lowland, now almost completely
developed. From the north, the slopes of Biyuk-Yanyshar Hill (up to 200 m high)
approach the bay forming an active cliff about 10 m high near the shore. The cliff
is composed of brown Quaternary and gray Jurassic clays. At the foot of the hill,
in the western part adjacent to the Koktebel beaches, small (up to 3 m wide) boulder
and block beaches are located, which gradually wedge out completely to the east.
Cape Lagerny, which closes Koktebel Bay from the east, is an elongated narrow
peninsula (more than half a kilometer long) made of gray Jurassic clays (Fig. 2).
A narrow (2-3 m) platform lies at the foot of the cape cliffs. It is made up of exposed
rock, in some places covered by small accumulations of rubble. This platform slopes
down to the water gently and forms a wide bench. In front of the cape and on both
sides of it, at a distance of up to 200 m from the water edge, blocks and plates of
sandstone and clay shale washed out of the cape clay layer are scattered.

Koktebel Bay is shallow, with the 5 m isobath running on average at a distance
0f200-300 m from the water edge and with depths of 10—15 m at the outer boundary
of the bay. The western part of the bay is deeper, the shallowness of the bottom in-
creases in its eastern part. Here, the 1 m isobath is located 100—120 m from the shore.
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Fig. 2. View of Koktebel Bay from Biyuk-Yanyshar Hill

Further, the depth quickly increases, the distance between the 5 and 10 m isobaths is
no more than 150 m. The source of beach material replenishment was previously
the discharge of several watercourses flowing into the bay. In the central part,
the mouth of the Yantiq River (the length and catchment area are about 10 km and
50 km?, respectively) with the eponymous erosion gully and some temporary water-
courses nearby.

Koktebel Bay is located to the east of the Southern Coast of Crimea (SCC),
the border of which is considered to be Cape Planerny. The climate here, unlike
the SCC subtropical Mediterranean climate, is coastal, moderately warm. The aver-
age annual air temperature is about 12°C, the average annual precipitation is about
400 mm. According to the data from the nearest hydrometeorological station Feodo-
sia, the most frequent winds here are strong (10 m/s and more) ones from the north-
west, northeast, south, southwest and west. The most frequent waves are those from
the eastern, southeastern and southern directions. In total, waves from these direc-
tions account for 96% of all cases per year. Storms from the southern and eastern
directions are most dangerous in terms of waves.

The beaches of Koktebel Bay are fed by the products of abrasion, erosion of
landslides and rockslides, as well as biogenic material from the underwater coastal
slope. Currently, the capes and wings of the bay are mainly subject to abrasive
erosion. At the same time, it is mainly the eastern wing of the bay that is abraded
(at the base of the cliffs and on the bench), while currently almost no abrasion is ob-
served in the bay itself. Up to 90% of abrasion products arrive during the cold period,
with the most active storms. In stormy years, which usually recur every 5-6 years,
the volume of sediments exceeds the average value several times [17]. Sediments
migrate along the coast from the capes to the bay and along the bay in both directions
depending on the sea wave regime. When the proportion of relatively rare southern
storms increases in the wave regime, sediments migrate from the southwestern and
western parts to the northeastern and eastern parts of the bay, which is the main
process in sediment dynamics.
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The main source of beach material replenishment is stipulated by the erosion of
landslide and rockslide tongues, where small ones are washed away during the storm
season and relatively large ones — over the course of several years. Thus, the largest
landslide from Cape Lagerny was completely washed away in eight years [17].
In 1913, the tongue of a large landslide located on the slope of the Kok-Kaya Ridge
(western wing of the bay) protruded into the water area by more than 10 m and
was washed away. In the spring of 1958, 6 m of the sliding tongue were cut off
at the northeastern outskirts of Koktebel [15]. In 19801983, 5 thousand m® of loam
were washed away from the sliding tongue extended into the water area near Cape
Planerny ¥). At the same time, the drift products contain only 25% of the wave field
sediments as they quickly become soaked and washed away. The drift increases
in wet years and decreases in dry ones. The largest amount of sediments enters
the coastal zone when wet years precede stormy years or coincide with them [17].

Anthropogenic impact and coastal dynamics

At the beginning of the 20th century, the shores of Koktebel Bay were a sparsely
populated area. Old photographs show no significant construction (Fig. 3).

Works 2 ¥ noted a beach with an incomplete profile and a width of up to 30 m
along the coast. The bay bottom was sandy and shallow, the coastal shoal went tens
of meters from the shore. The beach was predominantly composed of sand — a prod-
uct of alluvial deposits carried away by watercourses. There was also a large amount
of rounded pebbles from the solid rocks of the Kara Dag massif. On the back side
of the beach, a clear ledge was observed everywhere, along which alluvial clays
were washed away, so that the shore was not accumulative even at the top of the bay.
In the western part of the bay shore, there were small sections of the beach cluttered
with stones, with rocks of volcanic origin above them. It was noted that quite signifi-
cant landslides sometimes occured in this area, traces of which were visible in the struc-
ture of the coastal slope ¥.

Fig. 3. View of the western part of Koktebel Bay, photo 1914
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The first significant intervention in the nature of the bay occurred in the 1920s.
In 1925, a pier about 200 m long was built in its western part for loading trass (vol-
canic rock used to make a special type of cement) from a quarry developed nearby.
The rock was extracted using blasting methods. When the material was delivered
to the coast of the bay for crushing, rocks not related to trass were dumped into
the water and accumulated in the coastal zone ¥. The first embankment was built
in the 1930s. During the Great Patriotic War, the German troops built up the coast
with various anti-landing structures, including concrete ones, using local materials.
They were dismantled after the war.

Until the mid-20th century, there were isolated small ponds in the gullies and
valleys adjacent to Koktebel. In the second half of the century, most of the water-
courses flowing into the bay were regulated, and about seventy reservoirs were
formed, which sharply reduced the liquid and solid runoff. This was also facilitated
by plowing, terracing and afforestation of the slopes adjacent to the bay. Here is
a typical example: previously, an alluvial cone protruded into the water area from
the mouth of the Yantiq River, the underwater continuation of which was traced
on the bottom as evidenced by topographic maps of that time. Currently, this cone
appears only after significant floods.

According to some data, before the regulation of the flow, the volume of remov-
als from erosion forms had been comparable to the volume of abrasion products
and erosion from coastal slopes, and it became half as much after the regulation,
so less wave field sediments entered the coastal zone of the sea [17].

In the late 1950s, a new embankment with a breakwater wall was built in Kok-
tebel, part of which was extended onto the beach. This design of the hydraulic struc-
ture subsequently played a negative role. At that time, there was still a sandy, gravel
and pebble beach 20-30 m wide. It was distinguished by an unusual color due to
the inclusion of pebbles from the Kara Dag rocks. It should be noted that the beach
deposits were then and previously developed in an improvised manner for local
construction needs, but in relatively small quantities. Beginning in 1954, industrial
extraction of sand and gravel mixtures took place in the central part of the bay and
on the beach. It was also carried out in neighboring areas: near the urban-type settle-
ment of Kurortnoye, the urban-type settlement of Ordzhonikidze, in Tikhaya Bay
(to the east of Cape Lagerny) and in the area of Feodosia.

The actual volumes of extraction, which continued until 1967, are unknown
(according to estimates given in [14], they amounted to 1.5 million tons). As a result,
the beaches began to shrink rapidly and their width in the western part of the bay
was 5—10 m by the mid-1960s, and the water edge came right up to the cliff (Fig. 4).

The beach no longer provided any damping of the wave energy of even small
storms. The beaches in the eastern part of the bay also became smaller. At Junge
Hill, there was no beach at all and one could pass to the other side there with the help
of footbridges in the water.

) Rumanova, D.A., 1941. [Report on Route Surveys of Coloured Stone Deposits and Experimental
Mining of them on Mount Karadag and its Vicinity]. Simferopol: Azchergeolupravlenie Krym. Geol-
byuro, 66 p. (in Russian).

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2024 13



Fig. 4. A beach in Koktebel. Photo 1965

As a result of the use of beach material for economic and construction purposes
lasted for more than 10 years, an emergency situation took place on the coast of
the bay. Thus, in some places, the foundation of the retaining breakwater wall was
washed away. Article [15] stated that the reduction of the beaches was caused by tec-
tonic subsidence of the Koktebel Bay land. The velocity was determined as 2 m/year
based on the fact that the beaches between 1963—1967 decreased by an average of 8
m. This statement contradicts clearly existing ideas about the velocity of the Earth crust
vertical movements in this area, which is approximately three orders of magnitude less.

A strong storm in January 1967 washed away the remains of the beach, col-
lapsed the retaining walls and destroyed the embankment (Fig. 5). The coast was
washed away over a stretch of more than 2 km. The Koktebel beach practically
ceased its existence and the buildings located behind the embankment were under
threat of destruction.

Fig. 5. Consequences of the storm dated 13 January 1967. Photo 1967
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In 1967, the Yalta Department of the GIPROKommunStroy Institute developed
a project for emergency coastal protection measures, which envisaged partial res-
toration of the beaches by backfilling the water edge zone with imported material.
The material was backfilled on the western wing of the bay in the amount of
150 thousand m® in approximately equal proportions of limestone rubble from
the quarry of Mount Agarmysh (near the town of Stary Krym) and granite
from the Donbass deposits. Taking into account the content of clay impurities, the
actual volume was about 90 thousand m®. Over 12 years, the rubble turned into peb-
bles. Its roundness was from 2.4 to 3.4 points on a four-point scale ®.

As aresult of the backfilling carried out in the coast sections where the width
of the beach had been 2-4 m in 1966, by 1969 it had increased to 30-35 m, but
the recreational properties of the previously existing beach were lost. The project
envisaged the delivery of 360 thousand m® of beach-forming material more, but this
stage of the project was not implemented.

Over a period of 13 years (1968-1981), the artificial beach material shifted al-
most entirely toward the center of the bay exposing the shore in the area of the mu-
nicipal beach and the beach of the Koktebel Art Center. The width of the beaches
in the western wing of the bay decreased significantly and the coastal zone experi-
enced a significant increase in depth. Exposure and erosion of the bedrock were ob-
served. The risk of destruction of the embankment in the western section of the bay
arose again. To remedy the situation, several proposals were considered and an op-
tion was adopted that included the construction of coastal protection structures in six
sections of the bay and the creation of a reserve backfill zone to replenish the beach
in a specially designated area in the western wing of the bay. The expediency of such
a solution was confirmed by the experience of 1967.

According to the 1984-1990 project of the Yalta Department of
the UkrYuzhGIPROKommunStroy Institute, embankments with a stepped slope
structure designed to dampen residual wave energy were built and an artificial beach
was created. In addition, reserve filling of crushed stone in the amount of 144 thou-
sand m®> was carried out in the westernmost section of the coast. The width of
the beach area along the entire length of the bay was restored. In 1988, the western
section of the bay represented an artificial pebble beach leaning against the foot of
the coastal slope; the width of the above-water part of the beach here reached 43 m
(Fig. 6).

The implemented scheme of coastal protection structures performed its func-
tions until the beginning of the 21st century, until capital construction began on
the reserve filling area, accompanied by the degradation of the beaches. Thus, if
the width of the beach on the western wing of the bay in 2002 was 22 m, then by 2004
it had decreased to 4-9 m. Let us give several examples of unauthorized construction.

In 2005, in the area northeast of the rescue station, where there was an arti-
ficial pebble beach and a prefabricated stepped slope structure made of flight
slabs, part of the stepped slope structure was dismantled without permission and

9 Romanyuk, O.S., 1988. [Report on Topic “Drawing up an Inventory of the Overwater Part of the Cri-
mean Coastline at a Scale of 1:200,000”. KKGRE, IMR]. Simferopol, 497 p. (in Russian).
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Fig. 6. Anartificial beach in the western part of Koktebel Bay. Photo 1988

a vertical wall was erected. Here, part of the embankment was expanded by means
of a stepped slope structure — a vertical reinforced concrete wall was erected along
the abutment of the flight slabs, the sinus was filled with soil, a concrete covering
was installed and later concrete tiles were laid on top of the concrete. The vertical
wall installed instead of the existing slope structure contributed to the degradation of
the beach, which subsequently led to its erosion and destruction. In the central part,
to the west of the Voloshin House Museum, two platforms protruding into the sea
were built illegally. Such transverse structures represent an obstacle to the existing
flow of sediments and cause the accumulation of beach material in front of the struc-
ture and erosion behind the structure (in the direction of the flow). By 2009, this pro-
cess had already been quite pronounced. Since the sediment flow is directed toward
the center of the bay, the width of the above-water part of the beach northeast of
the above mentioned platforms (in the area of the Voloshin House Museum) has
decreased by 68 m in two years since the start of construction of the sites (2006);
at the same time, beach material accumulated to the southwest. The structures built
in the waterfront zone and extended into the sea prevented the natural movement of
material and they were subjected to the intense wave action, as a result of which
some of them were destroyed (Fig. 7).

When the Autonomous Republic of Crimea was a Ukrainian region, applications
were repeatedly sent to administrative bodies indicating the inadmissibility of con-
struction on the reserve filling area and the inevitability of the destruction of the con-
structed structures, but no effective measures were taken (Fig. 8).

Altogether, the general nature of the lithodynamic processes occurring in the bay
remained unchanged throughout the 1990s and 2000s: the beach remained fairly sta-
ble in the central part of the bay; seasonal changes in the width of the above-water
part of the beach were within 5 m with a beach width of up to 45 m; steady degrada-
tion of the beach was observed in the southwestern part (the reserve filling area).
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Fig. 8. Reserve filling area. Photo 2021
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In the last decade, it has become possible to analyze changes in the coastline
using satellite images. To determine the change in beach width between 2009 and
2021, we use satellite images from this time and the results of surveys conducted
in September 2009 and November 2021. A total of 15 images with a resolution of
0.6 m per pixel were used for the analysis.

The width of the beach to the west of the reserve filling area has hardly
changed. Over the past period, it has fluctuated within 1-3 m, i.e. at the threshold
of the method accuracy. It was difficult to determine the seaward boundary due to
the boulders in the watershed zone. The reserve filling area is a pile of remains of
reinforced concrete structures built at different times. The natural and later artifi-
cial beaches that existed here disappeared without a trace. By 2017, the buildings
at the foot of Kilovaya Mountain had been almost completely destroyed by the sea.
To the west of the Koktebel embankment, the width of the beaches was 9—13 m
in 2009; in 2021, it remained unchanged. In fact, the beach has shrunk on the em-
bankment from 9—18 m to 2 m (in the area of the illegally constructed platform), and
in the eastern part of the embankment — to 8—12 m. At the same time, the interannual
variability of the beach width in this section of the coast was about 5—-6 m.

An analysis of the change in the beach area reduced to its length showed that
for the period 2009-2021, on average, the width of the beaches along the embank-
ment decreased by 4.8 m. In 2021, the width of the beach near the Voloshin mon-
ument was 10 m. To the east of the embankment, according to satellite images
for 2008-2020, the configuration and width of the beach remained almost un-
changed; in 2021, the beach was 15-20 m wide.

Further east, to Junge Hill and further east, the width of the above-water part of
the beach ranged from 33 to 42 m according to a 2009 survey and satellite images.
During this time, the width of the beach changed insignificantly (1-2 m). By 2021,
the configuration of the coastline and the width of the beaches had hardly changed.

Further east, right up to the beginning of the cliff, the beach has gradually
decreases. Its width and configuration of the coastline remained almost unchanged
over the period 2009-2021 according to satellite images and survey materials
from November 2021. In the area of the beginning of the cliff, the beach width
in 2021 was 12 m, which corresponds to the 202 1image. Further east, over a distance
of 1 km, the abrasion coast in 2011-2021 retreated at an average rate of 0.7 m/year
(Fig. 9). The rate of retreat of the coastline of the western part of Cape Lagerny
during the same period was two times less — about 0.3 m/year.

Summarizing the results of the analysis of satellite images for 2011-2021
in comparison with the survey data of 2009 and 2021, it can be said that there were
no changes along the greater length of the coastline of the urban-type settlement of
Koktebel. At the same time, the beach completely disappeared in the reserve filling
area and it decreased by 6—8 m in the area of the embankment.

During this period, the beach material of the central part of the bay was re-
plenished due to the erosion of the bottom in the western section in the area of
Kilovaya Mountain. This material moved in the eastern direction and as a result,
the water line in the area of Voloshin house was relatively stable, while the depth
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Fig. 9. Satellite image of the eastern part of Koktebel Bay in the area of
the observation deck (September 2011). Red line — coastline in August 2021.
Black lines — roads in August 2021

in the collapse zone in the area of Kilovaya Mountain increased significantly. It can
be said that after the artificially created deficit of beach-forming sediments and
the subsequent creation of artificial beaches in the coastal zone, a new state of dy-
namic balance was established, in which the volume of sediments on natural beaches
in the long-term regime remains more or less constant and changes in either direction
are temporary.

Conclusion

Thus, the anthropogenic impact on Koktebel Bay over the last 100 years has led
to a reduction or disappearance of beaches, change in their material composition and
replacement of the natural landscape with an anthropogenic one, which has reduced
its aesthetic attraction.

Three periods can be distinguished in the evolution of the coastal zone of Kok-
tebel Bay. In the first (starting from the 1920s), anthropogenic impact on the land-
scapes of the land and coastal zone increased gradually. In the incoming part of
the sediment balance, solid runoff of watercourses and coastal abrasion prevailed,
and sediment accumulation prevailed in the outgoing part. Some increase in solid
runoff associated with anthropogenic impact on landscapes and the development of
accelerated erosion was compensated by periodic removal of small volumes of sed-
iment from the beaches for local construction needs.

During the second period (from the middle of the 20th century), the established
dynamic balance was disrupted and the sediment balance became negative. This was
stipulated by the regulation of the runoff and industrial extraction of sand, gravel
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and pebbles in the coastal zone. This impact led to a sharp decrease in the width of
the beaches, up to their complete disappearance in some areas.

The third period (from the last quarter of the 20th century to the present) is
characterized by a sharp increase in anthropogenic impact, which was expressed
in the active (often illegal) construction of various structures on the beaches to pro-
tect and restore the beaches by erecting hydraulic structures. In the incoming part of
the sediment balance, such a component as artificial beach filling appeared, which
partially compensates for the sediment deficit. A new dynamic balance has been
established in the coastal zone over the past 10 years. By now, man-made shores
occupy about 3 km, where natural processes have transformed into natural-anthro-
pogenic ones. Natural coastal landscapes have been preserved only in the eastern
(about 2 km) and western (about 1.5 km) parts of Koktebel Bay. The engineering
load coefficient (the ratio of the total length of engineering structures to the length
of the coast) for Koktebel Bay is currently 0.4.

It should be noted that artificial beaches remained the only way to preserve the
coast of Koktebel Bay. However, they also have some disadvantages. Thus, the ope-
ration of artificial beaches must be accompanied by long-term additional costs
for backfilling the material. Concrete structures reduce the aesthetic attraction of
the coast and worsen water exchange in the water area (for example, three groins
in the western part of the bay). The ability of water to self-purify in the bay is limited,
especially in summer, which significantly worsens the quality of sea water and san-
itary and epidemiological situation. Coarse debris of artificial beaches is less com-
fortable for recreation. Abrasion of crushed stone is accompanied by additional flow
of suspended matter into the water area, decrease in water transparency and change
in the composition of bottom sediments, which also affects the benthos negatively.

Therefore, when developing a new project for the reconstruction of the embank-
ment and restoration of the beaches of Koktebel Bay with a total length of 1850 m,
these provisions were taken into account. Thus, the original project provided for
the construction of a system of groins. As a result of numerous discussions, including
ones with the participation of employees of MHI, this project was rejected and
another version was adopted. It provides for the construction of one groin 70 m
long and backfilling of the beach with a width of 35 to 45 m. The groin located
in the western part of the bay should limit the movement of beach material
in the western direction and at the same time should not distort the natural land-
scape of Koktebel Bay significantly. Taking into account the movement of beach
material, the criterion for assessing the need to replenish the beach area will be
the width of the beach in the groin area. The beach material recommended by
the project is gravel with a fraction of no more than 40 mm. Reconstruction of
the embankment began in 2023 and is expected to be completed at the end of 2024.

In conclusion, we want to note that the number of vacationers to Koktebel Bay
and consequently the economy of the region will depend on the ecological state of
the coastal zone of the sea and its provision with comfortable beach resources,
landscape diversity and coast attractiveness. Under the conditions of land private
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ownership, the state must regulate issues related to the strengthening of the coast,
protection of the coastal zone and coast of resort and recreational regions. It is nec-
essary to use modern effective methods and technologies to protect the coast that
do not violate the landscape appearance of the territory and the ecological state of
coastal waters.
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Abstract

The paper examines seasonal variability in the spatial distribution and magnitude of hori-
zontal gradients of temperature, salinity and density in large-scale surface frontal zones
in the North Atlantic Ocean. Monthly average temperature and salinity data at the 0.5 m
horizon from the ORASS5 oceanic reanalysis (1958-2021) are used. High gradients of tem-
perature exceeding 2 °C/100 km, those of salinity exceeding 1 PSU/100 km, and those of
density exceeding 1 kg:m=/100 km were observed in the subpolar and temperate regions in
fronts along large-scale currents carrying warm salty waters from the southern latitudes
(Gulf Stream, North Atlantic Current) and cold waters with low salinity from the Arctic
regions (Labrador Current, East Greenland Current). These fronts occur throughout the year.
High salinity and density gradients are also observed in the tropical summer in the front
at the edge of the Amazon River plume, resulting from seasonal river flow. In these five
frontal zones, areas were identified for which quantitative estimates of seasonal variability
of gradients are provided. In the subpolar and temperate latitudes, maximum temperature
gradients are observed in winter. Warming up of water in the summer season is accompa-
nied by a decrease in gradients. The greatest range of seasonal variability of temperature
gradients was noted in the frontal zones of the Gulf Stream and the East Greenland Current.
In summer, in the fronts of subpolar regions, salinity gradients increase due to the melt-
ing of Arctic and continental ice and an increase in the influx of waters with low salinity.
In the frontal zone of the East Greenland Current, as well as at the boundary of the Amazon
River plume, the highest range of seasonal changes in salinity and density gradients was
noted. In these areas, the contribution of salinity to seasonal changes in density at the ocean
surface increases.

Keywords: frontal zone, horizontal gradients, temperature gradient, salinity gradient, densi-
ty gradient, seasonal variability, Atlantic Ocean
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Ce30HHAasi ©I3BMEHYMBOCTb FOPU30HTAIbHBIX IPATUEHTOB
B KPYITHOMACIITAOHBIX TEPMOXAJTMHHBIX POHTATIBLHBIX 30HAX
B CeBepHOil ATJIAaHTHKE

N. T'. lokypogsa *, H. B. Hukoasckuii, E. /I. YepHubimona

Mopckoti euopogusuueckuu uncmumym PAH, Cesacmonons, Poccus
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AHHOTAIHUSA

PaccmaTpuBaeTcs ce30HHAS N3MEHYMBOCTH MPOCTPAHCTBEHHOTO PACIIPEICICHNS U BETHMIH-
HBI TOPH30HTANBHBIX TPAJUEHTOB TEMIIEPATYPHI, COJCHOCTH W IIOTHOCTH B KPYITHOMAcC-
MTaOHBIX TIOBEPXHOCTHBIX ()POHTAIBHBIX 30HAX B CEBEPHOM YacTH ATIAHTHUECKOTO OKea-
Ha. Vcronb3yroTcsi cpetHeEMECsIIHbIe JaHHBIE O TeMIIepaType M COJICHOCTH Ha TOPU30HTE
0.5 M okeannyeckoro peaHanuza ORASS (1958-2021 rr.). [TomyueHo, 4TO BEICOKHE TpaIu-
eHTBl TemIepatypsl, npesbimatoniie 2 °C/100 kM, conenoctu — 1 ETIC/100 kM, nioTHO-
cru— 1 kr'Mm%/100 kM, HaGMOMAIOTCA B CYONONAPHON M yMEPEHHON 30HAX BO (PPOHTAX
BOJIb KPYITHOMACIUTAOHBIX TCYCHHUH, MEPEHOCAIIMX TEIUIbIE COJICHBIE BOABI M3 FOKHBIX
mmpot (I"onbperpum, CeBepo-ATIIaHTHUECKOE TEUEHHE) M XOJIOHBIE BOJIBI C HU3KOH CO-
JICHOCTBIO M3 apKTHdeckux paiioHoB (Jlabpamopckoe Teuenme, Bocrouno-I'pennanackoe
TeueHne). DT (POHTHI BBIIEISIOTCS B TEUEHUE BCETO rojia. BrICOKHE rpaJiueHThl COJICHO-
CTH ¥ IUIOTHOCTH TAaKKe OTMEYAIOTCS JIETOM B TPONMYECKOW 30HE BO (PpOHTE HA TpaHUIE
ioMa AMa30HKH, BO3HHKAIOIIETO B PE3YJIbTaTe CE30HHOTO CTOKA pEeKH. B yka3aHHBIX
MATH (PPOHTAIBHBIX 30HAX OBIIM BBIIEICHBI OOTACTH, U1 KOTOPBIX NPUBOJISTCS KOJHMUC-
CTBEHHbIC OLIEHKH CE30HHON M3MEHYMBOCTH TPAANCHTOB. B cyOmomspHO#l n ymepeHHON
30HaX MaKCHMalbHbIE TPAIMEHTHl TEMIEpaTypbl OTMEYaloTcs B 3uMHee Bpems. [Iporpes
BOJIBI B JIETHUH CE30H COMPOBOKAACTCS YMEHbIICHHEM IpaueHToB. Hanbonpmmii pazmax
CE30HHOM M3MEHYMBOCTH I'PAJIMEHTOB TEMIIEPaTyphbl HA0II01aeTCsl BO (PPOHTAIBHBIX 30HAX
Tonbderpuma u Bocrouno-I'pennanickoro tedeHus. Jletom Bo (poHTax CyONONSIPHBIX
paioHOB MPOUCXOAUT MOBHIIIEHHE IPATUCHTOB COJICHOCTH BCIIEACTBUE TasHUS apKTH-
YECKUX U MAaTEPUKOBHIX JIbJIOB U YBEJIMUCHHUS MOCTYIJICHHUS BOJ C MOHMXEHHOH coite-
HOCTBIO. Bo ¢poHTansHOIl 30He BocTouHO-I peHmanAckoro Te4eHus, a Takke Ha TPaHUIEe
IUTIOMa peKkd AMAa30HKH OTMedYaeTcsi Haubojiee BBICOKHH pa3Max CE30HHBIX H3MEHEHUH
IpaJIMeHTOB COJICHOCTH W IUIOTHOCTH. B 3THX pailioHax Bo3pacTaeT BKJaJ COJEHOCTH B Ce-
30HHBIE U3MEHEHHS INIOTHOCTH Ha MIOBEPXHOCTU OKEaHa.

KiawueBble cjioBa: ppoHTAIBHBIC 30HBI, TOPU30HTAIBHBIC TPAIUCHTHI, TPAJUCHT TeMIIepa-
TYpBI, TPAJUEHT COJIEHOCTHU, TPAJIMEHT IJIOTHOCTH, CE30HHAs M3MEHYMBOCTH, ATIaHTHUE-
CKHIl OKeaH

BaarogapHocTH: paboTa BBIIOJHECHA B paMKax rocyaapcTBeHHOro 3aaanus OI'BYH OUI]
MI'U no teme Ne FNNN-2024-0014 «®yHIaMeHTalIbHbIE UCCIEI0BAaHUS MPOLIECCOB B3au-
MOJICHCTBHS B CHCTEME OKeaH-aTMocdepa, QOpMUPYIOMHUX HU3MEHUYHBOCTh (DPU3MICCKOTO
COCTOSTHHSI MOPCKOH CpeIbl Ha Pa3IMYHBIX MPOCTPAHCTBEHHO-BPEMEHHBIX MacCIITa0axy.

Hdas uurupoanus: [lloxkyposa U. I'., Huxonvckuii H. B., Yepnvuuwosa E. /]. Ce3oHHas
W3MEHYMBOCTh FOPU30HTAIBHBIX TPAAUEHTOB B KPYITHOMACIITAOHBIX TEPMOXATNHHBIX
(ponTtanbHbIx 30Hax B CeBepHOi ATiaHTuke // DKoyloruueckas 0€30MacHOCTh MPUOPEKHOM
u menb(oBoif 30H Mops. 2024. Ne 2. C. 23-38. EDN MW VISQ.
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Introduction

Frontal zones are areas in the ocean where water masses with different physi-
cal, chemical and biological properties are encountered as a result of water transport
by currents, river flow, upwellings and other dynamic processes [1, 2]. Boundaries
between water masses are characterized by high horizontal gradients of tempera-
ture, salinity, density and other characteristics which makes it possible to determine
the position of fronts [1]. Frontal zones are areas of high biodiversity, while oceanic
frontal interface separate zones with different habitat conditions for marine organ-
isms, that is why the analysis of changes in frontal characteristics is important
for marine biology [2—4]. The greatest number of studies of surface frontal
zones are currently being conducted in this field. What is more, long-term chang-
es in the characteristics of frontal zones can serve as indicators of climate change
in the ocean, which manifests itself differently in different seasons, which deter-
mines the importance of studying them [1, 5, 6].

The study of processes in frontal zones began in the mid-20th century [1, 7],
but the emergence of satellite data, drifting buoy data and creation of modern ocean
reanalyses at the end of the century expanded the possibilities for studying fronts
in the ocean [8]. These data made it possible to study fronts on various time and
spatial scales [1, 6, 9].

Currently, the characteristics of frontal zones are analyzed based on satellite
data on ocean surface temperature [10—12], salinity [13, 14], sea level [15, 16].
Modern ocean reanalyses with high spatial resolution make it possible to consider
spatiotemporal changes in temperature and salinity frontal zones comprehensively.

The features of the seasonal course of the North Atlantic Ocean have been
studied most closely for temperature frontal zones [17-22]. Therefore, it is of
interest to consider the seasonal variability of the characteristics of frontal zones
in the salinity and density fields. This paper examines the seasonal variability
of climatic frontal zones associated with large-scale movements in the ocean.
The position of the fronts is determined based on calculations of horizontal gradi-
ents of temperature, salinity and density.

The work aims at a comprehensive study of seasonal variability of horizontal
gradients in the fields of temperature, salinity and density in large-scale frontal
zones in the North Atlantic Ocean.

Research data and methods

Monthly average data from the ORASS ocean reanalysis for 1958-2021 on po-
tential temperature 0 (°C) and salinity S (PSU) at a depth of 0.5 m on a grid with
a spatial resolution of about 0.25° (up to 9 km in polar regions) were used in this
paper [23]. The potential density anomaly was calculated based on salinity and po-
tential temperature values according to the algorithms of the international equation
of seawater (TEOS-10) V.

D UNESCO, 2010. The International Thermodynamic Equation of Seawater — 2010: Calculation and
Use of Thermodynamic Properties. UNESCO, 196 p.
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To determine the position and characteristics of frontal zones, horizontal gra-
dients of potential temperature VO (°C/100 km), salinity V.§ (PSU/100 km) and
potential density anomaly V e (kg-m /100 km) were calculated for each month of

all the years:
oo o soY (é0)
Vo[22 %) iy (_@j o]
Ox Oy ox 0

where ¢ is potential temperature 0, salinity S or potential density anomaly co.
The gradient vector components were calculated using the method of central finite
differences. When calculating, the local latitude was taken into account.

Spatial distribution of thermohaline fields and their gradients is presented for
winter (December—February) and summer (June—August). Quantitative evaluation
of seasonal variability of temperature, salinity and density gradients was performed
for frontal zones with the gradients of temperature exceeding 2 °C/100 km, salinity —
1 PSU/100 km, density — 1 kg'-m~/100 km. The calculations were carried out
for five separate areas identified in frontal zones along large-scale currents and
at the edge of the Amazon River plume. Area / was identified in the frontal zone of
the Gulf Stream (41.5°—43° N, 58°-64° W), area 2 — of the North Atlantic Current
(49°-53° N, 28°—42° W); area 3 — of the Labrador Current (59°-63° N, 60°—61° W);
area 4 — of the East Greenland Coastal Current (65.5°—67° N, 29°-35° W); and
area 5 — of the Amazon River plume (8°-11° N, 48°-52° W) (Fig. 1, d). Thermoha-
line characteristics were averaged within the area edges.

An analysis of the seasonal variability of the frontal zone position and size was
carried out for areas /, 3 and 4. Meridional sections were identified along 61° and
34° W, respectively, in the zonally oriented areas of the frontal zones of the Gulf
Stream and the East Greenland Current. A zonal section along 59° N was identified
on the meridionally oriented section of the Labrador Current frontal zone (Fig. 1, d).
In this case, the gradient values were pre-averaged with a step of 0.25° along
the section in areas with a finer grid.

Results and discussion

Temperature frontal zones

Waters with different thermohaline characteristics enter the North Atlantic
with ocean currents, which determines the presence of oceanic fronts at their
boundaries [1]. The temperature frontal zones are observed on the ocean surface in
the vicinity of all such large-scale currents as the Gulf Stream, Labrador, West
Greenland, East Greenland, Norwegian Currents, as well as in the area of coastal
upwelling off the western coast of Africa and in summer in the eastern part of the
equatorial region due to equatorial upwelling (Fig. 1).
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Fig. 1. Spatial distribution of potential temperature 0 (a, ¢) and its horizontal
gradients VO (b, d) at a depth of 0.5 m in winter (@, b) and summer (¢, d);
seasonal variability of mean values 0 (e) and VO (f) in areas /-5. Frontal zones:
GSF — Gulf Stream, NACF — North Atlantic Current, LCF — Labrador Current,
EGCF — East Greenland Current, AmPF — Amazon River plume, PF — East Green-
land Polar Front, AF — Arctic Front
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The temperature frontal zone along the Gulf Stream is observed throughout
the year. It separates the warm waters carried by the Gulf Stream from the southern
latitudes and the cold waters of the Labrador Current off the Nova Scotia coast
(Fig. 1, a — d) [24, 25]. Temperature gradients reach 13 °C/100 km in this frontal
zone. Mean temperature gradients in area 1 in winter are 4 °C/100 km with their
maxima up to 6.5°C/100 km. (Fig. 1, b, f; Table). By summer, this front weakens
due to the seasonal increase in water temperature in the surrounding waters and the
gradients decrease, but remain quite high exceeding 2 °C/100 km (Fig. 1, ¢, d, f;
Table).

Statistical characteristics of frontal zone gradients in areas /—5

Value Areal | Area? | Area3 | Area4 | Areal
Vo, °c/100 km
Mean 3.8 1.0 1.5 3.7 0.16
Maximum 5.0 1.2 2.0 43 0.2
Minimum 2.4 0.9 1.1 2.7 0.09
Range 2.6 0.3 0.9 1.6 0.11

Vs, PSU/100 km

Mean 1.8 0.22 1.0 1.3 0.8
Maximum 2.0 0.24 1.6 23 1.7
Minimum 1.6 0.19 0.7 0.9 0.2
Range 0.4 0.05 0.9 1.4 1.5

Voo, kgm=/100 km

Mean 0.8 0.15 0.8 0.8 0.6
Maximum 1.0 0.22 1.1 1.6 1.3
Minimum 0.7 0.1 0.5 0.5 0.2
Range 0.3 0.12 0.6 1.1 1.1
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The mean gradients do not exceed 1 °C/100 km in area 2 of the North Atlantic
Current frontal zone. They increase in winter and decrease in summer. Low gradi-
ent values can be associated with the branching of the current and the seasonal
displacement of branches [18].

The Labrador and East Greenland Currents transport cold waters into the North
Atlantic from the Arctic Ocean. The frontal zones of the Labrador and East Green-
land Coastal Currents are present in all seasons. The winter decrease in temperature
lasts until April in these areas, with temperatures increasing towards summer,
with its maximum in August (Fig. 1, e). Maximum gradients in areas 3 and 4 are
observed in December and January, then they decrease from winter to summer
(Fig. 1, f; Table). The local minimum in April corresponds to the minimum water
temperature in the seasonal cycle. The local maximum in June is observed at the be-
ginning of the summer warming, when the difference between the water tempera-
ture in the coastal and sea areas is still large.

Summer ice edge retreat in the Atlantic sector of the Arctic leads to the East
Greenland Polar Temperature Front strengthening [26]. Here, the maximum gradi-
ents reach 4 °C/100 km in summer. The Arctic Front (Jan Mayen — Mohns Ridge
[27]) extending from Iceland to Svalbard intensifies in winter and weakens in sum-
mer. Maximum temperature gradients are observed in the frontal area in winter and
spring reaching 3 °C/100 km (Fig. 1, b, d). In summer, gradients decrease and do
not exceed 2 °C/100 km.

Along the African coast, the upwelling frontal zone is present south of 20° N
in winter and spring and north of 20° N in summer and autumn, which is associated
with seasonal changes in the wind regime [21]. Gradients in the equatorial
upwelling frontal zone increase in summer and autumn (Fig. 1, b, d).

The obtained position of large-scale temperature frontal zones and seasonal
variability of gradients are in good agreement with the results of previous studies
conducted using different types of data: satellite data on the surface temperature of
the entire World Ocean [2, 19], the North Atlantic subtropical zone [28], the Gulf
Stream front [6, 20], in sifu measurement hydrological data [17, 27] and satellite
altimetry data for the North Atlantic [22].

Salinity frontal zones

The salinity frontal zones with gradients exceeding 1 PSU/100 km are lo-
cated in the areas of the Gulf Stream, Labradorand East Greenland Currents, as
well as of the Polar Front and at the edge of the Amazon River plume (Fig. 2).

In the Gulf Stream frontal zone, the maximum salinity gradients are
found in the area of the Gulf Stream North Wall throughout the year [29]
(Fig. 2, b, d). Their values reach 5 PSU/100 km in winter and 4 PSU/100 km
in summer. In area /, maximum salinity is observed in spring [30] and gradi-
ents are minimum at this time (Fig. 2, e, f). High salinity gradients are ob-
served in autumn and winter, when seasonal intensification of transport of
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the Labrador Current and its branch spreading along the Nova Scotia coast occur [24,
31, 32]. The influence of fresh water flow from the Gulf of St. Lawrence and the
salinity of the Gulf Stream water are also important [33].

Despite the fact that the Labrador Current intensifies in autumn and winter
[31], and the East Greenland Current — in winter and spring [34], the gradients
in the frontal zones of these currents (areas 3 and 4) increase in summer, which is
associated with the seasonal melting of the Arctic ice and removal of freshened
water from the Arctic Ocean, as well as with the melting of coastal and continental
ice. Minimum gradients are observed in March and April at minimum temperature,
after which gradient values increase and reach their maximum at the beginning
of summer (Fig. 2, f; Table).

In the Atlantic sector of the Arctic, the East Greenland Polar Salinity Front is
significantly strengthened in summer. This is also stipulated by the Arctic ice
melting and influx of freshened waters, the salinity of which is significantly
lower than that of the subpolar regions [26]. The maximum values of horizontal
salinity gradients in summer are 3.5 PSU/100 km.

In the tropical Atlantic Ocean, an extensive salinity frontal zone is located
at the edge of the Amazon River plume [35]. Freshened waters are distributed
by the North Brazil Current to the north to 15° N in spring and summer. Salinity
decreases in area 5 from March (36 PSU) to August (32 PSU) and gradients in-
crease from 0.2 to 1.7 PSU/100 km.

Density frontal zones

The density frontal zones with gradients exceeding 1 kg-m /100 km are located
in the areas of the Gulf Stream, Labrador, East Greenland Currents (Fig. 3, b, d).
In summer, a large estuarine frontal zone is observed in the Amazon River plume
area (Fig. 3, ¢, d). In summer, a frontal zone associated with equatorial upwelling
also occurs along the equator.

The density in areas /—4 decreases in summer, while the density gradients
increase at this time (Fig. 3, e, ). Gradients exceeding 4 kg-m /100 km are observed
locally in certain areas of the frontal zones of the Labrador Current in the Davis
Strait, the East Greenland Coastal Current, the Polar Front and in the Amazon
estuarine zone (Fig. 3, b, d).

Minimum density gradients in areas /—4 of the North Atlantic frontal zones are
observed in March. The minimum density gradient in the frontal zone of the Ama-
zon River plume (area ) is observed in February.

In areas / (the Gulf Stream frontal zone) and 2 (the North Atlantic Current
frontal zone), the minimum and maximum density in the seasonal cycle are ob-
served at the maximum and minimum temperatures, respectively (Fig. 4, a, b).
Here (in the open ocean), the contribution of temperature exceeds the contribution
of salinity to seasonal density changes.
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In areas where less saline waters flow from the Arctic Ocean (the Labrador
and East Greenland Currents) and in the area of the Amazon River flow, the con-
tribution of salinity to seasonal density changes increases. This is clearly illustrated
by density changes in the frontal zone of the East Greenland Coastal Current
(area 4). Here, the lowest density is achieved in June with the lowest salinity, rather
than with the maximum temperature, which is observed in August (Fig. 4, b).
The maximum density is observed in November and December with high salinity.
The minimum temperature in this area is observed in April. In the frontal zone of
the Labrador Current (area 3), the maximum density is observed in February and
March, while the minimum temperature is in April.

In area 5 of the Amazon River plume frontal zone, the maximum temperature is
observed in September [36], while the minimum density is obtained for August,
when the salinity is minimum (Fig. 4, ¢).

Seasonal variability of the size of frontal zones

Seasonal temperature and salinity changes in currents and surrounding waters,
as well as changes in river flow, can lead to shifts in the edges or changes in the size
of the frontal zone. Thus, the salinity and density frontal zones of the Amazon River
plume (Figs. 2, 3) are observed only during the increase in seasonal flow in spring
and summer, not in the winter months.

The seasonal variability of the position and magnitude of gradients along
the meridional section crossing the Gulf Stream frontal zone at 61° W (area /) is
well expressed. Here, the front with temperature gradients exceeding 2 °C/100 km
narrows in August and September with the decrease of gradients (Fig. 5, a).
The zone of high salinity gradients (more than 2 PSU/100 km) shifts southward
from winter to summer and back northward in autumn (Fig. 5, b). The zone of high
density gradients shifts in a similar manner (Fig. 5, ¢). It should be noted that
the change in the width of frontal zones obtained from average long-term data
for individual seasons can be associated with the shifts of these zones in separate
years.
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In area 4 of the East Greenland Coastal Current frontal zone, the meridional sec-
tion along 34° W was chosen. The meridional size of the temperature frontal zone
expands southward in July and August and northward in October and December
(Fig. 5, d). The width of the salinity and density frontal zones increases in summer
due to the increase of gradients at the northern edge (Fig. 5, e, f).

In the meridional section of the Labrador Current frontal zone (area 3),
the zonal section along 59° N was considered. In this area, the zone of high gra-
dients (more than 2 °C/100 km) shifts eastward from January to April. In May,
the gradients decrease and the zone shifts westward (Fig. 5, g). The gradients
in the salinity (Fig. 5, f) and density (Fig. 5, i) frontal zones increase in summer and
early autumn. At the same time, the zones shift westward.

Conclusion

This paper gives a comprehensive understanding of the position of large-
scale surface thermal, salinity and density frontal zones in the North Atlantic
Ocean and seasonal variability of their gradients based on the use of ORASS
ocean reanalysis data on temperature and salinity at the 0.5 m horizon. Quanti-
tative evaluation of seasonal variability of gradients in frontal zones in individual
areas of large-scale currents and at the edge of the Amazon River plume is provided.

The analysis of seasonal variability of spatial distribution and magnitudes of
horizontal gradients in thermohaline frontal zones showed the following. Frontal
zones on the ocean surface located along such large-scale currents as the Gulf
Stream, North Atlantic, Labrador and East Greenland Currents, which carry waters
differing in temperature and salinity from the surrounding waters, are observed
throughout the year. Temperature gradients in these zones decrease from winter to
summer due to seasonal warming of the waters. The maximum range of seasonal
changes in temperature gradients is observed in the regions of the Gulf Stream and
the East Greenland Current.

Significant seasonal variability of salinity and density gradients is observed
in the frontal zones of the Labrador and East Greenland Currents. Minimum gra-
dients are observed in late winter and early spring at minimum temperatures.
Gradients increase in summer due to the melting of coastal, continental and Arctic
ice.

In the Tropical Atlantic, high intra-annual variability of salinity and density
gradients is observed in the Amazon River frontal zone. Here, maximum gradients
are observed in summer at the edge of the plume that occurs due to the seasonal
increase in river flow. No frontal zone is observed in winter.

The obtained magnitudes of seasonal changes in gradients in frontal zones can
be used when studying the biological productivity of marine waters. They can also
be taken into account in climate studies since as a rule, the amplitude of the sea-
sonal cycle of the ocean surface layer characteristics exceeds interannual changes.
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Abstract

The coastal zone and shelf of Crimea are the objects of long-term comprehensive research
predetermined by the significant role these zones play in the economic life of the peninsula.
The purpose of the research is to identify trends in inter-annual variability in the structural
and functional characteristics of the pelagic community. Data on remote sensing (from sat-
ellites), in situ measurements (on board a research vessel) and computed parameters were
employed to identify the variability of physical and biological characteristics of the Crime-
an shelf waters from 2010 to 2020. It was shown that after the environmental cataclysms of
the 1990s, associated with shelf eutrophication and trophic impact of plankton invasive
species, the planktonic community entered a period of relative stability. The inter-annual
variability of its key structural and functional characteristics (namely, phytoplankton bio-
mass, the intensity of its bioluminescence, zooplankton biomass, net primary production
and the ratio of production to biomass) could be characterized rather by inter-annual fluc-
tuations due to hydrophysical dynamics than statistically significant trends of long-term
variability. The hydrophysical dynamics was assessed by two parameters: the kinetic
energy density and cross-shelf mass transfer in the upper layers.
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AHHOTANMA

ITpubpexnas 30Ha Kpbima 1 ero menbd SBIsI0TCS 00bEKTaMH MHOTOJIETHUX KOMITJIEKCHBIX
HCCIEI0OBAHUM, NMPENONPEIEIICHHBIX TOM 3HAYUMOM pOJIbIO, KOTOPYIO 3TH 30HBI UIPArOT
B DKOHOMHYECKOH XW3HM IIOJNyocTpoBa. Lledp paboThl COCTOMT B BBIABICHHHM TPEHIOB
MEKI0JI0OBOI M3MEHUYHUBOCTH CTPYKTYPHBIX M (DYHKIIMOHAIBHBIX XapaKTEPUCTHK Mejaruye-
CKOro coobiecTBa. JlaHHbIe TUCTAHIIMOHHBIX U3MEPEHUN (CO CIyTHUKOB), KOHTAKTHBIX
u3MepeHuil (c 60pTa Hay4HO-HCCIEN0BATEIBCKOIO CyJHA) U pPAcdyETHbIE MapaMeTpbl
HCIIOJIb30BAHBI JUISl BBISIBIICHUS! M3MEHUMBOCTH (PU3NYECKUX U OMOJIOTHUECKHX XapaKTepH-
ctuk menbdoseix Bog Kpeima B 2010-2020 rr. [Tokazano, 4To mocie 3KOJIOTHYECKHUX KaTa-
kmu3MoB 1990-X TT., CBS3aHHBIX ¢ 3BTpoduKanuedl menbda U TPOYUISCKHM MPEeccoM
TUTAHKTOHHBIX BHJOB-BCEJIEHIIEB, INIAHKTOHHOE COOOIIECTBO BCTYIHJIO B MEPHOA OTHOCH-
TEJILHON CTaOMIBHOCTH. MEXro/joBasi HI3MEHIHBOCT €r0 KIIFIOYEBBIX CTPYKTYPHBIX M (DYHK-
HOHATIBHBIX XapaKTePHCTUK (OnoMacchl (PUTOIUTAHKTOHA, HMHTEHCHBHOCTH €r0 OMOIIOMH-
HECLIEHIINH, OMOMAacChl 300IUIAHKTOHA, YHCTON MEPBUYHON MPOIYKIUH ¥ OTHOIIEHHUS IIPO-
JOYKIUH K OMoMacce) XapaKTepu3yeTcsi He CTONBKO CTATUCTHYECKH 3HAYMMBIMU TPEHAAMH
MHOT'OJIETHEH HW3MEHYHMBOCTH, CKOJIBKO MEXXTOJOBBIMH KOJEOaHHAMHU, OOYCIOBICHHBIMHU
rugpoduzndeckoil JUHAMHMKOM. DTa TMHAMHKa OLCHUBAJIAch JBYyMs NapaMeTpaMH: BElu-
YMHOH IJIOTHOCTU KMHETHYECKOH SHEPTHH U KPOCC-IIeNb(OBBIM MacCOEPEHOCOM B BEPX-
HUX CJIOSIX.

KoueBble cioBa: (QUTOIUIAaHKTOH, 300IUIAHKTOH, OMOJIIOMHHECLEHLHS, 3arps3HEHUE,
TeMIlepaTypa IOBEPXHOCTH Mops, UepHoe Mope
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ro ¢onna (mpoext Ne 23-24-00007) u B pamkax rocynapcrBeHHbIX 3aganuii PI'bYH OUILL
WHBIOM Ne 121040600178-6 («CTpykTypHO-(DYHKIIMOHATIBHAS OpraHU3aLysl, PO yKTHB-
HOCTh M YCTOWYMBOCTh MOPCKHX MENarmdecKux dkocuctem»), Ne 121030100028-0 («3axo-
HOMEpHOCTH ()OPMHPOBAHHA W AaHTPOIIOTEHHAs TpaHchopMmarus OnopasHooOpasus u
6mopecypcoB A3zoBo-UepHOMOpPCKOTO OacceliHa U APYyTUX pailoHOB MHPOBOTO OKEeaHay),
Ne 121041400077-1 («DyHKIMOHATIBHBIE, METAOOINIECKHE U TOKCUKOJIOTHUECKUE ACTIEKThI
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CYIIECTBOBAHMS T'MAPOOHMOHTOB M MX MOMYJIIIWHA B OMOTOMAaxX C Pa3iIHMYHBIM (DHU3HMKO-
XUMHUYECKHM PEXHMOM») U TocyaapctBeHHoro 3amgaHus CeB['Y Ne FEFM-2023-0005.
IToseBble mccnenoBaHUs OBLTM BBINTOJIHEHB! B LIeHTpe KOJUIEKTHBHOTO ITOJIb30BAHUS
HUC “TIpodeccop Bomsaumkuii” ®TBYH ®UL] UabIOM um. A.O.Kosanesckoro PAH.
Astopsl omarogapasl A. Akpinar (Middle East Technical University, Turkey) 3a nannasie
o MacconepeHocy BoJ, B. B. CycnuHy 3a naHHble 1JIs pacdeTa NepBUYHON MPOIYKLUH,
B. B. I'ybanoBy 3a maHHbIe TI0 XKeneTenoMy Makpo3ooruianktony u A. H. Kopmienko 3a gan-
HbIE TI0 HE(TSAHBIM YTJIEBOJIOPOAAM.

Jos muTupoBaHus: MeXronoBas H3MEHIMBOCTh (DMBMUYECKUX M OMOJIOTMYECKHX XapaKTepH-
cruk Boj Kpeimckoro mensga B netHuit ce3on (20102020 roapr) / C. A. IInoHTKOBCKMIA
[u np.] // Dxomoruueckas 6€30MaCHOCTh MPUOPEIKHON U 1IeNIb(OBOM 30H Mopsi. 2024, Ne 2.
C. 39-59. EDN CUBYXI.

Introduction

The coastal zone of Crimea and its shelf are the objects of many years of com-
plex research by Roshydromet, VNIRO and the Russian Academy of Sciences, pre-
determined by the significant role these zones play in the economic life of the penin-
sula. Gas production (about 1.6 billion cubic meters) V), development of aquaculture
(with cultivation of mussels, oysters, shrimps and other organisms with a volume of
about 2,700 tons per year)? ¥, fisheries (with a catch of about 40,000 tons per
year) ¥, tourism and recreation (with a load of about 8 million holidaymakers per
year) are important components of economic activity; and investments in the devel-
opment of the fishery complex of the Southern Federal District are estimated at about
60 billion rubles in the first two decades of the 21* century [1, 2].

As part of this multidisciplinary activity, the monitoring based on multiple-
year measurements of key parameters enhances the understanding of the resource
dynamics and ecological state of the shelf [3]. It should be noted that an anthropo-
genic load on the Crimean shelf is high due to its small width, high population den-
sity along the coast, developed agriculture and industrial complex, forming about
30% of the consolidated budget of the Republic of Crimea. As a consequence,
in 1998-2018, the Yuzhnye sewage treatment facilities, producing 76% of the total
volume of domestic sewage in the region, discharged 468,000 cubic meters per
year in the Sevastopol region alone [4]. Measurements of petroleum hydrocarbon

D Rambler/finance. 2024. [online] Available at: https:/finance.rambler.ru/markets/41621705-
dobycha-gaza-v-krymu-snizilas-v-2018-godu-na-3-do-1-6-mird-kubometrov [Accessed: 5 June
2024] (in Russian).

2 Government of the RF, 2022. On Approval of the Strategy for the Development of the Fishery
Sector of the Russian Federation for the Period until 2030 (together with the Action Plan for
the Implementation of the Strategy for the Development of the Fishery Sector of the Russian
Federation for the Period until 2030). Resolution of the RF Government no. 2798-p as of 26
November 2019 (as amended on 12 May 2022) (in Russian).

3 Federal Agency for Fisheries. Crimean farmers plan to start supplying oysters to Armenia and
Kazakhstan in 2020. 2020. [online] Available at: https://fish.gov.ru/obzor-smi/2020/01/22/fermery-
kryma-v-2020-godu-planiruyut-nachat-postavki-ustrits-v-armeniyu-i-kazakhstan [Accessed: 5 June
2024] (in Russian).

4 Government of the City of Sevastopol, 2020. Strategy for the Development of the Black Sea
Anchovy Fishery in the Black Sea for 2021-2030. In: GSS, 2020. Minutes of the Meeting of the
Azov-Black Sea Basin Scientific and Fisheries Council. Sevastopol, pp. 8-26 (in Russian).
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concentrations by the SOI staff in 2023 at eight stations in Karkinitsky and
Kalamitsky Bays showed that the maximum permissible concentrations were ex-
ceeded at all eight stations.

In oceanological studies, the shelf boundary is usually delineated by a 200-metre
isobath [5]. According to its morphostructural characteristics, the western area
(from Tarkhankut Bay to Laspi Bay and Sarych Bay), the southern coastal area
(from Sarych Bay to Meganom Bay) and the eastern area, including the area of
Feodosia Bay and the Kerch-Taman shelf, are distinguished [6]. The bottom relief
is spatially heterogeneous: while in the north of the western shelf of the peninsula
the 60 m isobath is located at a distance of 10—15 km from the shore, in the south it
passes in close proximity to the water’s edge. In the main part of the shelf, its width
is 90 km [7] and increases in the northwestern direction, reaching 220 km in the area
of the Gulf of Karkinit.

Regional peculiarities of the shelf geomorphology determine proximity of
the Rim Current (RC) to the coastline. It comes close the coast at the southern tip
of the peninsula. The RC velocity with a flow width of up to 80 km is 40—150 cm/s
[5], which is several times higher than that of the coastal current.

The geostrophic dynamics of waters is subject to interannual variability, due to
which the circulation may have a “basin” (with a pronounced RC) or an “eddy”
mode [8]. The change of modes affects physical and biological characteristics of
the pelagic ecosystem. The thermohaline structure of waters, their physical dynam-
ics, phyto- and zooplankton production affect fishery stocks of small pelagic fish
(anchovy Engraulis encrasicolus (Linnaeus, 1758) and sprat Sprattus sprattus
(Linnaeus, 1758)), which form the basis of fisheries in Crimean waters [9].

The purpose of our research was to identify trends in the interannual variabil-
ity of structural and functional characteristics of the pelagic community in the first
decades of the 21* century, since the processes that occurred in the previous dec-
ades were covered in a number of overviews [10, 11].

Material and methods

To identify multiyear trends, we used the results of remote measurements
(by MODIS-Aqua/Terra satellite scanners), contact measurements (from the R/V Pro-
fessor Vodyanitsky) and calculations of structural and functional relationships, such
as the ratio of primary production to forage zooplankton biomass and the ratio of
gelatinous biomass to forage zooplankton fraction (Table 1).

The geographical contours of the study area are defined by a multiyear grid of
oceanographic stations carried out during the expeditions of the R/V Professor
Vodyanitsky (Fig. 1) within the scope of different projects.

Due to the diverse objectives of these projects, the set of measured parameters,
the number of stations and their location varied over years. The bulk of the contact
measurements of biological characteristics took place in 2010-2020. Some plank-
ton samples from later expeditions remain unprocessed. The examples of field sur-
veys with vertical soundings at stations and their distribution are given in Fig. 1
and Table 2.
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Table 1. Analyzed characteristics

Parameter Measurement type Source
Wind speed Products of models URL: htms://glpvannl:gsfc.nas
at the sea surface MERRA-2/ a.gov/giovanni;
(m-s ™) M2TMNXOCN v.5.12.4; | URL: https://psl.noaa.gov/data/
NCEP/NCAR Reanalysis timeseries/

Sea surface
temperature (°C)

Remote sensing
(MODIS-Aqua)

URL.: https://giovanni.gsfc.nasa.
gov/giovanni/

Mass transport
in the 0-200 m layer (Sv)

NEMO model v.3.6
calculation results

[12]

Concentration of

petroleum hydrocarbons IR radiometry Archive materials of SOI ¥
(mg-dm)
a (c::ri(c)gl:i}t/il(l)n Remote sensing URL.: https://oceancolor.gsfc.nasa
3 (MODIS-Aqua/Terra) .gov; model calculation [13]
(mg'm™)
Phytoplanktorizblomass Processmg of samples Archive materials of IBSS
(mg-m™) collected in expeditions

Primary production
(mg C'm3-day ")

Calculation results from
remote sensing data

[14]

Bioluminescent
potential
(1078 W.SfZ.Lfl)

Sounding
in the 0-50 m layer

Archive materials of IBSS ©

3) Korshenko, A.N., ed., 2023. Marine Water Quality by Hydrochemical Indicators. Annual Report
2021. Moscow: GOIN, pp. 70-105 (in Russian).

9 Zhuk, V.F., Belogurova, Yu.B., Vasilenko, V.I. and Melnik, A.V., 2023. Bioluminescence of
the Black Sea. Atlas. Sevastopol: IBSS, 371 p. (in Russian).

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2024 43



Continued Table 1

Parameter

Measurement type

Source

Forage zooplankton
biomass (mg-m )

Catching
in the 0—100 m layer
with a Juday net

Archive materials of IBSS

Gelatinous zooplankton
biomass (mg-m )

Catching
in the 0—100 m layer
with a Bogorov Rass net

Archive materials of IBSS

Ratio of
primary production
to forage zooplankton
biomass

Calculation results
from measured
parameters

Archive materials of IBSS

Stocks and catches of
small pelagic fish
on the Crimean shelf

Results of calculation of
trawl catch parameters

Archive materials of VNIRO,
Azov and Black Sea Basin
Scientific and Fishery
Council,
https://fish.gov.ru
and works [13, 15, 16]
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Fig. 1. Examples of oceanographic station grids carried out on board R/V Professor
Vodyanitsky: 102™ cruise, June—July, 2018 (a); 108" cruise, July—August, 2019 (b)
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Table 2. The R/V Professor Vodyanitsky expeditions, from 2010 to 2022

Number of
Year Cruise number oceanographic stations
2010 64, 68 16, 23
2011 70 41
2013 72 50
2015 81 52
2016 86 63
2017 93,94, 95, 96, 97 39, 104, 132, 93, 22
2018 102, 103,105 137,155,114
2019 106, 107,108, 110, 111 106, 2, 174, 120, 142
2020 113, 114,115 163, 130, 97
2021 116,117,118, 119 134,145, 49, 146
2022 120, 121, 122, 123,124, 125-1 124,221, 189, 113, 56, 128

Remote measurements. A time series of monthly mean sea surface tempera-
tures was constructed from MODIS-Aqua upwelling spectroradiometer measure-
ments. Level 3 (L3) data obtained with a spatial resolution of 4 km and further
averaged for the Crimean shelf were used. Two time series were constructed:
one with monthly average resolution and one with interannual temperature averag-
ing over the entire summer season. Both time series are presented in units of devia-
tion from the multiyear average for each of the time series.

The same satellite also obtained time series of chlorophyll a concentration
in the surface layer and photosynthetically active radiation. The time series of
monthly mean values of wind speed above the sea surface (at a height of 10 m) and
a zonal component of wind speed were downloaded from the MERRA-2 and
NCEP/NCAR reanalysis databases.

Computational characteristics. The net integral primary production in the eupho-
tic layer was calculated using an algorithm where surface temperature and photo-
synthetically active radiation are remotely measured parameters [14]. The chloro-
phyll a concentration values (from MODIS-Aqua scanner measurements) used to
calculate primary production underwent correction to separate chlorophyll and dis-
solved colored matter [13]. The calculations of lateral mass transfer of water in the di-
rection from the shelf to the seaward part in the 0—50, 50-200 and 0-200 m layers
were carried out by A. Akpinar and co-authors and detailed in their works [17, 18].

Contact measurements. Phytoplankton was studied according to the data of
bathometric water samples (2 liters in volume) taken from the R/V Professor Vod-
yanitsky. The samples were thickened by reverse filtration through track membrane
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filters with a pore diameter of 1 um. The resulting concentrate was preserved with
Lugol’s solution (0.1 mL per 50 mL of sample). Phytoplankton species composi-
tion and cell sizes were determined in a Naumann chamber under a XY-B2 trinocu-
lar microscope. The cell volumes and biomass were calculated according to the gen-
erally accepted methodology ”.

Measurements of the bioluminescence intensity of the plankton community
(its bioluminescence potential) were taken from aboard the ship. The biolumines-
cence potential (BP) characterizes the maximum luminescence energy of organ-
isms: BP = [ B(f) dt, where B(f) — light emission intensity during a bioluminescent
flash (¢) [19]. For BP measurements the Salpa-M submersible instrument complex
was used, which in the vertical sounding mode enables synchronous measurements
of mechanically stimulated bioluminescence of planktonic organisms (in the range
from 107" to 10 W-cm>-L™" with precision £10%), hydrostatic pressure, tem-
perature, conductivity, turbidity and photosynthetically active radiation. The reso-
lution of measurements when the device was immersed at a velocity of 1.2 m-s ',
was 0.25 m. The method of work was described in detail earlier [19].

Zooplankton were collected using a Juday plankton net with an inlet diameter
of 36 cm (mesh size 140 um). The obtained samples were condensed to 100 mL
and preserved with neutral formaldehyde solution to 4% concentration. The sam-
ples were processed by standard counting in the Bogorov chamber: taxonomic
composition, age stages, size of hydrobionts and their number in the sample were
determined. The size-weight relationships known for the Black Sea species were
used to convert the size characteristics of individuals to biomass units [20]. Based
on the results of sample processing, the biomass of zooplankton in a meter cubic
and under a meter square of the sampled layer was calculated.

The data on the concentration of petroleum hydrocarbons and stocks and
catches of small pelagic fishes on the Crimean shelf were retrieved from the archival
materials of SOI, VNIRO, reports of the Azov-Black Sea Basin Scientific and
Fisheries Council and the published articles (Table 1). Statistica v.9 and PAST v.13
software products were used for graphical representation and statistical processing.
In particular, the nonparametric Mann—Kendall test, used in the analysis of time
series in hydrophysics and hydrometeorology [21], was applied to test the statisti-
cal significance of the monotonic interannual trend.

Results and discussion

Interannual variability was analyzed for the summer season as the most abun-
dant with biological measurements.

Wind speed. In the summer season, the wind field in the near-surface layer
over the Crimean shelf is spatially heterogeneous both in the direction and
in the values of the meridional and zonal components of speed, which was noted
earlier [22]. In June—August 2002-2020, the mean wind speed was 5.1 £ 0.2 m-s™'

7 Radchenko, 1.G., Kapkov, V.I. and Fedorov, V.D., 2010. [4 Practical Guide to Collecting and
Analysing Marine Phytoplankton Samples]. Moscow: Mordvintsev, 60 p. (in Russian).
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and had no statistically significant monotonic interannual trend (Mann—Kendall test
§=-23,Z=0.77, p = 0.44). It was also absent in the time series of summer values
of the zonal velocity component dominating in the formation of alongshore water
mass transfer on the Crimean shelf (§=—-87, Z=1.28, p = 0.20).

Physical water dynamics. A characteristic property of the pelagic community

biotope is its mobility (mass transfer). From a regional perspective, mass transfer is
determined by the direction of both the RC and the coastal current. In the area of
the southern coast of Crimea, the latter is a wind-modulated large-scale alongshore
flow of west-south-west direction, parallel to the coastline, with a mean annual
velocity modulus of ~ 8 cm-s™' [23] with maximum values up to 35 cm-s ™' [24].
Meandering currents, mesoscale and submesoscale eddies (Fig. 2) form mass trans-
fer anomalies, including transverse mass transfer of waters from the coastal area
beyond the shelf [25—27]. The multicomponent dynamics is most clearly represent-
ed in the animation of the NEMO-eNATL60 model *.

Both physical and biological parameters are sensitive indicators of cross-shelf
mass transfer. Thus, the tongue of warm water directed from the shore to the sea-
ward part can be seen in the spatial distribution of sea surface temperature far be-
yond the shelf (Fig. 2, b).

Coastal upwelling is manifested in the sea surface temperature field by tongues
of cold water directed from the coast to the seaward part. Summer surface tempera-
ture in the Crimean shelf can be 10—12 °C. The data of expedition and satellite
measurements contain numerous episodes of coastal upwelling during the summer
period. The time series of cross-shelf mass transfer on the scales of seasonal and
interannual variability were obtained from the three-dimensional circulation model
NEMO v.3.6, which has 61 vertical layers with zonal and meridional spatial resolu-
tion of 3 km (Fig. 3).

Transverse mass transfer showed relative stability in the upper 0—50 m and in-
tegral 0—200 m sea layer (no interannual trend: Mann—Kendall test for the 0—200 m
layer, S = 110, Z = 1.33, p = 0.18). The trend was also absent in the interannual
variability of the kinetic energy density in the upper 30 m layer, which characteriz-
es the intensity of currents in it [28].

The interannual temperature changes in the upper layers are ecologically sig-
nificant, as key structural and functional characteristics of the coastal pelagic com-
munity are correlated with temperature [19, 29, 30]. The multiyear trend in the Black
Sea surface temperature (from 1993 to 2021) is generally positive (0.07 °C year),

* The model shows details of the macroscale turbulence of the entire basin at hourly resolution
Available at: https://www.youtube.com/watch?v=IlaWycRF5Zho [Accessed: 30 May 2024].
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Fig. 2. Large scale (a4, ) and mesoscale (¢ — f) spatial structure of hydro-
physical fields: the direction and geostrophic current velocity in the upper
layer, in August 2018 (a) and the sea surface temperature (b) (available at:
https://dekosim.ims.metu.edu.tr/BlackSeaModels/BlackSeaModels.shtml); exam-
ples of mesoscale heterogeneities of sea surface temperature (c¢), temperature
at 1 m depth (d), salinity at 1 m depth (e). Vectors of currents from instrumental
measurements (f). Red arrows indicate the Rim Current. The Sevastopol anticy-
clonic eddy (CA) and Crimean anticyclonic eddy (KA) are highlighted with red
ovals [26]
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Fig. 3. Cross-shelf water mass transport (Sv) in the layers: 0-200 m
(a), 0-50 m (b) and 50-200 m (c). Positive values stand for the transport
directed off the shelf seawards. The red curve stands for the trend based
on a running mean, with a 30-day smoothing window [12]

although the rate of increase becomes less pronounced from 2011 to 2022 (Fig. 4, a).
On the Crimean shelf, there was no interannual trend of sea surface temperature
anomalies in 2011-2022 (Fig. 4, b, ¢; Mann—Kendall test, S = 1652, Z = 1.32,
p = 0.19). This is clearly represented by the interannual variability of the summer
season anomalies (Fig. 4, ¢).

Pollution. River, storm and municipal runoffs make a significant contribution
to the pollution of coastal waters of Crimea. Thus, on the seaside of Sevastopol,
the average concentrations of petroleum hydrocarbons in 2016-2021 were approx-
imately twice as high as the maximum permissible concentrations [31]. The increase
in the concentration of ammonia nitrogen and petroleum products in the city
wastewater in the first decades of the 21 century was reported in [32].
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Fig. 4. Temporal variability of the sea surface temperature (SST):
sea surface temperature deviations from the mean, on a basin scale
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_averaged anomalies/description) (a); the Crimean shelf sea surface temperature
anomalies in monthly time series. The red dashed curve stands for the running mean
(with a 12-month window) (b); the Crimean shelf sea surface temperature anomalies
of the summer season (in 2002-2022), smoothed by a cubic spline (c)

Planktonic organisms are known to be sensitive to high concentrations of pe-
troleum hydrocarbons, which adversely affects the growth rates of phytoplanktonic
algae [33, 34], the intensity of their bioluminescence [19, 35] and zooplankton
reproduction [36].

There is no statistically significant trend (Mann—Kendall test, S =-24, Z=0.61,
p = 0.54) in the multiyear SOI data on the mean annual concentration of petroleum
hydrocarbons in the coastal waters of Crimea as a whole (in 2000-2022) (Fig. 5).
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Fig. 5. Interannual variability of the an-
nual concentration of petroleum hydro-
carbons (PH, mg-dm™) on the Crimean
shelf according to SOI data
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A likely reason for the absence of an interannual trend in the concentration of
petroleum hydrocarbons within the Crimean shelf may be the combination of a nar-
row shelf with a stable interannual cross-shelf mass exchange (Fig. 3), which can
offset the interannual increase in hydrocarbon concentration due to exchange with
open waters, but maintain its high average level due to incoming high-volume runoff.

Another explanation for the presented dynamics could be the lack of data,
as the coverage of the shelf by measurements was spatially uneven and weak due to
the fragmented nature of monitoring, especially in the first decade of the 21 centu-
ry owing to insufficient funding [32]. It should also be noted that the infrared radi-
ometric concentration measurement used by SOI is less sensitive to the concentra-
tion of natural petroleum hydrocarbons compared to the fluorimetric measurement
method. As a consequence, the concentration level of petroleum hydrocarbons
in coastal waters is recognized as being below the maximum permissible concen-
tration established for water bodies of fishery significance, while the fluorescent
analysis data show that this level is exceeded by 1.4 times [37].

Input of ~ 80% of runoff into coastal waters without treatment and increase in
the volume of wastewater [4] will worsen the sanitary condition of the shelf.
Probably, in the summer season we should expect an increase in the cases of gas-
trointestinal (bacterial-viral) infections, the cause of which is the sea. However,
hypothesis testing needs appropriate preparation of time series of parameters
for their statistical analysis.

Phytoplankton and primary production. Eutrophication of shelf waters as a re-
sult of runoff affects the structure and productivity of the phytoplankton community.
This has been shown by studies of the broad and shallow northwestern Black Sea
shelf on the scale of multiyear variability [10]. The productivity of shelf waters of
Crimea is much lower and the taxonomic composition of phytoplankton is very
diverse: Dinophyceae alone are represented by 156 taxa of species and intraspecific
rank. The genera Protoperidinium, Gymnodinium and Dynophysis dominate
by the number of species [38]. In 2010-2019, the genera Dinophyceae made the great-
est contribution (~ 46%) to phytoplankton biomass formation. The share of other
groups (Bacillariophyceae and Prymnesiophyceae) was ~ 39 and 15%, respectively.
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Fig. 6. Interannual variability of phytoplankton biomass (@) and net primary
production (). The vertical whickers stand for the error mean

Their contribution in different years differed by an order of magnitude. In the inter-
annual variability of biomasses of Dinophyceae, Bacillariophyceae and Prymnesi-
ophyceae of the integral layer, no statistically significant trends of interannual vari-
ability were revealed (Fig. 6).

Calculation of the values of integral net primary production on the scale of
the Crimean shelf showed the absence of an interannual trend (Mann—Kendall test,
S=924; Z=1.82; p=0.07). It was also absent in the time series based on summer val-
ues only (S =-19; Z=1.40; p = 0.16). The absence of trend was observed on the shelf
of the Anatolian coast and in the eastern part of the Black Sea for the earlier period
of 1998-2015 [39]. In the time series of net primary production plotted against
monthly averages, a decrease in the range of fluctuations can be observed, high-
lighting the interannual stabilization of the process (Fig. 6).

Bioluminescence of plankton. Bioluminescent potential has a dual nature.
On the one hand, it is regulated by the abundance and biomass of bioluminescent
organisms (primarily phytoplankton, which dominates the integral mechanical-
ly stimulated bioluminescence in the Black Sea), and on the other hand, it serves as
an indicator of the functional (physiological) state of these organisms, since the charac-
teristics of their bioluminescence depend on temperature, salinity, oil pollution and
other factors [19].

No monotonic trend was observed in the time series of integral layer BP values
(Fig. 7). It can be assumed that the interannual (“non-trend”) variability of BP is
regulated by the dynamics of Dinophyceae biomass. Thus, during the four-year
period of studies at the coastal station near Sevastopol (in 2010-2013), the value of
the sample correlation coefficient between BP and biomass of luminous Dinophyceae
in monthly time series was 0.91 at p = 0.01 [40].

The next group (Bacillariophyceae) is not bioluminescent in terms of its contri-
bution to the total phytoplankton biomass, but its multiyear dynamics is given
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in this section (Fig. 5) to state that there is no multiyear trend in biomass at the lev-
el of individual phytoplankton taxonomic groups (at p = 0.24).

Zooplankton. Interannual fluctuations in the taxonomic composition and bio-
mass of phytoplankton are reflected in the characteristics of spatial and temporal
variability of the biomass of zooplankton consuming phytoplankton. The basis of
the biomass of feeding zooplankton in the summer period in all years was formed
by Copepoda (41-48%) and bristlefishes, represented by one species — Parasagitta
setosa (J. Muller, 1847) with the share varying in the range of 12—49%. There was
no trend in the long-term dynamics of zooplankton biomass (Fig. 7). It was not
detected in the dynamics of gelatinous zooplankton biomass according to eight
years of observations (2010-2018). We should note a large range of fluctuations
in the biomass of forage zooplankton with the average number of stations for
the summer season equal to 16 for each of the expeditions. Apparently, this range
is modulated by the mesoscale and submesoscale spatial heterogeneity of the bio-
tope, elements of which can be seen in Fig. 2.

The zooplankton of the Black Sea includes indicator species of coastal waters.
These include branchiopod crustaceans (Cladocera), which develop extensively
during the summer months. Their presence in offshore waters may be considered
as a consequence of cross-shelf mass transfer. Thus, the analysis of samples
showed the presence of species of Penilia avirostris, Pleopsis polyphemoides,
Pseudevadne tergestina above the depths of 1800-2120 m. Cladocera abundance
in coastal areas (151-303 eq/m’) was one or two orders of magnitude higher than
in deep waters. Interannual variability is also significant. For example, in 2014—
2020, fluctuations in total abundance in the deep water and on the shelf reached
one or two orders of magnitude without pronounced interannual trends.
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As for the non-feeding, i. e., gelatinous zooplankton (jellyfish, comb and
noctiluca), its crude biomass (in 2010, 2011, 2013, 2016, 2018) exceeded the crude
biomass of the feeding zooplankton by tens and sometimes hundreds of times.
The ratio of gelatinous to foraging zooplankton biomass converted to organic car-
bon units was markedly lower. However, the two- to threefold dominance of gela-
tinous in this respect was preserved, indirectly indicating the predominance of
the detrital (rather than grazing) pathway of organic carbon transfer in the pelagic
ecosystem of the shelf.

Among the set of structural and functional relations characterising the plank-
ton community as a whole, we should mention the ratio of net primary production
to biomass of forage zooplankton, which is interpreted as the rate of turnover of
primary production through zooplankton [41, 42]. The calculation of this ratio
showed no interannual trend in 2010-2018 with its mean value of 2.3 and coeffi-
cient of variation of 36%. In general, the twofold coverage of the available biomass
of forage zooplankton by net primary production indicates favourable feeding con-
ditions for zooplankton organisms on the shelf.

Small pelagic fishes. Multiyear dynamics of sea surface temperature and bio-
mass of forage zooplankton is important for the formation of the commercial stock
of its mass consumers (anchovy and sprat) and interannual fluctuations of this
stock [43]. In 20162018, their catches accounted for 96% of the total catches in
Russian waters [9]. In the current regulatory framework, stock and catch estimates are
separated by fishing area. For example, in August 2023, average sprat catches per
vessel, according to AzZNIIRKH data, varied between ~ 36 tons in the western part
of the shelf (the Kalamitsky Gulf) and ~ 42 tons in the eastern part (the Gulf of
Feodosia) with the maximum allowable exploitation of the resource estimated
at 18-20 thousand tons in 2023-2024 [15].

On the scale of interannual variability (in 2010-2019), the dynamics of the com-
mercial stock of Azov anchovy (east of Cape Sarych) had a statistically significant
negative trend (Mann—Kendall test, S = =25, p =0.01), which is regulated by both
physical and anthropogenic factors (with the dominance of the latter). The proba-
bility of wintering aggregations forming along the Crimean coast is considered
to be extremely low in the context of continuing stock decline. The unregulated
catch of seasonally migratory anchovy and sprat by fishing vessels from Turkey
(whose catches account for about 62% of the total in the Black Sea basin) is one of
the factors in the long-term decline of fish stocks, including Crimean fish stocks [44].
It probably reduces the positive impact of the extended spawning season for small
pelagic fish, which has been noted in connection with the long-term increase
in temperature in the upper layers [45, 46].

Conclusion

After the cataclysms of the 1990s associated with eutrophication and trophic
pressure of planktonic omnivores Mnemiopsis leidyi A. Agassiz, 1865 and Beroe
ovata Mayer 1912, the interannual structure of the pelagic plankton community of
the Crimean shelf became relatively stable. Since in complex systems (in particular,
ecosystems) the structure of the system regulates its function, the relative stability
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of structural characteristics (primarily biomass) determined the absence of inter-
annual trends in the functional properties of the community: i.e. net primary
production, phytoplankton bioluminescence intensity, and the ratio of primary pro-
duction to biomass of forage zooplankton (i. e., the rate of turnover of primary pro-
duction through zooplankton).

Thus, the pelagic ecosystem of the Crimean shelf in the second decade of
the 21* century is characterized not so much by monotonic trends of interannual
variability as by interannual fluctuations of its structural and functional properties
against the background of relatively stable large-scale hydrophysical dynamics
estimated by kinetic energy density and cross-shelf mass transfer of water in the up-
per layers.
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Abstract

This paper studies the characteristics of storm waves in Laspi Bay (Crimean Peninsula)
using the numerical hydrodynamic model SWASH with a spatial resolution of 5 m.
The wave reanalysis data obtained from the spectral model SWAN were set as boundary
conditions. The fields of significant wave heights and wave current velocities in the bay
were analyzed for storms of various regime conditions. It was established that the maxi-
mum values in the bay could reach 2.5-3.0 m, 4.0-4.5 m, 5.0-5.5 m and 6.0-6.5 m dur-
ing storms that are possible once a year, once every 5, 10 and 25 years, respectively.
An increase in wave velocities to 1.5-3.0 m/s occurred near the coast at depths of less than
10 m during storms that are possible once every 25 years. The influence of the protective
breakwater, built in the 1980s, on the waves was local and manifested itself in the for-
mation of a shadow zone on its downwind side. The possible influence of storm waves
on the reduction of bottom vegetation in Laspi Bay was discussed. An analysis of the wave
load on the bottom of the bay showed that during periods of extreme storms in its waters,
the slopes most susceptible to the effects of waves were in the depth range from 2 to 12 m
where the kinetic energy density increased to 500-2000 J/m?. At the same time, the density
could reach 3000-4500 J/m? in the western end of the bay. The energy load values were
low in the middle part of the bay. Therefore, the disappearance of bottom vegetation here
could be not due to storm impact, but an increase in water turbidity caused by anthropo-
genic factors. The obtained results are of great practical importance for the safety of navi-
gation, engineering and exploitation of coastal infrastructure.
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XapaKkTepUCTHKH ITOPMOBOI0 BOJTHEHUSA
B Oyxre Jlacniu (UepHoe mope)
10 pe3yJIbTATAM YHUCJIEHHOI0 MOJAeJIMPOBAHUSA

A. 1O. Bejiokons *, B. B. ®omun

Mopckoti euopogusuueckuu uncmumym PAH, Cesacmonons, Poccus
* e-mail: aleksa.44.33@gmail.com

AHHOTALMSA

Hccnenytorest xapakTeprUCTHKH IITOpMOBOro BoiHeHHs B Oyxre Jlactm (KpbiMckuii momy-
OCTpOB) C HCIIOJIb30BaHUEM YHCIEHHOI runpoanHamudeckoii monemm SWASH ¢ npoctpas-
CTBEHHBIM paspellieHueM 5 M. B kauecTBe IrpaHMYHBIX YCIIOBUHM 3a[al0TCs JaHHbIE peaHa-
JM3a BOJHEHMWS, MOJTydeHHBIE Ha OCHOBE CIIEKTpaibHON Momenu SWAN. AHanm3upyrorcs
TIOJIsT 3HAYMMBIX BBICOT BOJH /iy I CKOPOCTEH BOJIHOBBIX TE€UEHHH B OyXTe MpH IITOpPMax
Pa3NUYHON pPEXMMHONW 00eCHeueHHOCTH. YCTAaHOBIIEHO, YTO NMPH INTOPMAax, BO3MOXKHBIX
1 pa3 Brox, 1 pa3 B 5, 10 u 25 ner MmakcuMmaibHble 3Ha4eHUs /i; B OyXTe MOI'YT JOCTUraTh
2.5-3.0, 4.04.5, 5.0-5.5 1 6.0-6.5 M cooTBeTcTBeHHO. [IpH 3TOM IIpU MITOPMAaX, BO3MOX-
HBIX 1 pa3 B 25 jer, ycuieHne BOJIHOBBIX ckopocteit 1o 1.5-3.0 m/c mpoucxomut BOIM3H
Oepera Ha riayOnHax MeHee 10 M. BimsHMe Ha BOJIHBI 3aIIUTHOTO MOJIA, TIOCTPOSHHOTO
B 1980-X rT., sIBJIS€TCS JIOKAJILHBIM M NPOSIBISIETCS B (POPMUPOBAHUM TCHEBOH 30HBI C €TO
MOJBETPEHHOI CTOpOHBL. OOCYXHal0TCS BOMPOCH BO3MOKHOTO BIIMSHHS IITOPMOBOTO
BOJIHEHHUSI Ha COKpallleHHe IOHHOW pacTHTeNbHOCTH B Oyxre Jlacmm. AHamu3 BOJHOBOM
Harpy3ku Ha JJHO OyXThI ITOKa3ajl, 4YTO B IIEPHOJI IKCTPEMAIIbHBIX IITOPMOB B €€ aKBATOPUH
Hanbosee TOABEPKEHHBIMH BO3ACHCTBUIO BOJH OKA3bIBAIOTCS CKIIOHBI B 00JacTH ITyOHH
ot 2 1o 12 M, TAe 3HaYeHHs IUIOTHOCTH KMHETHYECKOH SHepruH yBeanuuBaroTcs 10 500—
2000 Jx/m>. Ilpu 5TOM B 3amafHOil OKOHEYHOCTH OYXTHI INIOTHOCTH MOJKET JOCTHIaTh
30004500 Jx/m>. B cpenneii yacti OyXThI 3HAYEHHS SHEPTETUYECKON HATPY3KH HEBEJMKH.
[ToaToMy K MCUE3HOBEHHIO 37IECh JOHHON PACTUTEIHHOCTH MOTIJIO IPHBECTH HE HITOPMOBOE
BO3JIeiiCTBHE, @ yBEIWYEHHEe MYTHOCTH BOJIbl, BHI3BAHHOE AHTPONOTEHHBIMH (DaKTOpaMH.
[onyueHHble pe3ysibTaThl UMEIOT OOJBIIOE MPAKTHYECKOE 3HA4YEHUE Ul Oe30MacHOCTH
MOpeIUIaBaHus, IPOSKTHPOBAHUS U IKCIUTyaTallui 00BEKTOB OeperoBoil HHPPaCTPYKTYPBHI.

KuroueBblie ciioBa: BeTpoBoe BosiHeHHE, UepHoe Mmope, FOxHbiii Oeper Kpeima, Oyxrta
Jlacnu, yncnennoe MmoaenupoBanue, SWASH

Baaronapuocru: pabota BeimonHeHa B pamkax TeMbl M1 Ne FNNN-2021-0005 «Ilpu-
OpesKHBIEe UCCIIEIOBaHM». PacdeTs IPpOBOIIUTICH HA BRIYUCIUTENEHOM Kilactepe MIU.

Jas uutupoBanus: berokouwv A. FO., @omun B. B. XapaKTepHCTUKU MITOPMOBOTO
BonHeHus B Oyxte Jlacu (UepHOE MOpe) 1O pe3ysibTaTaM YHCICHHOTO MOJETUpOBaHUSA //
Dkoornyeckast 6€30MacHOCTh MPUOPEKHON U 11eTbPOBOI 30H Mopst. 2024, Ne 2. C. 60-75.
EDN PMPNVZ.

Introduction

In the last decade, many areas of the Southern Coast of Crimea (SCC) have
been actively working on design, reconstruction of existing ones and construction
of new coastal protection structures for the development of recreational activities.
Regime and climatic information on wind waves and wave currents with high spa-
tial resolution is necessary to carry out these works. Laspi Bay is one of such areas
of the SCC.
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Laspi Bay is one of the warmest areas of the SCC [1]. This is an open bay
located between Cape Aya and Cape Sarych with the length of its coastline of
about 4 km. The Laspi Bay area is aesthetically significant and attractive for
the development of recreational activities [2].

The shores of the bay are of the abrasion and abrasion-landslide types,
for which gravitational processes are well developed. The coast is formed by
a fairly wide, about 20 m, pebble beach. To the west and south, small beaches
alternate with piles of blocks. Low cliffs are located near the shores of the bay [1].
The underwater slope is deep, its most part is pronounced block bench, which
drops steeply to a considerable depth. The central part of the bay is a sloping plain
with sand and silt deposits [3]. In the coastal zone from Cape Aya to Cape Sarych,
stable alongshore anticyclonic currents with velocities of up to 0.6 m/s are formed
for most of the year. The hydrological regime of Laspi Bay is determined
by the influence of these currents, influx of deep waters into surface layers during
surge phenomena and water exchange with the open sea [4].

In 1983, as field studies showed [5], Laspi Bay was in a natural or close to
natural state, in which the ecological balance of the coastal zone was maintained.
The bay was characterized by an abundance of unique habitats of bottom vegeta-
tion — Cystoseira, phyllophora, eelgrass.

In the late 1980s, a hydraulic structure was built in the eastern part of Laspi
Bay, which partially blocked the coastal sediment flows at its top [6]. In 2009,
the Dream Bay hotel complex was built in the southeastern part of the bay.
The construction was accompanied by large-scale coastal protection works which
led to a change in the configuration of the coast and the underwater coastal slope.
However, the embankment and breakwater wall of the complex were partially
destroyed after the first strong storms [7]. Anthropogenic impact has led to addi-
tional influx of terrigenous material and its sedimentation in the coastal area [2].
As is known [8], the construction of hydraulic structures can lead to disruption of
the hydrodynamic regime and changes in areas of abrasion and accumulation.
Thus, studies in the Peter the Great Gulf (Sea of Japan) showed [8] that the con-
struction of hydraulic structures had led to a significant reduction in bottom vegeta-
tion in the coastal zone.

The construction of a protective breakwater in Laspi Bay and the destruction
of its coastal slope as a result of active coastal development could cause a disrup-
tion of the hydrodynamic regime of the bay, which, in turn, led to the erosion of
pebble bench and additional influx of terrigenous material formed due to con-
struction [2]. During the study at the bay top in 1998, silt and sandy bottom
sediments were discovered starting at a depth of 3 m [6]. The bay, which in the 1980s
was a model of the natural ecosystem of the Black Sea, has lost this status.
A bottom natural complex devoid of vegetation has been formed in its central part
[9]. Over a period of more than 30 years, the bay has undergone significant structural
changes in the vegetation species composition and changes in the configuration
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of coastal boundaries [10]. In general, the stocks of macrophytobenthos in the bay
decreased by 1.5 times, phyllophores — by 35 times and Zostera — by 4 times during
this period [9].

The formation of the bottom natural topography of Laspi Bay could be influ-
enced by both economic activity on the coast and natural factors. In terms of
climate, the rise of the Black Sea level leads to an increase in depth near the coast
and increases the influence of waves on it [11]. The average annual storm activ-
ity in the Black Sea increased by 10-15% for the period of 1991-2016 [12].
An extreme storm that occurred in November 2007 could also contribute to the par-
tial destruction of the bay bottom vegetation. This assumption is supported by the fact
that vegetation was completely destroyed at depths of up to 10 m during an ex-
treme storm in the area of Karadag in 1992 [9]. Such consequences can be ex-
plained by the fact that strong bottom wave currents and intense turbulent mixing
create movements in the upper layers of the bottom soil during storms and the
plants rooted here are gradually washed out of it [8, 13].

Taking into account the above, this work aims at studying the wave regime of
Laspi Bay and the degree of its influence on the phytocenosis of bottom vegetation.
It should be noted that such studies have not been conducted to date.

The objectives of the work included obtaining and analyzing fields of wave
heights and wave current velocities in Laspi Bay during storms of various regime
conditions. The calculations were carried out taking into account the protective
breakwater built in the late 1980s and without regard to it. The obtained wave
characteristics can be used in developing recommendations for economic activities
in the bay water area and assessing the influence of storm waves on the bottom
vegetation phytocenosis.

Mathematical model and input data

Modeling of wave fields in the Laspi Bay waters was carried out with a two-
dimensional version of the numerical wave model Simulating WAves till SHore
(SWASH) [14]. The model makes it possible to carry out calculations of hydrody-
namic fields in the coastal zone in a wide range of spatial and temporal scales, tak-
ing into account nonlinearity, refraction, diffraction and reflection of waves. The
initial equations of the model are as follows:
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Here, ¢ is time; x, y are Cartesian coordinates; axis z is directed upwards; (x, y, ?) is
deviation of free surface from undisturbed level; 4 = d + { is total depth equal to
the sum of free surface deviation and depth d in the undisturbed state of liquid;
u and v are x and y velocity components averaged by depth; ¢(x, v, z, ) is non-
hydrostatic pressure; g is gravity acceleration; ¢, = gm*/h' is bottom friction coef-
ficient, m is Manning’s roughness coefficient; Ty, Ty, Tyx, Ty are turbulent stress
tensor components; v; is horizontal turbulent viscosity coefficient.

A rectangular computational grid of the bay water depths with a resolution of
5 m obtained on the basis of digitizing navigation charts was used for the numerical
solution of system of equations (1)—(3). The dimensions of the computational do-
main were 3500 x 2500 m. To optimize the numerical algorithm, a coordinate sys-
tem was used with the x axis directed from northwest to southeast (Fig. 1).

At the seaside boundary of the computational domain (at y = 0), significant
wave height As and average wave period T, which could occur once every n years,
were specified. These parameters were obtained based on wave reanalysis data
for the period 1979-2021 using the spectral model SWAN [15, 16] (Table 1).

Fig. 1. Bottom topography of the calculation area (avai-
lable at: https://www.google.com/maps/@44.3927988,33.
7329232,12998m/data=!3m1!1e3?entry=ttu
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Table 1. Wave parameters

T,year | h,m | h,m s
1 33 52 93
5 4.1 6.5 10.1 Note: Average wave he.ight_l?, signiﬁCfmt wave h.eight
hs and average wave period T in the seaside of Laspi Bay
10 4.5 7.1 10.5 at a depth of 65 m, possible once a year, once every 5, 10
25 50 79 111 and 25 years according to retrospective calculations of
’ : : waves in the Black Sea for the period 19792021 [15, 16].

At the liquid lateral boundaries of the computational domain (at x = 0 and
x = 2500 m), the radiation condition was set. The horizontal turbulent viscosity coef-
ficient was determined using the Smagorinsky formula with constant C = 0.2. Man-
ning’s roughness coefficient is m = 0.022 s/m'”. The integration time step was 0.05 s.

Results of modeling and discussion

As a result of numerical experiments, significant wave heights and wave cur-
rent velocities in Laspi Bay during storms of various regime conditions were ob-
tained. Calculations were carried out taking into account the protective breakwater
and without regard to it. Wave fields were constructed based on numerical mod-
eling data averaged over 100 periods of the incoming wave (~ 20 min). In each
calculation node, the significant wave height was calculated using the following

formula: 4, = 4/D , where D is free surface elevation variance C.

As a result of the analysis of spatial structure /4, it was found that during storms
possible once a year, once every 5, 10 and 25 years, significant wave heights can
reach 2.5-3.0, 4.04.5, 5.0-5.5 and 6.0-6.5 m, respectively (Figs. 2 and 3). When
comparing the calculation results obtained taking into account the protective
breakwater and without regard to it, it is clear that the structure has a local influ-
ence on wave dynamics. Near the breakwater, on its downwind side, a shadow zone
of about 90 x 110 m is formed. Significant wave heights in this zone were 0.9 and
1.8 m during storms possible once a year and once every 25 years, respectively. Dur-
ing a storm possible once a year, the waves on the downwind side of the breakwater
are 3.5—4 m high. In the case of a storm possible once in 25 years, the wave heights
were 4-6 m, and in the wave shadow zone the wave heights decreased to 1.5-2.0 m.

The wave current patterns during storms of various regime conditions in Laspi
Bay are considered. Figs. 4 and 5 show velocity and direction of wave currents
in the bay during storms possible once a year and once every 25 years. It is evident
that the zones of maximum wave velocities are located along the lateral boundaries
of the bay. During a storm possible once a year, the values of wave velocities were
0.5-1.5 m/s at depths of less than 10 m. During storms possible once every 25 years,
the velocities can increase to 1.5-3.0 m/s in these zones and the wave velocities do
not exceed 1 m/s in the shadow zones. Thus, the construction of the protective
breakwater in Laspi Bay led to a decrease in wave velocities in the eastern part of
its top. The breakwater leads to a decrease in wave velocities in the shadow zone
by 46 times.
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Fig. 2. Significant wave heights in Laspi Bay for storms
possible once a year: without taking into account the hy-
draulic structure (@); taking into account the hydraulic
structure (b)
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Fig. 3. Significant wave heights in Laspi Bay for storms
possible once every 25 years: without taking into account
the hydraulic structure (a); taking into account the hydrau-
lic structure (b)
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An assessment of the wave load on the bottom of Laspi Bay was carried out.
For this purpose, the density fields of kinetic energy of the waves E were calculat-
ed. Fig. 6 shows the distribution of kinetic energy density in the bay during a storm
possible once in 25 years. As can be seen, the intensity of the influence of wind
waves increases as the depth decreases. In areas with depths of 10-20 m through-
out the entire Laspi Bay water area and in shallower areas at its top, where
the depth increases relatively smoothly, the kinetic energy density does not exceed
300 J/m®. The same density values are typical for the central part of the bay down
to depths of 35 m. Steep slopes are located almost along the entire perimeter of
the bay at depths of 2—7 m. Here, the kinetic energy density increases to 500—
2000 J/m*® and it can reach 3000—4500 J/m® in the western end of the bay.

Fig. 6 highlights in bold the sections where the study of the bottom topography
of Laspi Bay was carried out [2]. The sections are located perpendicular to the shore
and cover all types of landscape identified in the bay. Section I is located in the west-
ern part of the bay, section Il connects the top and the middle of the bay, sec-
tions III and IV are located in the eastern part of the bay. Concerning these sec-
tions, kinetic energy density profiles were obtained for a storm possible once
a year, once every 5, 10 and 25 years (Figs. 7-9). These figures also show
the bottom topography for each section, and the types of landscapes studied in [2]
are indicated by numbers.

Fig. 7 shows kinetic energy density distribution and bottom topography for sec-
tion L. It is evident that the energy loads for the storms under consideration are insig-
nificant near the shore itself, where the block bench is located (number / in Fig. 7)
[2]. With increasing depth, they increase sharply and reach a maximum value
at a distance of about 15 m from the shore at depths of 2—7 m. In this area, a steep
underwater abrasive coastal slope is located where Cystoseira dominates (number 3
in Fig. 7) [2]. During storms possible once a year, the maximum wave load is
~ 500 J/m®; once every 5 years — ~ 1000 J/m?; once every 10 years — ~ 1300 J/m?;
once every 25 years — about 1700 J/m’. Then, at a distance of 30 m or more from
the shore, at depths of 7-12 m, a gradual decrease in the energy load by 2—3 times
occurs. Here, the underwater coastal abrasion slope with a predominance of Cys-
toseira and Zostera marina species extends (number 4 in Fig. 7) [2]. At depths
greater than 12 m, the energy load effect is insignificant.

The energy load for section II, which is located at the Laspi Bay top, is mini-
mal along the entire profile (Fig. 8). This is due to the small slopes of the bottom,
as a result of which the dissipation of wave energy occurs at a fairly large distance
from the shore.

For sections III and IV (the eastern part of the bay) (Fig. 9), the energy load is
insignificant near the shore, then it increases to its maximum at depths of 2—6 m,
where also a fairly steep underwater slope with a predominance of Cystoseira is
located (number 3 in Fig. 9). For section III, in case of storms possible once a year,
the maximum energy load is about 500 J/m?; during storms possible once every
5, 10, 25 years, it reaches 1100, 1300, 1600 J/m’, respectively. For section IV,
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Fig. 6. Distribution of kinetic energy density in Laspi
Bay for a storm possible once every 25 years: without
taking into account the hydraulic structures (a); taking
into account the hydraulic structure (b). Numbers -1V
indicate section numbers [2]
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Fig. 8. Profiles of kinetic energy density (a) and
bottom topography (b) for section II. The numbers in-
dicate bottom natural complexes from [2]
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the wave load decreases significantly, with 150 J/m’ once a year and 500, 550,
700 J/m® once every 5, 10, 25 years, respectively.

Analysis of all obtained profiles of the kinetic energy density of waves
(Figs. 7-9) shows that the wave load increases with distance from the shore reach-
ing maximum values in the depth range of 2—7 m. Then, at depths of 7-12 m,
a gradual decrease in wave load is observed. At depths greater than 10—-12 m, wave
load decreases sharply. The highest wave load values were obtained for sections I
and III where they amounted to about 1600-1700 J/m®, and slightly lower values
were found in section IV (about 700 J/m?®). The minimum wave load values were
obtained for section II where they did not exceed 50 J/m’.

It can be concluded that during periods of extreme storms in the waters of
Laspi Bay, the strongest wave effect occurs at depths of up to 10—12 m near coastal
slopes with fairly steep bottom slopes. The middle part of the bay, devoid of bot-
tom vegetation, is shallow, but is not subject to intense wave effect. It appears that
the reason for the disappearance of bottom natural complexes in this area can be
an increase in water turbidity caused by an increase in the influx of finely dispersed
fractions due to anthropogenic impact on the shores of the bay.
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Fig. 9. Profiles of kinetic energy density (a) and bottom topography (b)
for section III; profiles of kinetic energy density (¢) and bottom topography (d)
for section I'V. The numbers indicate bottom natural complexes from [2]
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Conclusion

Calculations of wave fields for the Laspi Bay water area were performed
with the numerical model SWASH. Data obtained from wave reanalysis were
specified at the boundary of the computational domain. As a result of numerical
experiments, significant wave heights and wave current velocities were obtained
for storms that are possible once a year, once every 5, 10, 25 years in Laspi Bay.
The calculations were carried out taking into account the protective breakwater
built in the late 1980s and without regard to it.

During storms possible once a year, once every 5, 10 and 25 years, significant
wave heights in the bay can reach 2.5-3.0, 4.0-4.5, 5.0-5.5 and 6.0—6.5 m, respec-
tively. The zones of maximum wave velocities are located along the lateral bound-
aries of the bay. During storms possible once every 25 years, the increase in veloci-
ties to 1.5-3.0 m/s occurs along the coast at depths less than 10 m. Maximum wave
loads on the bottom occur at depths of 2—7 m.

An assessment of the wave load on the Laspi Bay bottom showed that during
storms of various regime conditions, the coastal slopes in the depth range from 2 to
12 m, where the kinetic energy density values increased to 500-2000 J/m®, were
most susceptible to wave effect. At this, the density can reach 3000-4500 J/m’
in the western end of the bay. In the middle part of the bay, the energy load values
are small. Therefore, the disappearance of bottom vegetation here could be not due
to storm impact, but an increase in water turbidity caused by anthropogenic factors.
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Analysis of Hydrological and Hydrochemical Factors
of Bottom Phytocenosis Transformation
near Cape Kosa Severnaya (Black Sea, Sevastopol)
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Abstract

Macrophytes act as important bioindicators of environmental conditions and long-term
changes in water quality allowing their use in studying the dynamics of bottom natural
complexes. The purpose of the work is to identify the main hydrophysical and hydrochemi-
cal factors leading to changes in the biomass of bottom phytocenoses near Cape Kosa Se-
vernaya. The paper analyzes and summarizes literary sources and results of landscape and
hydrobotanical studies (summer 1964, 1997, 2006 and 2017) carried out in the coastal zone
between Cape Kosa Severnaya and Cape Tolsty. We used data on water temperature, con-
centrations of nitrates, nitrites, ammonium, phosphates and total suspended matter in water
from 1998 to 2021. We also used simulation results of macrophytobenthos biomass dynam-
ics in the area from 1998 to 2002. Several bottom natural complexes were distinguished
in the landscape structure of this area at different periods. Their composition and quantity
changed over time. In the Ericaria-Gongolaria phytocenosis (0.5-5 m), by 2006 there was
an increase in the biomass of the dominant species characterized by an increase in the pro-
portion of epiphytes. In 2017, there was a restoration of the dominant species, and the total
biomass almost tripled. The Ericaria-Gongolaria-Phyllophora phytocenosis (5-10 m) had
completely disappeared by 2006, and Dictyota spp. took its place in 2017. The Phyllophora
phytocenosis (depths over 10 m) significantly degraded in 1997, and its biomass decreased
almost to zero. In 2006, Phyllophora crispa was not recorded at these depths, but by 2017,
there appeared separate areas of the bottom where Phyllophora crispa was present, with bio-
mass an order of magnitude lower compared to that in 1964. It was concluded that the rec-
orded transformations of benthic communities were caused mainly by changes in water
transparency associated with the content of total suspended matter. To monitor the situation,
it is advisable to regularly conduct hydrobotanical surveys at intervals of several years.

Keywords: macrophytobenthos, bottom phytocenosis, Black Sea, simulation model, bot-
tom natural complex, eutrophication, water transparency
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TpaHchopManuu JOHHBIX (GUTOLEHO30B B paiioHe
mbica Koca CeBepnasi (UepHoe mope, CeBacTomnoJib)
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AHHOTAIHUA

Maxpo¢huTsl BBICTYHAIOT B KadeCTBE Ba)KHBIX OMOMHIMKATOPOB YCIOBHH OKpY’Karomien
Cpe/ibl U JIOJITOCPOYHBIX M3MEHEHHH KayecTBa BOJbI, UTO MTO3BOJISIET MCIIOIB30BaTh MAaKpO-
(UTOB NpU U3YUYCHUH JTUHAMHUKH JIOHHBIX TPHUPOJHBIX KOMIUIEKCOB. Llens paboThl — BBISB-
JICHWE OCHOBHBIX THAPO(YUINICCKUX U THAPOXUMHUYECKIX (PAaKTOPOB, MIPUBOAAIINX K H3ME-
HEHMSIM OMoMacchl TOHHBIX (uTOnEeH030B B paiioHe M. Koca Cesepnas. [Ipoananusuposa-
HBI U 0000IIEHBI JIMTEpPaTyPHbIE NCTOYHUKH, PE3YJITAThl JIaHAMA(THBIX U THAPOOOTaHU-
YEeCKHX HCCIeNOoBaHMH (JeTHui nepuon 1964, 1997, 2006 u 2017 1T.) B IpuOpEKHOI 30HE
M. Koca CeBepHast — M. ToJICTBIH C HCIIONB30BAaHMEM JAaHHBIX O TEMIEpaType BOJIBI,
COJICpKaHUU B BOJIC HUTPATOB, HUTPUTOB, aMMOHUs, (ocaToB U OOLIETO B3BEHICHHOTO
BemectBa B 1998-2021 rr., a Takke pe3ysibTaThl IMUTAIIMOHHOTO MOJICITUPOBAHUS JHHA-
MHUKH Onomacchl MakpogurobeHtoca B 3ToM paiione B 1998-2002 rr. B manmmadTHOM
CTPYKTYpE NMpUOPEkKHOI 30HBI paiioHa UCCIEAOBAHUS B pa3HbIe MEPUObI BPEMEHH BblJie-
JSUTHCH HECKOJIBKO JOHHBIX NPHPOIHBIX KOMIUIEKCOB, IIPHYEM C TEUYCHHEM BPEMEHH HX
COCTaB M KOJMYECTBO MEHSUINCH. B spukapueBo-roHTONapreBoM ¢uromnenose (0.5-5 m)
k 2006 T. IPOM30IILIO YBEIHYCHUE OHOMACCHI JOMUHHUPYIOUIMX BHIOB, XapaKTepU3yoliee-
csi poctoMm nponu smupuToB. B 2017 1. HabMrIOAaIOCH BOCCTAHOBJICHHE JTOMHHHUPYIOMINX
BHIOB, a o0mas Omomacca BoO3pocia TOYTH B TPU pa3a. IPHKAPHUEBO-TOHTOJIAPUEBO-
¢umnodopossiit Guronenos (5—10 M) noaHOCTRIO Hcues k 2006 1., a Ha ero mecte B 2017 T.
oputa 3aukcupoBana Dictyota spp. @umnodopossiii ¢puToreHo3 (rayounsl ceeime 10 m)
CYIIIECTBEHHO JierpaaupoBai B 1997 r., ero bmomacca cokparmiack odtH o Hymst. B 2006 r.
Phyllophora crispa Ha 3THX TIyOWHAX HE PErHCTPUPOBANACh, HO K 2017 T. MOSBUINCH OT-
JIebHBIE YYACTKU JHA, TAe mpeactasiena Phyllophora crispa ¢ Guomaccoii, MeHbIIIEH Ha
TIOPSIZIOK 110 cpaBHEHHUIO ¢ 1964 r. ChenaH BBIBOJ, 4TO 3a()MKCHPOBAaHHBIE TPaHC(HOPMAIHH
JIOHHBIX COOOIIECTB OBUTH BBI3BaHBI B OCHOBHOM M3MEHEHHSIMHU IPO3PaYHOCTH BOJbI, CBSI-
3aHHBIMHU C COZAEp)KaHHEM OOIIEero B3BEIIEHHOTO BemecTBa. [l CleXeHus 3a pa3BUTHEM
CHUTYAIUH{ IIeTIeCO00Pa3HO PETYISIPHO C YacTOTOHM pa3 B HECKOJIBKO JIET MMPOBOAUTH THIPO-
00TaHUYECCKHE CHEMKHU.

KiroueBbie cjioBa: Makpo(hUTOOCHTOC, TOHHBIN (HUTOIECHO3, UepHOE MOPE, HMUTAITMOHHAS
MOJIeNb, TOHHBIC TPUPOIHBIC KOMIUIEKCHI, IBTPO(UKAIINS, TPO3PATHOCTH BOIBI

BaarogapHocTu: uccienoBaHUE BBIMOJHEHO B paMKaX T'OCYAapCTBEHHOTO 3aJaHus
OI'BYH OUILL MI' Ne FNNN-2024-0016 «MccnenoBanue mpoCTpaHCTBEHHO-BPEMEHHOM
W3MEHYHBOCTH OKEAaHOJOTHYECKHUX IPOIECCOB B OEPEroBOd, MpHOPEKHONW U MmIenb(o-
BOU 30HaX YepHOro MOpS MO BO3JCHCTBUEM MPUPOIHBIX M aHTPOIIOTCHHBIX (PAaKTOPOB
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Ha OCHOBE KOHTAKTHBIX W3MEPEHHI 1 MaTeMaTHueckoro Moaenuposanms 1 FNNN-2024-0012
«AHanmM3, IUarHo3 U ONEPAaTUBHBIA MPOTHO3 COCTOSHUS THAPO(PU3NIECKUX U THAPOXUMH-
YECKHX MOJEeH MOPCKUX aKBAaTOPHH Ha OCHOBE MAaTEMaTHYECKOIO MOJIEIUPOBAHUS C HC-
M0JIb30BaHUEM JIaHHBIX JUCTAHIIMOHHBIX U KOHTAKTHBIX METO/I0B U3MEPEHUI.

Jasi umrupoBanus: Ilapxomenxo A. B., Baceuxuna E. @., Jlamywxun A. A. Ananu3 ruj-
POJIOTO-THAPOXUMHYECKUX (HaKTOPOB TpaHC(hOpPMAIMK JOHHBIX (UTOLIEHO30B B paiioHe
Mmbica Koca Cesepnas (Ueproe mope, CeBacTorons) // konorundeckas 0€30mMacHOCTh MPU-
OpexHoM U menbdoroii 300 Mopst. 2024, Ne 2. C. 76-90. EDN CMHLRP.

Introduction

Upper underwater shorefaces and shallow marine areas occupy a very small part
of the ocean, but it is here that production processes are most active, with a great
diversity of species and ecosystems, habitats of hydrobionts and bottom natural
complexes [1].

The bottom natural complex (BNC) is a multicomponent developing system.
Even minor changes in one of the components of this system can lead to unpredict-
able transformations of the environment. In this regard, studies of the landscape and
morphological structure of the coastal zone have been and are currently carried out
actively in the Black Sea " [2—6]. Thus, physical and geographical zoning was car-
ried out [7-9] and characteristics of deep-sea landscapes of the continental slope were
given [10]. In addition, approaches to determining the resistance of the Black Sea
bottom landscapes to natural and anthropogenic factors were considered [3, 11],
the concept of “marine anthropogenic landscape” was introduced and its typifica-
tion according to the prevailing types of economic activity was proposed [12].
Material fluxes in the coastal zone of the Crimean Peninsula are actively studied
highlighting exogenous and endogenous processes that influence the transformation
of BNC components [6, 13].

An analysis of BNC studies conducted in the Black Sea led to the conclusion
that a negative transformation of the BNC occurs along the entire Black Sea coast.

In this work, we will focus on the identification of possible causes of bottom
phytocenosis negative transformations as the main components of the BNC.
Macrophytobenthos is considered to be one of the most important and at the same
time vulnerable components of the BNC and plays a leading role in the stabiliza-
tion of coastal ecosystems ensuring the implementation of a number of ecosystem
functions and services. The function of macrophytes in an ecosystem is related to
their structural characteristics, such as species composition, distribution, abundance
and diversity. In their turn, these characteristics depend on various environmental
factors: illumination, water temperature, substrate composition, competitive inter-
actions, water level fluctuations, seawater quality and the concentration of nutrients
in water and bottom sediments.

D Petrov, K.M., 1969. [Methods of Landscape Research of the Marine Coastal Zone]. In:
B. P. Manteyfel, ed., 1969. [Marine Underwater Research]. Moscow: Nauka, pp. 136-148 (in
Russian).
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Macrophytes act as important bioindicators of environmental conditions and
long-term changes in water quality, which makes it possible to use them when
studying the BNC dynamics [14].

The positive effects of macroalgae and sea grasses on the ecosystem have been
well studied. In spring, the growth of established species begins, which leads to
a maximum biomass of macrophytobenthos in summer. The primary production of
macrophytobenthos is limited mainly by water transparency, epiphyte biomass and
nutrient availability, which can act as indicators of increasing anthropogenic load
on coastal areas [14—17].

Over the past few decades, a decrease in macrophyte biomass has accelerated
due to anthropogenic load on the coast. The main factors resulting in this decrease
in biomass are a decrease in illumination caused by an increase in the content of
total suspended matter (TSM) and dissolved organic matter in water, as well as
pollution by nutrients, mainly nitrates and phosphates. An excess of nutrients caus-
es undesirable changes in the hydrochemical and hydrobiological regimes of water
bodies and is the main reason for increasing the level of eutrophication [17]. Under
eutrophication conditions, the availability of light in the water column decreases
due to an increase in phytoplankton biomass, which leads to macrophytobenthos
degradation [14].

Complex interactions among such factors as light availability, nutrient concen-
trations, storm exposure, macrophyte release and sediment transport can be studied
with mathematical modeling. Given the significant role that macrophytes play
in marine ecosystems, understanding and quantification of the environmental fac-
tors that influence the structure of benthic macrophyte communities are necessary
to develop sustainable management practices for these ecosystems.

The purpose of the work is to identify the main hydrophysical and hydrochem-
ical factors leading to changes in the biomass of bottom phytocenosis near Cape
Kosa Severnaya.

Materials and methods of study

Changes in macrophytobenthos in 1964-2017

The paper analyzes and summarizes materials from literary sources, landscape
and hydrobotanical studies (summer 1964, 1997, 2006 and 2017) carried out
in the coastal zone between Cape Kosa Severnaya and Cape Tolsty [18, 19]. Fig. 1
shows the schematic map of the profiles along which observations were made.

Statistical data processing was performed in MS Excel. In the landscape struc-
ture of the coastal zone Cape Kosa Severnaya — Cape Tolsty, several BNCs were
identified at different periods of time. Moreover, their composition and quantity
changed over time. Thus, four BNCs were observed in 1964, only three in 1997.
Then, the number of BNCs under study decreased to two in 2006 and increased
again to four in 2017. The dominant macrophyte species were Ericaria crinite (Duby)
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Fig. 1. Schematic map of the location of landscape and
hydrobotanical profiles in the coastal zone Cape Kosa
Severnaya — Cape Tolsty (Roman numerals stand for pro-
files). The image is adapted from Bing (available at:
https://www.bing.com/map)

Molinari & Guiry = Cystoseira crinita, Gongolaria barbata (Stackhouse) Kuntze =
Cystoseira barbata and Phyllophora crispa (Huds.) P.S. Dixon.

Qualitative and quantitative changes that occurred in the coastal zone BNCs
are described in detail in [19]. In our work, we focus on changes in the relative
contributions of dominant species, associated species and epiphytes, as such changes
accompanied the restructuring of the BNCs during the period under review.

Hydrochemical and hydrophysical indicators of the aquatic environment state
(concentration of nutrients, TSM, water temperature, current velocity) affect
the growth rate of macrophytes significantly. To identify the connection between
the BNC dynamics and changes in the chemical and biological state of the coastal
zone near Cape Kosa Severnaya, all available hydrophysical and hydrochemical
observation data for 19982021 were analyzed. For the purposes of this study, data
on water temperature and content of nitrates, nitrites, ammonium, phosphates and
TSM in water were used. Based on the available data, the average monthly values
of the listed characteristics were calculated. Depth averaging was also carried out;
two layers of 0—10 m (upper layer) and 10-20 m (lower layer) were identified.
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Determination of illumination at the depth of macrophyte growth

According to existing notions, the most important characteristic for the growth
of macroalgae is water transparency, which determines the amount of light energy
available for photosynthesis at the depth of algae growth. Standard measurements
at coastal stations provide information on TSM content, which can be used to esti-
mate illumination level at depth. In situ synchronous measurements of vertical pro-
files of the 660 nm beam attenuation coefficient (BAC 660) and photosynthetically
active radiation (PAR) were carried out at drift stations off Sevastopol Bay using
Kondor probing hydrophysical complex. The concentration of TSM in water was
determined based on the data on BAC 660 using empirical relationship
Crsu=0.78-BAC 660.

The decrease in the PAR intensity with depth is most realistic when described
by exponential function

1, = Iyexp (Pz), (1)

where /y is sea surface illumination; B is coefficient of light absorption in water
depending on the TSM content in water; z is depth. To estimate 3 as function Crsu,
we found the relationship between coefficients § obtained as a result of applying
approximation (1) to PAR in situ profiles and the average TSM content in the up-
per mixed layer (Fig. 2, a). The thickness of this layer was determined using the
temperature profile data. The least squares method yielded two formulas that can
be used to determine the light absorption coefficient B knowing the average TSM
content in the upper mixed layer of water (Crsu):

5[~ 11818Cksy +1.6298Ch, ~0.7207Cr5, ~0.0264, Cryy < 1 gL,
—0.66491n Cpgy, — 0309, Cypgyy > 1 mg/L,
, mg/
a . e 1 w2 b
Temperature, °C FAR, umol photon/{mz2-s)
12 14 16 18 20 22 (o] 200 400 600 800 1000
0 0 e -
5 5 A e ki il
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E. 15 _i 15 §
§~ 20 § 20
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Fig. 2. Example of vertical profiles of water temperature and total suspended mat-

ter content at one of the stations (a); vertical profiles of PAR (dots) and their approx-
imations (colour lines) using models (1) and (2) at three profiles (b)
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Using these approximations and knowing the intensity of solar radiation
at the water surface, it is possible to determine the amount of light reaching the depth
of algae growth for given water turbidity in the upper layer. Fig. 2, b shows the quali-
ty of resulting model (2). Here, the dots represent the in situ data on the vertical
profiles of PAR at the control stations and lines represent model approximations
using expressions (1) and (2). Relative root-mean-square error of the models lies in
the range from 7 to 15% of the average illumination in the 0-25 m layer.

It should be noted that model (2) is regional and cannot claim to be universal.
Obviously, to obtain more generalized dependencies, it is necessary to have more
data from different water areas. However, to analyze the variability of bottom phy-
tocenosis near Cape Kosa Severnaya, we consider the found dependencies to be
sufficiently representative.

Using this model, we can also estimate the potential lower limit of the distribu-
tion of a particular alga depending on the average coefficient of light attenuation
in water. We will define this limit at a depth where the light intensity is such that
the alga photosynthesis rate is equal to its dark respiration:

(Pra +Rd)-th(0doLp(BZ)):Rd,
Pmax +Rd

where Pmax 1S maximum photosynthesis rate; Ry is dark respiration; a is slope of
the photosynthetic curve in the low light area. From this we get

z= %ln(a . th[ijd 3 j(PmaX +R)) aloj ) 3)

By setting Crsyy = 1 mg/L, we obtain an estimate of the maximum growth
depth of bottom phytocenosis of 10-14 m; the lower limit will move to 25-35 m
with a decrease in Crsy to 0.5 mg/L. This estimate is a function of the photosyn-
thetic parameters of the alga, water turbidity and intensity of light at the water
surface. This is the potential maximum depth distribution of algae in the sea, but
for a more accurate assessment it is necessary to take into account the sufficiency
of the concentration of dissolved biogenic substances, as well as the release of or-
ganic substances by the alga both during its growth and during the process of thalli
dying off or consumption of the alga by marine hydrobionts. It can be said that
the observed biomass of algae at a given depth is the result of a balance between its
formation during photosynthesis, assimilation of inorganic substances and elimina-
tion during excretion, decay or consumption. Therefore, the actual lower boundary
of growth of a particular alga will be at a shallower depth than that calculated
by formula (3).

Simulation model of the dynamics of bottom phytocenosis

The work uses a model previously tested during studies of the dynamics of
macrophyte biomass in Kruglaya Bay and Donuzlav Bay [20, 21]. The proposed
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model of dynamic energy balance makes it possible to estimate the growth rate of
sea grasses, amount of absorbed biogenic elements, released oxygen, produced and
released organic matter, concentration of nitrogen and phosphorus in plant tissues.
The dynamics equations of the biomass of macroalgae and sea grasses are written
in the form of balance relationship

dB/dt = (P; — eG; — m)B, 4)

where B is biomass of all plant tissues: roots, root stocks and leaves, g DW /m? or g
DW/m?; ¢ is time, h; P; is specific rate of net primary production, 1/h; G; is spe-
cific rate of gross primary production, 1/h; e is ratio of the released dissolved or-
ganic matter during the life of the alga to the gross production for the same time; m is
coefficient of biomass loss due to mechanical damage, tissue death and consump-
tion by marine animals, 1/h.

Results and discussion

Based on the data of hydrobotanical surveys published in [18, 19], the struc-
ture of bottom phytocenoses was studied and the dynamics of the relative distribu-
tion of dominant species (basifites), associated species and epiphytes was revealed

(Fig. 3).

Structural changes in bottom phytocenosis

The Ericaria-Gongolaria phytocenosis on boulder benches up to 1 m deep
with an area of 14.7 ha changed quantitatively only in the last observation period of
2006-2017: its biomass increased more than twofold. At the same time, the pro-
portion of epiphytes decreased from 11 to 5%, although their mass increased by
1.3 times. The Ericaria-Gongolaria phytocenosis located on a shoreface up to 5 m
deep underwent significant changes throughout the entire observation period.
From 1964 to 1997, the biomass of the phytocenosis decreased and the proportion
of associated species and epiphytes increased to 42%. These changes continued in
1997-2006 when the proportion of Ericaria crinita and Gongolaria barbata
(basifites) in the phytocenosis decreased to 48%. Epiphytes made up 50% of the
macrophyte biomass indicating the extreme distress of the ecosystem. After 2006,
the situation improved, which led to an increase in the biomass of the entire
phytocenosis and an increase in the mass of the dominant macrophytes Ericaria
crinita and Gongolaria barbata to 98%.

The Erikaria-Gongolaria-Phyllophora phytocenosis at depths of up to 10 m
also degraded throughout the entire observation period. If in 1964 the community
included only basiphytes Ericaria crinita, Gongolaria barbata and Phyllophora
crispa, then in 1997 a decrease in the total biomass of the phytocenosis was
observed and a proportion of epiphytes became noticeable. By 2017, in place of
Ericaria crinita, Gongolaria barbata and Phyllophora crispa, a new community
had emerged in which the dominant role was played by Dictyota spp.

On a gently dipping plain with depths of 10—15 m, the Phyllophora phytoce-
nosis that had existed in the middle of the last century with a fairly large biomass
(870 g/m*) with a small proportion of associated species and epiphytes (6 and 5%,
respectively) almost disappeared. In 2017, only separate bottom areas were recorded
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Fig. 3. Dynamics of the total biomass of bottom phytocenosis located near
Cape Kosa Severnaya and its structure: a — boulder benches with a predomi-
nance of Ericaria crinita and Gongolaria barbata (0.5-1 m); b — upper shoreface
dominated by Ericaria crinita and Gongolaria barbata (1-5 m); ¢ — upper
shoreface with alternating areas dominated by Ericaria crinita, Gongolaria
barbata and Phyllophora crispa (5-10 m); d — gently dipping plain dominated
by Phyllophora crispa (10-15 m). The total algal mass of the phytocenosis is
shown for 1964-2017

where Phyllophora crispa was present with an average biomass of 90 g/m?. How-
ever, the restoration of the Phyllophora phytocenosis indicates the onset of favora-

ble conditions, the main one of which is increased water transparency.

Changes in hydrochemical state of waters

Let us now analyze the data available in the MHI database on the variabil-
ity of water temperature, as well as measurements of hydrochemical parameters
of the aquatic environment near Cape Kosa Severnaya: the content of dissolved
inorganic compounds of nitrogen and phosphorus, as well as TSM, in water.

Significant heterogeneity in the distribution of observation data over time prevents
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us from calculating average annual values of hydrochemical indicators or con-
structing a reliable series of average monthly observations. To assess their dy-
namics, we will consider the variability of these indicators in the warm period of
the year characterized by the maximum number of observations and the most inten-
sive growth of macrophytes. Fig. 4 shows the TSM content in September during
1998-2021 (in several cases, data for August were used due to the lack of data
for September). This month marks the peak of macroalgae biomass and the maxi-
mum number of measurements of water hydrochemical parameters in different
years. As we can see, from 1998 to 2017, the water turbidity in the upper layer
decreased noticeably, which can explain the significantly increased biomass of
phytobenthos at depths of up to 5 m. A slight tendency towards decreasing turbidi-
ty was observed in the lower layer also, but it was not nearly as pronounced.
By 2006, the Ericaria-Gongolaria-Phyllophora phytocenosis at depths over 5 m
and the Phyllophora phytocenosis at depths of 10-15 m had completely disap-
peared. According to available data, the average TSM content during the vegeta-
tion period in 2006 varied within the range of 1.5-2 mg/L, which limited the thick-
ness of the photic layer to 5—7 m according to equation (3).

The analysis of the temporal variability of the hydrochemical state of waters
in the area under study showed no significant trends in the content of biogenic
substances during the period under consideration. The concentration values of
inorganic nitrogen and phosphorus compounds fluctuated within the limits typical
for the Sevastopol coastal waters ([NO3]+[NO:] from 0.03 to 3.54; [NH4] from
0.02 to 2.95; [PO4] from 0.001 to 0.9 pmol/L). As shown by numerical experi-
ments with a phytocenosis model, the average value of phosphate concentration of
0.11 pmol/L is insufficient for the growth of macroalgae. Thus, the content of
inorganic phosphorus in water is a limiting factor. With an increase in this aquat-
ic environment parameter, intensive growth of macroalgae is observed.
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Fig. 4. TSM content in the upper (a) and lower (b) layers of water in September
during 1998-2021 near Cape Kosa Severnaya
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Model studies

With the available data on the hydrochemical state of waters near Cape Kosa
Severnaya, it is impossible to carry out a detailed calculation of the dynamics of
phytocenoses biomass throughout the entire period. Therefore, we chose the most
data-rich period from May 1998 to February 2002 for our experiments. With a dis-
creteness of one month, the data were interpolated at gaps. The time step of
the model was 24 h. In addition to hydrochemical parameters, the model control
variables were water temperature in the 0—10 m layer and average daily solar radia-
tion intensity at the sea surface (Fig. 5, a — ¢).

Fig. 5, d shows simulation results (at a depth of 4 m) with input variable series.
At the beginning of the analyzed period, the content of TSM in the upper layer was
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1.5 mg/L or more. With such water turbidity, Phyllophora crispa could grow
at depths of no more than 4 m. We see that as a result of a slight decrease
in the amount of suspended matter, the Ericaria-Gongolaria phytocenosis was
restored and Phyllophora crispa almost completely disappeared over four years of
model calculation. According to observations, the Phyllophora phytocenosis had
begun to recover at depths of 10-15 m by 2017, although in 2017 its biomass
reached a value 10 times less than that recorded at the beginning of the observation
period. It is safe to assume that the restoration was possible due to the water quality
improvement. The concentration of TSM in the warm period of the year has
a negative trend (Fig. 4, a).

Of interest is the analysis of the variability of model functions reflecting
the relative content of nitrogen and phosphorus in the tissues of macroalgae (Fig. 6):

_ oo _ OO S
FO= o SO =5 = )

where Op and QOn, pmol/g, are concentrations of phosphorus and nitrogen in alga
tissues; Qpin, Opax | Qpin - Qmax - nmol/g, are minimum and maximum concentra-
tion values (species-specific characteristics of algae). According to the model equa-
tions [22], the level of reserves of inorganic nitrogen and phosphorus compounds
in algae cells influences the rate of assimilation of biogenic compounds from sea
water and the rate of photosynthesis. Thus, functions (5) limit the macroalgae
growth. Fig. 6 shows that the limiting effect of nitrogen and phosphorus was mani-
fested alternately over four years of the model time, but phosphorus was
the limiting element for macrophytobenthos for most of the time.
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Conclusion

Significant changes in the biomass of phytocenosis of the Black Sea dominant
species were identified. These changes manifest themselves differently depending
on the depth of bottom vegetation growth. In the Ericaria-Gongolaria phytoce-
nosis occupying shallow waters with depths of up to 5 m, by 2006 there had been
an increase in the biomass of Ericaria crinita and Gongolaria barbata character-
ized by an increase in the proportion of epiphytes from 5 to 50%. In 2017, a re-
covery of dominant species was observed while the total biomass increased almost
threefold. At the same time, species of bottom vegetation growing deeper than 5 m
underwent catastrophic degradation. The Erikaria-Gongolaria-Phyllophora phyto-
cenosis located at depths of 5-10 m had completely disappeared by 2006, and Dic-
tyota spp. took its place in 2017. The Phyllophora phytocenosis located at depths
over 10 m degraded significantly in 1997, and its biomass decreased almost to zero.
In 2006, Phyllophora crispa was not recorded at these depths. However, separate
areas of the bottom where Phyllophora crispa was present, with biomass an order
of magnitude lower compared to that in 1964, had appeared by 2017.

Having analyzed the changes in the hydrochemical regime for 1998-2021, we
came to the conclusion that the recorded transformations of benthic communities
were caused mainly by changes in water transparency associated with the TSM
content. Hydrochemical indicators of water quality varied during the period under
review, but no noticeable trends in changes in the concentrations of biogenic com-
pounds were identified. In 1998-2017, water transparency increased in the summer
period (August—September), but an increase in water turbidity was recorded again
in 2018-2021. The processes of restoration of the biomass of Phyllophora crispa
at depths greater than 10 m can stop with further reduction in transparency, which
will lead to the disappearance of this macroalga in the area under study with con-
servation value. The analysis of model functions characterizing the influence
of the concentration of inorganic nitrogen and phosphorus compounds in water
on the growth of macroalgae showed that the growth of macroalgae was alternately
limited by nitrogen and phosphorus inorganic compounds.

To organize monitoring studies of the transformation of bottom phytoceno-
sis, it is advisable to conduct regularly hydrobotanical surveys in combination
with hydrochemical and hydrophysical studies of the coastal zone at intervals of
several years.
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Abstract

The paper studies the dynamics of biogenic elements (mineral (phosphate) and total phosphorus
and ammonium) content based on the results of annual monitoring surveys of water in the east-
ern Gulf of Finland conducted in 2020-2022. Information on the horizontal and vertical distri-
bution of the indicators was analysed, so samples were taken in the surface, bottom and middle
(at deep-water stations) layers of water. The content of elements was determined by the spec-
trophotometric method. The results are compared and analysed by median values. During
the study period, phosphate phosphorus concentrations in the absolute majority of cases did not
exceed the maximum permissible concentration (0.15 mg/dm?), total phosphorus concentra-
tions on average corresponded to the mesotrophic status, although there were cases of its con-
centration increase to values characteristic of the eutrophic status of a water body. Namely,
in 2020, the concentrations amounted up to 0.091 mg P/dm? in the bottom and surface water
layers in June (mainly at the coastal stations) and in September (mainly in the bottom layer
at the central offshore stations). In summer 2021, the concentrations reached 0.147 mg P/dm?
(surface layer) and 0.171 mg P/dm? (bottom layer) at the coastal stations and 0.163 mg P/dm?
at the central station. Ammonia nitrogen concentrations were mainly within the MPC
(0.5 mg/dm?). In June 2021, local areas along the southern and northern shores of the Gulf of
Finland with relatively high levels of ammonia nitrogen (up to 0.285 mg/dm?) in surface and
bottom water layers were identified. In general, despite the high anthropogenic load, concen-
trations of mineral phosphorus and ammonium in the waters of the Gulf of Finland were within
the MPC, with exceedances recorded rarely, usually in Neva Bay, Koporye Bay and near
the coast of the Kurortny district. Elevated concentrations of total phosphorus at the central
stations can apparently be explained by transport of the substance from the western part of
the Gulf and diffusion from bottom sediments. On average, higher concentrations of total
phosphorus were found in bottom water layers than in surface water layers. In general, con-
centrations of biogenic elements correspond to the mesotrophic status of the water body.

Key words: mineral phosphorus, total phosphorus, ammonium ions, Gulf of Finland, bio-
genic elements, trophic state
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DUHCKOI0 3aJIMBA M0 pe3yJbTaTaM MCCJIeI0BAHUM
2020-2022 roaxos
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AHHOTAIHUSA

N3ydeHa muHaMHKa COACPIKaHHS OHOTCHHBIX JIEMEHTOB (MHUHEpaibHOro ((ocdarHOro)
u obutero ochopa 1 aMMOHUS) TI0 PE3yJIbTaTaM €KET0JHBIX MOHUTOPUHI'OBBIX UCCIIE0Ba-
HUH BOJIbI BOCTOYHOM yacT DuHCKOro 3a1uBa, mpoBoauBiuxcs B 2020-2022 rr. AHanusu-
poBayach HHGOPMAIMS O PACIPENSNICHUH TT0Ka3aTeseil M0 rOPU30HTAN U 10 BEpTHKAIH,
II03TOMY TPOOBI OTOMPAITM B TTOBEPXHOCTHOM, IIPUJOHHOM, a Ha TITyOOKOBOJIHBIX CTAHIIMAX
1 B CEpEMHHOM cJ0s1X BoJpbl. CozepKaHue JIEMEHTOB OIPENEIIsu crieKTpodoTomMeTpuye-
ckuM MeTonoM. CONOCTaBIAIOTCS M aHAIU3UPYIOTCS pe3yNbTaThl IO CPEAHEMEIUAHHBIM
3HaYeHWsIM. B mepuon uccienoBanmii koHneHTpanus ¢pocharaoro dpochopa B abcomoTHOM
OOJBIIHMHCTBE ciTy4aes He npepbimaia I1JIK (0.15 mr/mv?), konnenrparmu o6mero gocdopa
B CPEIHEM COOTBETCTBOBAJIM ME30TPOPHOMY CTAaTyCy, XOTSI HAOIIOJAINCh CIIydaH IOBBIIIE-
HHS €ro KOHLEHTPAlMM J0 3HAuYeHH, XapaKTEePHBIX Uil 9BTpo(dHOro craryca Bojoema:
B 2020 r. B IPUIOHHOM U IIOBEPXHOCTHOM CJIOSIX BOJBI (B MIOHE B OCHOBHOM Ha IPUOPEIKHBIX
crannusx (0.091 mr P/am®) v B ceHTAOpE MPEMMyLIECTBEHHO B MPUAOHHOM CJIOE HA IEH-
TPalbHBIX CTaHLUSX, YAAJIEHHBIX OT Oepera), B 2021 r. J1eTOM KOHLEHTPALUH OCTHIaIH
0.147 mr P/am? (nosepxuocTHbIH croi) 1 0.171 mr P/nm?® (npujioHHBIH ci1oit) Ha mpuOpex-
HeIX cTaHumsx, 0.163 mr P/qm® Ha nentpansnoil craniuu. KoHIEHTpalMy aMMOHUIHOTO
a30Ta B OCHOBHOM Haxouiuch B mipenenax [1JIK (0.5 Mr/z[M3). B nrone 2021 r. BEIIEIISUINCH
JIOKaJIbHBIE 00JIACTH BJIOJIb F0’KHOTO U ceBepHOTo Oepera GUHCKOTo 3a1mBa ¢ OTHOCUTEIBEHO
BBICOKMM COJIEpYKAHMEM aMMOHHMIHOTO a3ota (1o 0.285 mr/nm®) B MOBEPXHOCTHOM | MPUIIOH-
HOM CIIOSIX BOJIBI. B 11€710M, HECMOTPS Ha BBICOKYIO aHTPOIIOT€HHYIO Harpy3Ky, KOHLICHTPaluH
MUHEpaJIbHOTO (hochopa m aMMOHHSA B Bogax DHHCKOTO 3aIrBa HaXOAWINCH B Ipenenax [TJ1K,
MIPEBBIIICHUS PUKCHPOBAIHCH penko, o0sraHO B Herckoit I'y6e, Komopcekoit ['y6e, y mobepe-
xbsi KypoprtHoro paiioHa. [ToBblieHHbIE KOHIIEHTpAIMU 00mIero ¢ocdopa Ha HEHTPATbHBIX
CTaHIMSAX, [TO-BUIUMOMY, MO>KHO OOBSICHUTB IIEPEHOCOM BEILIECTBA U3 3aIlafHOM YacTH 3airBa
n nuddysnei n3 JOHHBIX OTIOKEHHH. B cpeHeM B IPUIIOHHBIX CIIOSX BOJBI OOHAPYKUBa-
eTcst boJiee BRICOKOE CofiepkaHue oomiero gocdopa, 4eM B MOBEPXHOCTHBIX. B 11e10M KOH-
LEHTPAI1 OMOTEHHBIX DJIEMEHTOB COOTBETCTBYIOT ME30TPO(HOMY CTaTyCy BojoeMa.

KuroueBble ciioBa: ¢ochop MuHEepanbHEIA, pochop oOmmid, noHE aMMOHMA, OUHCKUI
3aJIMB, OMOTEHHBIE IIEMEHTHI, TPOQHOCTD
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BaarogapuocTu: pabora BBINIOJIHEHA B paMKax rocynapctBeHHoro 3aganus ®T'BHY
«BHHPO» Ne 076-00005-20-02.

Jonsa uurupoBanns: Cunaxoea M. A., Kpvinosa FO. B., bponnukosa JI. B. BOTeHHbIE 21€MEHTBI
B BOJiax BOCTOUHOM yacT GUHCKOr0 3aJI1Ba 10 pe3yibraTaM ucciegoanuii 2020-2022 rogos
// Dxonoruyeckast 6e30macHOCTb TPUOPEKHON U 1Ienb(oBoit 30H Mopst. 2024. Ne 2. C. 91-106.
EDN EDSGSE.

Introduction

The Baltic Sea belongs to the Atlantic Ocean basin. The sea is deeply incised
into the land, it has a long coastline and complex coastal contours V.

Within the Baltic Sea, several relatively isolated zones can be distinguished,
including the Gulf of Finland. The area of the Gulf of Finland is 29.5 thousand km?;
the average depth is 38 m, the maximum one is 115 m. The rivers Neva, Luga, Narva,
and Sestra flow into the Gulf. The part of the Gulf between the mouth of the Neva
River and Kotlin Island is called Neva Bay; a fairway for the passage of ships was
dug along its bottom . The coast of the Gulf of Finland is characterized by a high
concentration of anthropogenic objects: settlements, ports, agricultural complexes,
as well as nature reserves and historical monuments. A nuclear power plant is located
in the town of Sosnovy Bor, and the second most important city in Russia, Saint
Petersburg, was founded at the mouth of the Neva River.

Thus, the Gulf of Finland is of great importance for the functioning of the econ-
omy of the North-West region of Russia and experiences high anthropogenic load.
This determines the need for careful monitoring of its ecological state. The Leningrad
Region Committee on Natural Resources publishes collections containing information
on the state of the atmospheric air and water of water bodies in the region regularly,
including information on the state of the waters of the Gulf of Finland 2% %",
The hydrochemical characteristics of the Gulf are studied in [1-5].

The parameters under control include concentrations of total phosphorus,
mineral phosphorus and ammonium nitrogen. Phosphorus and nitrogen are
among the elements necessary for the development of living organisms as can be
seen, for example, from the formula of organic matter according to Redfield
(CH20)106(NH3)16H3PO4 and the C:N:P ratio as 106:16:1 [6]. In natural conditions,
it is the lack of phosphorus that often limits the development of hydrobionts.
At the same time, when phosphorus enters water bodies, uncontrolled growth of plant

D Zonn, 1.S., Kostyanoy, A.G., Semenov, A.V. and Zhiltsov, S.S., 2015. [The Baltic Sea:
Encyclopedia). Moscow: Mezhdunarodnye Otnosheniya, 570 p. (in Russian).

2 Natural Resources Committee of Leningrad Region, 2018. [State of Environment in Leningrad
Region]. Saint Peterburg, 372 p. (in Russian).

¥ Natural Resources Committee of Leningrad Region, 2019. [State of Environment in Leningrad
Region in 2018]. Saint Peterburg, 448 p. (in Russian).

4 Natural Resources Committee of Leningrad Region, 2022. [State of Environment in Leningrad
Region]. Saint Peterburg, 528 p. (in Russian).

3) Natural Resources Committee of Leningrad Region, 2023. [State of Environment in Leningrad
Region in 2022]. Saint Peterburg: Papirus, 320 p. (in Russian).
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biomass begins, eutrophication of the water body occurs with the change of its
trophic status and the number of phytoplankton and bacteria increases. According to
trophicity criteria [7], oligotrophic water bodies are characterized by phosphate con-
centrations (for phosphorus) from 0 to 0.012 mg P/dm?, mesotrophic ones — from 0.012
to 0.024 mg P/dm® and eutrophic water bodies — from 0.024 to 0.096 mg P/dm°.
Higher values correspond to hypereutrophic waters.

The content of phosphorus compounds is subject to significant seasonal fluctu-
ations since it depends on the ratio of the intensity of photosynthesis and biochemical
oxidation of organic matter. Minimum concentrations of phosphates in surface fresh
waters are usually observed in spring and summer, maximum ones — in autumn and
winter. Maximum concentrations in sea waters are more typical for spring and
autumn and minimum ones — for summer and winter ©.

Ammonium ions are absorbed by plants turning into glutamic acid, on the basis
of which a—amino acids are synthesized and then proteins, nucleic acids and other
nitrogen-containing substances [6]. They are necessary for the development of
aquatic organisms. At the same time, the NH4" excess has a negative impact, thus
causing fish intoxication ” [8]. Increased concentration of ammonium ions can be
used as an indicator reflecting the deterioration of the sanitary condition of a water
body and the pollution of surface and ground waters. Significant amounts of phos-
phorus and nitrogen compounds enter water bodies with wastewater from agricul-
tural enterprises ", including livestock complexes [8, 9], domestic wastewater from
populated areas and a result of the activities of some industrial enterprises.

The aim of this study is to investigate the dynamics of the content of mineral
(phosphate) and total phosphorus and ammonium in the waters of the Gulf of Finland
according to the results of monitoring studies 2020-2022.

Materials and methods of study

The content of various forms of phosphorus and ammonium ions in the waters
of the eastern Gulf of Finland is monitored as part of the studies conducted annually
by the Saint Petersburg Branch of VNIRO (GosNIORKH named after L.S. Berg).
As arule, two cruises are carried out under these studies: in spring and early summer,
as well as in late summer and early autumn. More specific dates depend on weather
conditions. During the cruises, samples are taken at stations distributed throughout
the water area from several layers of water: surface, bottom and also middle layers
of water at deep-water stations. This is done in order to describe the distribution of
indicators not only horizontally, but also vertically. The number of sampling points
can vary from cruise to cruise.

As a rule, the content of total phosphorus, mineral (phosphate) phosphorus
and ammonium ions is determined in water samples by the spectrophotometric

6 World Water Technologies. [Water Chemistry. Total Phosphorus]. 2024. [online] Available at:
https://wwtec.ru/index.php?id=213 [Accessed: 28 May 2024].

) World Water Technologies. [Water Chemistry. Total Nitrogen]. 2024. [online] Available at:
https://wwtec.ru/index.php?id=212#8.2 [Accessed: 28 May 2024].
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method in accordance with regulatory documents ®- %

Results and discussion

2020

In 2020, two cruises were carried out as part of the monitoring studies: in June
and September. The cruises were carried out according to the VNIRO state assign-
ment No. 076-00005-20-02. Samples were collected at 15 stations during the cruises
(Fig. 1, b).

EINEANDT
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5. 1
¢ Gulfiof  saintperdrsburg
R

SWEDEN

_“VBalticf :
Sea

g

ESTONIA
=

[ESTONIA Narva

Fig. 1. GulfofFinland (the rectangular on the map shows the study
area in the eastern part of the Gulf) (a) and an enlarged image of
the selected area with a sampling station grid () [3, 10]. Google
Maps image (available at: https://www.google.ru/maps)

® Guideline RD 52.24.387-2019; Guideline RD 52.24.382-2019; Guideline RD 52.24.486-2009.

9 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
Concentrations 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).
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Table 1 shows results of determination of total and mineral phosphorus content.
According to the obtained results, the concentrations of mineral phosphorus in the stu-
died areas of the Gulf of Finland in June and September differed slightly. In September,
compared to June, the concentration of mineral phosphorus at many points decreased,

Table 1. Results of determination of phosphorus (in terms of phosphorus) in water sam-
ples in 2020

Mineral phosp?orus, Total phosphé)rus,
Station \;\;?Iteerr mg P/dm mg P/dm
June September June September
1 S 0.001 0.005 0.006 0.013
M 0 0.005 0 0.018
B 0.003 0.008 0.013 0.042
2 S 0 0.002 0.005 0.011
B 0.004 0.008 0.011 0.044
3 S 0 0.004 0.008 0.021
M 0.008 0.002 0.015 0.020
B 0.010 0.009 0.037 0.021
3k S 0.005 0.004 0.005 0.012
B 0.006 0.005 0.018 0.016
4 S 0.003 0.002 0.023 0.007
B 0.005 0.004 0.040 0.019
6k S 0.008 0.004 0.028 0.014
B 0.015 0.006 0.076 0.009
6L S 0.007 0.006 0.014 0.023
B 0.005 0.004 0.023 0.013
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Continued Table 1

Mineral phosphorus, Total phosphorus,
Station \;:?It:rr mg P/dm? mg P/dm?
June September June September
18L S 0.009 0.005 0.044 0.016
B 0.007 0.004 0.010 0.016
19 S 0.001 0.003 0.033 0.013
B 0 0.005 0.003 0.015
20 S 0.002 0.003 0.007 0.011
B 0.006 0.002 0.013 0.013
21 S 0.001 0.004 0.005 0.010
B 0.005 0.004 0.028 0.014
22 S 0.004 0.002 0.012 0.018
B 0.002 0.005 0.036 0.009
24 S 0.003 0.006 0.019 0.037
B 0.012 0007 0.091 0.007
26 S 0.009 0.004 0.073 0.017
B 0.006 0.003 0.013 0.017
A S 0.005 0.005 0.027 0.013
M 0.002 0.002 0.021 0.021
B 0.006 0.005 0.072 0.039
Median value 0.005 0.004 0.018 0.016

Note: S — surface water layer (0-0.3 m); M — middle layer (equidistant from the surface
and bottom); B — bottom layer; mg P/dm® — concentration of mineral and total phosphorus
expressed as phosphorus. Maximum permissible concentration (MPC) of mineral
phosphorus — 0.15 mg/L. MPC of total phosphorus is absent.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2024 97



which corresponds to the expectations and can be explained by the increased consump-
tion of mineral phosphorus by photosynthetic organisms in the summer. The ex-
ceptions were deep-water stations and stations /, 2 and 4 located far from
the shore.

Total phosphorus concentrations were naturally higher and varied from 0
(i.e. below the detection limit), which corresponds to the oligotrophic status of
the water body, to 0.091 mg P/dm?®, which corresponds to its eutrophic status. Total
phosphorus concentration levels characterising the eutrophic status of the water body
were also noted at central stations far from anthropogenic sources (stations 2—4).
However, such concentrations are more typical for the stations where water quality
can be affected by man-made, domestic and agricultural wastewater (stations /9, 21,
24, 26, A, 6k, 18L). It should be noted that in September, high values of total phos-
phorus concentration were observed mainly in the bottom layers of water, including
at station 2, where its maximum value (0.044 mg P/dm’) was recorded. This can be
stipulated by the sedimentation of suspended organic matter and its destruction,
transfer of phosphorus compounds from the western part of the Gulf and their entry
from bottom sediments.

The current regime in the Gulf of Finland is determined by the water exchange
of the Gulf of Finland and the Gulf of Riga with the main part of the Baltic Sea.
The currents are significantly influenced by the runoff of water from the land.
There is a more or less stable constant current directed to the west and explained
by the runoff of the Neva River (Fig. 2). In addition, temporary wind currents arise
under the influence of winds '?.

24° 28° B.JI../
Gulf of Finlpnd \
sl |

60

3=

36°

Fig. 2. Diagram of main constant currents in the Gulf
of Finland. The arrows show current directions

10) Department of Navigation and Oceanography, 2007. [The Baltic Sea Sailing Directions. Part 1.
Eastern Part of the Sea with the Gulf of Finland and the Gulf of Riga]. Saint Petersburg, 656 p. 9in
Russian).
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According to literature data, phosphorus accumulation occurs actively in the deep-
water western part of the Gulf where the biogenic regime is determined by the inter-
nal load on the water body, when additional phosphorus compounds are supplied
from bottom sediments under conditions of oxygen deficiency [11]. Permanent
currents transport the released phosphorus compounds from the western Gulf of Fin-
land to the eastern one.

A decrease in the concentration of dissolved oxygen in the water and the develop-
ment of hypoxic zones are less typical for the eastern Gulf of Finland due to its shal-
lower waters. However, such phenomena are observed precisely in the area of deep-
water station 4 (according to [11], oxygen concentration can vary from 5 to 2 mg/dm?).

On average, the level of total phosphorus (based on the median values) indicates
a mesotrophic status, which is why the MPC for mesotrophic water bodies was used
in Table 1. As follows from the data in Table 1, the mineral phosphorus MPC was
not exceeded either in June or in September.

2021

In 2021, sampling was carried out in May and June, as well as in August and
September, according to the standard sampling scheme from the stations showed
in Fig. 1, a.

This year, not only phosphate (mineral) phosphorus and total phosphorus were
determined, but also ammonium nitrogen.

Table 2 shows the results of water sample analysis.

In spring and early summer 2021, mineral phosphorus concentrations were
very low (lower than in June of the previous year). This can have been stipulated
by the clear sunny weather during that period and, as a result, the intensive develop-
ment of biota, which consumed mineral phosphorus rapidly. On the contrary,
the values of total phosphorus concentration were on average higher than in the same
period last year, and at the same time the median values in May and June were
at the eutrophic level. At stations 3k (surface), 4 (middle), 20 (bottom), they ex-
ceeded 0.096 mg P/dm’ — the upper limit of the eutrophic level. Station 3k is located
in Koporye Bay, station 20 — near the coast of the Kurortny district (the town of
Zelenogorsk). It is logical to assume that increased concentrations of total phospho-
rus are explained by anthropogenic influence. On the contrary, station 4 is located
far from the coast, though a significant content of total phosphorus was observed
in the area of this station earlier, which gives reason to assume the influx of phos-
phorus from bottom sediments and with water masses coming from the western part
of the Gulf, as was already noted above [10].

In May and June 2021, the mineral phosphorus MPC was exceeded at station 4
in the middle layer of waters and at station 20 in the bottom layer.

Unusually high levels of ammonium nitrogen were recorded at a number of sta-
tions (6k, 6L, 18L) located along the southern coast of the Gulf within Koporye Bay
and neighboring Luga Bay, as well as at stations /9 and 20 located near the northern
coast of the Gulf within the boundaries of the Kurortny district of Saint Petersburg.
It is noteworthy that high content of NH4" was characteristic of both surface and bot-
tom layers of water. Areas of ammonium nitrogen increased concentrations in Ko-
porye and Luga Bays can be associated with the influx of biogen-rich river waters,
and near the northern coast — with the anthropogenic load of the Kurortny district.
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Table 2. Results of determination of phosphorus and ammonium nitrogen in water sam-
ples in 2021

Mineral phospglorus, Total phosphg)rus, Ammonilém,
Station \z;t:rr mg P/dm mg P/dm mg/dm
May — | August— May — | August— May — | August—
June September June September June September
1 S N/D N/D 0.004 N/D <0.03 N/D
M N/D N/D 0.009 N/D 0.06 N/D
B 0.005 N/D 0.017 N/D 0.09 N/D
2 S 0.004 0.003 0.029 0.003 <0.03 <0.03
M 0.004 0 0.095 0.0055 <0.03 <0.03
B 0.005 0.003 0.037 0.005 <0.03 <0.03
3 S 0 0.003 0.042 0.003 <0.03 <0.03
M 0.005 0.004 0.005 0.0065 <0.03 <0.03
B 0.002 0.003 0.032 0.006 <0.03 <0.03
3k S 0 0.003 0.147 0.005 <0.03 <0.03
B 0.002 0.004 0.039 0.005 <0.03 <0.03
4 S 0.003 0.002 0.017 0.036 <0.03 <0.03
M 0.006 0.002 0.163 0.039 <0.03 <0.03
B 0.009 0.002 0.034 0.006 <0.03 <0.03
6k S 0.001 0.001 0.042 0.027 0.130 <0.03
B 0.005 0.002 0.024 0.004 0.285 <0.03
6L S 0.002 0.004 0.002 0.013 0.055 <0.03
B 0.003 0.002 0.021 0.008 0.075 <0.03
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Continued Table 2

Mineral phosphorus, Total phosphorus, Ammonium,

3 3 3
Water mg P/dm mg P/dm mg/dm

Station laver
Y May — August — May — August — May — August —

June September June September June September

18L S 0.0008 0.0040 0.0008 0.012 0.150 <0.03

B 0.0010 0.0030 0.0016 0.0055 0.055 <0.03

19 S 0.0030 0.0065 0.0060 0.008 0.155 <0.03

B 0.0030 0.0060 0.0050 0.006 0.055 <0.03

20 S 0.0030 0.0040 0.0260 0.005 0.075 <0.03

B 0.0030 0.0035 0.1710 0.006 0.170 <0.03

21 S 0.0020 0.0150 0.0360 0.015 <0.03 <0.03
B 0.0020 0.0065 0.0080 0.0065 <0.03 <0.03
22 S 0.0016 0.0080 0.0080 0.029 <0.03 <0.03
B 0.0030 0.0120 0.0240 0.016 <0.03 <0.03
24 S 0.0020 0.0040 0.0500 0.013 <0.03 <0.03
B 0.0020 0.0040 0.0440 0.004 <0.03 <0.03
26 S 0.0030 0.0050 0.0090 0.005 <0.03 <0.03
B 0.0010 0.0050 0.0630 0.010 <0.03 <0.03
A S 0.0004 0.0020 0.0120 0.021 <0.03 <0.03

M 0.0030 0.0016 0.0030 0.009 0.030 <0.03

B 0.0065 0.0030 0.0680 0.031 0.070 <0.03

Median value 0.0020 0.0040 0.0290 0.008 <0.03 <0.03

Note: N/D — not determined. See designations to Table 1. MPC of ammonium — 0.5 mg/L.
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Moreover, high content of NH4" was recorded at station 4 in the upper water layer.
Thus, it is possible to assume the formation of local areas (“spots”) with a relatively
high content of ammonium nitrogen, which correlate partially with areas with an in-
creased level of total phosphorus. Despite the recorded high level of ammonium con-
centrations, all values of this indicator were below the MPC.

At the end of August and in September of the same year, the concentrations of
mineral phosphorus changed insignificantly compared to June. The concentrations of
total phosphorus decreased significantly and ranged from 0.003 to 0.039 mg P/dm’.
Values corresponding to hypereutrophic status were completely absent; values ex-
ceeding the upper limit of the mesotrophic level were recorded only at stations 4
(surface and middle), 22 (surface) and 4 (bottom). Ammonium nitrogen concentra-
tions were either below the detection limit or negligible.

2022

In 2022, samples were taken in June and September from the stations shown
in Fig. 1, a.

As in 2021, phosphate (mineral) phosphorus, total phosphorus and ammo-
nium nitrogen were determined.

Table 3 shows the results of water sample analysis.

Table 3. Results of determination of phosphorus and ammonium nitrogen in water sam-
ples in 2022

Mineral phosphorus, Total phosphorus, Ammonium,
3 3 3
' Water mg P/dm mg P/dm mg/dm
Station laver
4 May — August — May — August — May — August —
June September June September June September
1 S 0.0008 0.0008 0.007 0.0008 <0.03 <0.03
M 0.0040 0.0040 0.001 0.0200 <0.03 <0.03
B 0.0070 0.0070 0.002 0.0390 <0.03 <0.03
2 S 0.0004 0.0004 0.027 0.0020 <0.03 <0.03
M 0.0003 0.0003 0.008 0.0004 <0.03 <0.03
B 0.0003 0.0003 0.041 0.0003 <0.03 <0.03
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Continued Table 3

Mineral phosphorus, Total phosphorus, Ammonium,
3 3 3
. Water mg P/dm mg P/dm mg/dm
Station laver
4 May — August — May — August — May — August —
June September June September June September
3 S 0.0007 0.0007 0.0170 0.0007 <0.03 <0.03
M 0.0040 0.0040 0.0013 0.0670 <0.03 <0.03
B 0.0030 0.0030 0.0120 0.0030 <0.03 <0.03
3k S 0.0016 0 0.0016 0.0020 <0.03 <0.03
B 0.0010 0.0020 0.0030 0.0024 <0.03 <0.03
4 S 0.0013 0 0.0060 0.0003 <0.03 <0.03

M 0.0013 0.0030 0.0740 0.0030 <0.03 <0.03

B 0.0070 0.0070 0.1140 0.0240 <0.03 <0.03

6k S 0.0010 0.0008 0.0080 0.0008 <0.03 <0.03

B 0.0050 0.0040 0.0010 0.0120 <0.03 <0.03

6L S 0.0080 0.0030 0.0010 0.0100 <0.03 <0.03

B 0.0013 0.0040 0.0160 0.0040 <0.03 <0.03

18L S 0.0016 0.0040 0.0120 0.0200 <0.03 <0.03

B 0.0016 0.0030 0.0390 0.0065 <0.03 <0.03

19 S 0.0020 0.0030 0.0020 0.0060 <0.03 <0.03

B 0.0020 0.0040 0.0050 0.0130 <0.03 <0.03

20 S 0.0013 0.0003 0.0016 0.0130 <0.03 <0.03

B 0.0010 0.0040 0.0160 0.0290 <0.03 <0.03

21 S 0.0013 0.0010 0.0070 0.0310 <0.03 <0.03

B 0.0013 0.0080 0.0016 0.0340 <0.03 <0.03
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Ended Table 3

Mineral phosphorus, Total phosphorus, Ammonium,
3 3 3
. Water mg P/dm mg P/dm mg/dm
Station laver
4 May — August — May — August — May — August —
June September June September June September
22 S 0.0013 0.0030 0.0013 0.0030 <0.03 <0.03
B 0.0003 0.0050 0.0013 0.0090 <0.03 <0.03
24 S 0.0013 0.0010 0.0013 0.0120 <0.03 <0.03
B 0.0010 0.00070 0.0220 0.0120 0.04 <0.03
26 S 0.0013 0.0016 0.0100 0.0040 0.06 <0.03
B 0.0140 0.0016 0.0410 0.0050 <0.03 <0.03
A S 0.0008 0.0008 0.0016 0.0008 <0.03 <0.03
M 0.0013 0.0016 0.0100 0.0070 <0.03 <0.03
B 0.0030 0.0340 0.0590 0.0430 <0.03 <0.03
Median value 0.0010 0.0030 0.007 0.0070 <0.03 <0.03

Note: N/D — not determined. See designations to Table 1. MPC of ammonium — 0.5 mg/L.

In June 2022, mineral phosphorus concentrations were at traditionally low levels.
Ammonium nitrogen concentrations were also insignificant. The total phosphorus
content varied from 0.001 to 0.074 mg P/dm’. It exceeded 0.024 mg P/dm’ at sta-
tions 2 (bottom), 4 (middle), /8L (bottom), 26 (bottom) and A (bottom). A similar
picture was observed in September, only the content of total phosphorus was from
0.002 to 0.067 mg P/dm? and the overflow of the mesotrophic state was recorded
at stations / (bottom), 3 (middle), 20 (bottom), 21 (bottom) and A (bottom).
As in September 2020, total phosphorus was accumulated in the bottom layer.
In general, the content of biogenic elements in the Gulf water this year was lower
than in 2020 and 2021, and the median values of total phosphorus concentrations

in both seasons were even at the oligotrophic level.
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Conclusion

A comparison of the 2020-2022 measurement results makes it possible to draw
a number of conclusions.

Despite high anthropogenic load, the concentrations of mineral phosphorus and
ammonium in the waters of the Gulf of Finland are within the MPC limits, and
exceedances have been recorded quite rarely.

Over the period under discussion (three years for phosphorus, two years
for ammonium), the concentrations of the studied biogenic elements fluctuated
within relatively narrow ranges of values showing no obvious trends toward increase
or decrease. Significant concentrations of total phosphorus are usually observed
in such areas as Neva Bay, Koporye Bay, the area near the coast of the Kurortny
district, that is, in the areas with the greatest anthropogenic impact. Once in 2021,
an elevated, compared to normal, level of NH4" was recorded in Koporye and Luga
Bays, as well as near the coast of the Kurortny district. Stations 4 (deep-water)
and 4 (remote from the coast) deserve special attention as there, elevated concentra-
tions of total phosphorus have been periodically recorded. Apparently, this can be
explained both by the transport of the substance from the western part of the Gulf
and diffusion from bottom sediments.

On average, higher concentrations of total phosphorus were found in bottom
water layers than in surface water layers.

Generally, concentrations of biogenic elements correspond to the mesotrophic
status of the water body.
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Abstract

Arsenopyrite is a common mineral of the sulphide class, belonging to minerals of hydro-
thermal genesis. On anthropogenic dumps, arsenopyrite is exposed to weathering agents
and releases arsenic into the environment. In areas, where Cu, Pb, Zn minerals are mined,
arsenic contamination of the environment is a serious problem. The results of this study
show that arsenopyrite ores are capable of releasing arsenic and heavy metals during
weathering on dumps under seepage and flooding conditions. The paper presents the results
of a laboratory experiment on a developed simulation model of substance change in ore mine
dumps under two conditions: seepage (modelling open ore dumps through which rainwater
seeps) and flooding (modelling ore dumps stored in flooded lowland areas). The modelling
conditions were consistent with the real ones. The ratio of arsenopyrite and sand was 1:20.
The duration of the experiment was 60 days, which allowed determining arsenic in different
chemistries. During the experiment under water seepage conditions, pH decreased and re-
dox potential varied from 5 to 50 mV. With decreasing pH, release of metals and arsenic
into the environment increased over time. Once pH reached values characterising an acidic
environment (2.0—4.5), weathering markedly accelerated. Under conditions of excess water
with high dissolved oxygen content, metals released faster. When pH was between 5.5 and
6.0, the rate of metal release decreased. When the ore was oxidised, iron in the divalent
form Fe(Il) slowly oxidised to Fe(Ill) at the pH value above. Under these conditions,
Fe(IIl) was hydrolysed in the column. Thus, the released arsenic was adsorbed on Fe(III)
and the resulting iron hydroxide Fe(OH); coated the ore particles. Due to the reduced contact
of the waste ore with the aqueous medium, the arsenic concentration continued to decrease.
Under both seepage and flooding conditions, As(II) dominated As(V) in the flow exiting
the ore column. As(III) can be highly toxic to the environment, therefore care should be taken
to ensure that conditions are provided for its conversion to less toxic As(V).
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AHHOTANNA

APCEHONMPHUT — PACIIPOCTPAHEHHBIH MHHEpaJl Kiacca Cylb(UI0B, OTHOCSIIUICS K MHHE-
pajiaM THAPOTEPMAIIBHOTO MPOUCX0XkAeHHsI. Ha TeXHOTEeHHBIX OTBalaX apCEHOIUPHUT MOJ-
BEPraeTcsi BO3ACHCTBUIO arcHTOB BBIBETPUBAHMS M BBIACIACT MBIIIBSIK B OKPY>KAIOILYIO
cpeny. B pationax, rie paspabareiBarorcs MuHepaisl Cu, Pb, Zn, 3arps3HeHue okpyxa-
IOIEeH Cpelbl MBIMBIKOM SIBJISETCS CEphe3HOW mpolOsieMol. Pe3ynbTaThl HACTOSAIIETO
HCCIIEIOBaHMS MOKAa3bIBAIOT, YTO NP BHIBETPUBAHUY HA OTBAJIAX B YCIOBHAX IIPOCAUH-
BAaHUS W 3aTOIUIEHHs apCCHOIMPHUTHBIE PYIbl CIIOCOOHBI BBIACIATH MBIIIBSIK W TSDKEJbIC
Metasbl. [IpeactaBieHsl pe3ynbTaThl JIAOOPATOPHOTO SKCIIEPUMEHTA Ha pa3pabOTaHHOU
MMHTAIMOHHON MOJIETIM M3MEHEHUs BEIECTBA B PYAHBIX OTBAJaX INAXT MPH ABYX yCIOBH-
SIX: TIPH TIPOCayMBaHUM (MOJEINPOBAHNE OTKPHITHIX OTBAJIOB PY/Ibl, Yepe3 KOTOpbIE Mpoca-
YHBAETCS JOXKJIEBas BOJAa) M 3aTOIUICHUH (MOJEIMPOBAHUE OTBAJIOB PYJIbl, XPaHIIIUXCS
B 3aTOIVICHHBIX HU3WHHBIX paiioHax). MopenbHBIC YCIOBHS COOTBETCTBYIOT PEalbHBIM.
CootHomtenue apceHonuputa U necka 1:20. IIpogomkUTenbHOCTh SKCIEPUMEHTA COCTaB-
nseT 60 CyT, UTO MO3BOJISIET ONPENENNUTh MBIIIBIK B PA3IMYHBIX XHUMHUYECKUX BEIIECTBaX.
B xone skcniepuMeHTa B yCIOBUSIX MHQUIbTpanuy Boabl pH cHIXaeTcs, a OKHCIUTENBHO-
BOCCTaHOBUTEJIBbHBIN MOTEHIMAN BapbupyeT oT 5 1o 50 MB, npu camxenun pH Bwiaene-
HUE METAJJIOB U MBIIIBSIKA B OKPYKAIOIIYIO CPEy C TCUCHUEM BPEMEHH yBEINIHBACTCS.
o noctmxennn pH 3HaYeHMIA, XapaKTEepU3YIOMNX KUCIyio cpeay (2.0-4.5), BeIBeTprBaHHE
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3aMeTHO ycKopsieTcs. B ycnoBusix u30bITKa BOABI IIPH BBICOKOM COJEPKAHUU PACTBOPEH-
HOTO KHCJIOpOJa METaJlIbl BeICBOOOXKAaroTcst ObicTpee. Korna pH HaxoanTes B quanasoHe
oT 5.5 10 6.0, CKOpPOCTh BHICBOOOXKIEHUSI METAJUIOB CHIXKaeTcs. IIpn OKuCcIeHNH py sl
xene3o B nByxBaienTHoi popme Fe(Il) meanenno oxucnsiercst no Fe(Ill) npu pH, ykazan-
HOM BhIme. B atux ycnmoBusax Fe(Ill) rupponmsyercs B kononke. Takum oOpa3oM, BBIIENS-
onuiics MeIubik ancopoupyercs Ha Fe(Ill), a oOpasyromuiics THAPOKCHA >Kene3a
Fe(OH); nmokpeIBaeT 4acTHIIBI Py IbI.

KioueBble ciioBa: 3arpsi3HEHHE MBILIBSIKOM, TPaHC(HOPMAIUs MBIIIbIKA, apCEHOMUPUT,
J00bIYa PYbl, TOKCHYHBIE OTXO/IbI, IPOMBIILICHHBIE OTXO/Ibl, AHTPOMIOI€HHOE 3arpsI3HEHUE

BaaronapHocTH: aBTOpPHI BHIPAKAIOT HCKPEHHIOIO OJIarolapHOCTh XaHOWCKOMY YHUBEPCH-
TETY IPUPOAHBIX PECYPCOB M OKPYKAIOLIEH cpelbl, XaHOMCKOMY YHHBEPCUTETY €CTECTBEH-
HBIX HaykK, FOxHOMy oTaeneHHio COBMECTHOTO POCCHHCKO-BBRETHAMCKOTO TPOMHYECKOTO
HAYy4YHO-HCCIE0BATENBCKOIO M TEXHOJOIHMUECKOr0 LEHTpa U MHCTUTYTY 3KOIOTMUYECKHX
TeXHOJOorui, BreTHAMCKONM akaJeMuu HayK U TEXHOJOIHMH, KOTOpbIE CO3JaJIH YCIIOBUS
JUIS TIPOBE/ICHUS HICCIICIOBAHUS 1 TIOMOTJIN MCCIIEA0BATEIILCKOM IPYTINE B €TO PEATU3AINH.

Jnsi nurupoBanus: OLEHKA 9KOJIOTMYECKON OMACHOCTH YCIOBHH XpaHEHHs OTXOI0B
JNOOBIYM U NepepaboTKK apceHONUPUTHBIX MuHepanoB / Jle Txy Txywu [u ap.] // Dxomno-
rudeckas 0e30MmacHOCTh NPUOPEKHON U menbpoBoit 30H Mopst. 2024. Ne 2. C. 107-121.
EDN WCMKIB.

Introduction

Arsenopyrite is a compound of iron and arsenic sulphide (FeAsS) and one of
the most common minerals among sulphides today. The chemical composition of
arsenopyrite, according to microprobe analysis, is usually as follows: Fe = 34.05%;
As = 43.87%; S = 21.76% [1]. Samples of waste arsenopyrite ore for this study
were taken from tin ore mining and processing waste in the upper reaches of
the Nam Huong River (Quy Hop district, Nghe An province, Vietnam).

Mining has a negative impact on the environment and poses a danger to the eco-
system in general and to humans in particular [2]. It is a significant problem
in many countries around the world, including Vietnam.

The mining and processing of natural resources increases the rate at which
heavy metals enter the environment, including aquatic ecosystems. Waste arse-
nopyrite ore stored in dumps is exposed to the atmosphere and slowly oxidises.
In the process, arsenic converts to more water-soluble oxides, which through natu-
ral transformation leads to the release of sulphur. These sulphide minerals oxidise
to form acid mine discharges and alter the properties and toxicity of the metals.
Despite the risk of arsenic and heavy metal pollution from mine acid wastewaters
and ore dumps, little attention has been paid to this problem.

High levels of arsenic have been found in the area of ore mining, possibly
due to the weathering of FeAsS arsenopyrite and its leaching in water, especially
in an old tin mine in the Ron Phibun area of Thailand (5000 pg/L). In the USA,
the mining district of Fairbanks County (Alaska) has an arsenic concentration of
104 pg/L, and arsenic concentrations in groundwater in Coeur d'Alene County
(Idaho) are as high as 1400 ug/L [3].
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G. S. Kamm et al. [4] found in their study that arsenic in the form of methylat-
ed compounds is transformed to a lesser extent than inorganic arsenic (As® and
As"). Inorganic arsenic in soil can undergo various transformations including oxi-
dation decrease, functional degradation and biotransformation. The flooded soil is
dominated by arsenite with low redox potential, and at pH equal to 5-8, As™ is
mostly transformed as As’*, while in a reducing environment and at low pH,
As(III) will dominate.

Some studies on geochemical characteristics of arsenic in mining operations
showed that the release of arsenic into the environment strongly depends on the pH
value, redox potential and heavy metal content [5, 6].

Today, there are limited studies on arsenic transformation in Vietnam, so stud-
ying the release of heavy metals, As(IIl) and As(V) on ore dumps is of great
importance. This will improve the environmental protection of mining operations
and storage of their waste in natural conditions.

The purpose of this study is to use the results of laboratory experiments
to assess the impact level of waste from arsenopyrite minerals mining and pro-
cessing on the environment under different conditions of their storage (seepage and
flooding).

Experimental part

Design and construction of experimental models, preparation of reagents

To study the release of arsenic and heavy metals from arsenopyrite ore dumps
and the transformation of As(IIl) into As(V), it is first of all necessary to develop
a simulation model of substance change in mine ore dumps under conditions of
seepage (an open ore dump into which rainwater seeps is modelled) and flooding
(ore dumps stored in flooded lowland areas are modelled) [7]. The structure of
the experimental model is presented in Fig. 1, the main elemental composition
in a sample of a 1:20 mixture of arsenopyrite ore and sand is given in Table.

Element composition (mg/kg) of arsenopyrite ore samples and mixture of arsenopyrite ore
with sand (1:20)

Material As Cr Mn Fe Ni Cu /n Cd

Arsenopyrite ore 164.73 932 125352 2137745 4796 5257.54 576.45 14.20

Mixture of
arsenopyrite ore 812  0.51 6032 987.16 281 64664 2643 146
with sand
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Fig. 1. Equipment scheme: 1 — plastic lid; 2 — fine mesh; 3 — plas-
tic sheet (PE); 4 — rubber buttons; 5 — valve in the lower part;
A — layer of gravel and soil taken from dump; B — sample of pyrite
ore mixed with sand; C — column; D — gravel layer

The mixture of arsenopyrite ore and quartz sand in the ra-

~C tio of 1:20 (this ratio is similar to that in the ore dump) is

packed into a test column of 45 x 1000 mm (particle size 0.5—

2.0 mm) and void volume of about 250 ml is left (Fig. 1).

The order of the layers in the filled column is as follows.

The first layer (4), 20 mm thick, is a mixture of soil debris and

<1 gravel removed from the mine to create conditions close to

real ones (organic matter from 1.5%) [8]. The second layer (B)

is an ore—sand mixture 650 mm thick, weighing 878 g. The

third layer (D) is a supporting layer of gravel with a diameter

of 3—5 mm. The composition of the used aqueous phase is
similar to that of natural rainwater [9].

The composition of the used aqueous phase (in mg/L) is similar to natural

rainwater (pH = 6.5):

Ca* 24 Cl 390 NH," 1.5 NOs  4.44
Na" 85 SO~ 535 Mg* 1.9 HCOsy  24.40

Reagents. As(Ill) 0.1 M (7500 ppm) standard solution: a mixture of 0.9902 g
arsenic (III) oxide and 2.5 g NaOH (chemically pure) was placed in a 100 mL
measuring flask, then 70 mL of hypoxic water was added and shaken. Then 10 mL
of 2 M solution of HCI in hypoxic water was added, brought to the mark with hy-
poxic water and stirred. The experiments were carried out under nitrogen atmo-
sphere.

Standard solutions of As(V) and metal ions Cu**, Cd*", Mn**, Fe*, Ni**, Zn**
were prepared from Merck standard solutions.

Procedure

Seepage conditions. Water with the composition given above was poured into
the column (Fig. 1), with the mouth of the column and the valve at the bottom open
for two days. Then 120 mL of water simulating natural rainwater was poured into
the column. The valve was opened and the seepage rate in the column was main-
tained at 8.5 cm/h (normal rate of water seepage through a waste ore layer) [10].

The solution that had passed through the column was collected in full. Then
20 mL of the collected solution was taken to analyse the content of Fe, Mn, Ni,
Cu, Zn, total As, As(Ill) and As(V), which are the major ions often accompany-
ing the weathering process of arsenopyrite. The remainder of the sample was saved
for the following experiments. The valve and the column mouth were opened.
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In five days, 120 mL of water simulating natural rainwater was added to the stored
solution, then it was passed through the column and sampled. This sampling pro-
cess was repeated once a day for five days (simulation of natural processes).

Flooding conditions. The research equipment was set up as shown in Fig. 1,
and the effect of horizontal flow was not considered in the experiment due to its
less influence on the weathering process. The arsenopyrite ore from the dump and
the used aqueous phase had the same composition as in the seepage conditions.

First, the aqueous phase was oxygenated using an aerator to ensure a dissolved
oxygen concentration of about 8 mg/L. After loading the ore, the column was
continuously kept filled. The water level was 25 cm above the upper boundary of
the ore—sand layer. The samples were left for five days after collection. At the same
time, 20 mL of the newly collected solution were carefully withdrawn to analyse
the same parameters that were determined under seepage conditions. The amount
of water lost during sampling was replenished.

Under both seepage and flooding conditions, the experiment was conducted
for 60 days [1]. An aliquot of the sample was taken at the same time to analyse
for heavy metal content. The modelling experiments were repeated three times.

To further investigate the ability to release iron and arsenic in an acidic medi-
um under real conditions, the authors conducted experiments at pH values from 4.5
to 2.5. The course of the experiment was the same as under seepage conditions:
120 mL of aqueous phase with the above composition was added in a pre-stored
solution. A 4 M HCI solution was used to adjust the pH value of the water before
each wash through the column and 20 mL of sample was taken for analysis.
The above procedure was repeated (pH adjustment for five days and sampling).

Methods of As(11l) and As(V) separation and quality indicator in a sample

The method of As(IIl) and As(V) separation in a solution of ethanol and water
with a ratio of 30:70 involves single filtration using Lewatit MonoPlus M 500 ion
exchange resin [11]. All experiments were performed in the nitrogen atmosphere to
prevent arsenic oxidation. The process of arsenic extraction is shown in Fig. 2.

Ethanol 30%

3 mL/min
Water .| Column SPE C18 l’ . |Anion Exchange .
Sample v (3 mL/min) (70 %) Column © »| Analysis As(I1I)
. v
HCl 3.0 M o mH/min Anion Exchange|, | Analysis As(V)

Fig. 2. Scheme of separation of As(III) and As(V) [11]
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The content of Ni*", Cu®*, Pb*", Zn**, Fe**, As(Ill) and As(V) ions was ana-
lysed on an atomic absorption spectrometer, As was analysed by the cold vapour
method.

Sample processing and analysis

The liquid samples were treated using HNO3; and HCl acids at a volume ratio
of HNO3:HCl as 1:3, at a rate of 50 mL of acid mixture per 100 mL of the sample.
Then, As and heavy metals were measured using an atomic absorption spectropho-
tometer (model iCE 3500, Thermo Scientific, USA), Fe*" was analysed according
to the Vietnamese standard TCVN on a DR 5000 device (HACH), whereas pH, Eh
and dissolved oxygen content were measured using Hanna HI98304 electrodes
(Romania).

Solutions of HCI, HNO3 with different concentrations were prepared from 37%
concentrated perchloric acid HCl and 65% nitric acid HNO; (chemically pure,
Merck) in distilled water or in hypoxic distilled water, depending on the require-
ments of each experiment.

After separation of As(IIl) and As(V) by single filtration using Lewatit Mono-
Plus M 500 ion exchange resin. A solution of ethanol and water (30:70% vol.) !
was used as a reference solution [10], and the method reproducibility, the limit of
detection (LOD) and the limit of quantification (LOQ) were evaluated [12].

The method reproducibility was calculated using the following formula:

S,:SD:\/ 1 DX, -X), RSD%:%XIOO,
i=1

n—14
where S, — standard deviation of repeatability; X - average concentration of
the analysed substance in the test sample; X; — concentration of the sample of
the i-th test; n — number of repetitions (10 times); RSD — relative standard devia-
tion.

Limit of detection: LOD =3 x SD.

Limit of quantification: LOQ = 10 x SD.

According to the experimental results, the LOD, LOQ values for As(IIl) were
0.06 and 0.1, respectively, and for As(V) were 0.05 and 0.08, respectively. These
low values show that the analysis allows separation of As(Ill) and As(V) even
for samples with low arsenic content.

D Le Tu Hai, 2016. Study of separation and determination method for anorganic arsenic(Ill) and
arsenic(V) forms in natural water samples. Abstract of doctoral thesis. Vietnam National
University, Hanoi.
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Results and discussion
Rate of metal and arsenic release in seepage conditions

Change in the pH and redox potential Eh values in seepage conditions

The experiment was conducted as described in Section 2.2, with the thickness
of the ore dump layer being 65 cm. But in fact, the exposed waste ore dumps can
be tens of metres thick. Thus, the experimental model gradually accumulates weath-
ering products. Fig. 3 shows the changes of pH and Eh after 60 days of testing.

The results of the studies, presented in Fig. 3, showed that pH tends to de-
crease gradually and Eh tends to increase gradually, but for 60 days of observation
the change in the model was insignificant. The decrease in pH in the aqueous phase
was due to the weathering of sulphur minerals (mainly iron sulphide) with the for-
mation of H' ions,

2FeS; + 50, + 2H,0 > 2Fe*" + 48032- +4H"
and hydrolysis of metal ions (mainly Fe’")
Fe’* + 3H,0 < Fe(OH); + 3H™.

A small amount of Fe(Il) was released in the first few days, and the oxidation
of Fe(II) to Fe(IIl) consumed H" ions:

2Fe*" + 1,0, +2H" & 2Fe* + H,0.

Thus, the pH value did not change significantly. When iron was released
in larger amounts, the hydrolysis occurring in the column along with oxidative
weathering led to an increase in the concentration of H' ions, so the pH always
tended to decrease [13].

At the same time, the redox potential of the solution (Eh) seeping through
the waste ore column tended to increase gradually. This may be due to the fact that
initially arsenopyrite particles are less bound, so their contact with dissolved oxy-
gen and air oxygen causes oxygen to diffuse through the aqueous film. Therefore,

S = N Wk L NN
pH

0 10 20 30 40 50 60
Days

ee®eeoFh —.—pH

Fig. 3. Dynamics of pH 1 Eh under seepage conditions

114 Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2024



more oxygen is consumed. Over time, the surface of ore grains decreases due to
adhering layers of iron hydroxide, which hinder the oxidative weathering process.
But under the experimental conditions, the total amount of air oxygen entering
the waste ore column during sampling was almost the same.

Consequently, the concentration of dissolved oxygen increased. This led to
an increase in Eh of the aqueous phase passing through the column. Throughout
the experiment, the pH of the aqueous phase was always between 5 and 6, so it can
be considered that the concentration of Fe’" was only within the solubility product
of Fe(OH); at the corresponding pH value. Consequently, Fe** has an insignificant
effect on the redox potential of the aqueous phase.

Release rate of arsenic and heavy metals in the aqueous phase

Changes in the concentrations of arsenic and some major heavy metals in arse-
nopyrite ore accumulated in the aqueous phase during 60 days are shown in Fig. 4.

During the first 30 days of the experiment, when the waste ore was exposed
to air and water oxygen, the release of iron and arsenic from the ore tended to in-
crease gradually and pH of the aqueous phase was about 6.0. At this pH value,
Fe(Il) was oxidised to Fe(Ill) due to dissolved air oxygen in water, simultaneously
Fe(Ill) was hydrolysed to form a sparingly soluble Fe(OH)s precipitate and re-
mained on the waste ore column. The released arsenic is also adsorbed on Fe(OH)s,
so the arsenic concentration in the aqueous phase increased slowly.

25 2000

20 _-®
1500

—_
wn

1000

10

As, ppb, Cu, ppm

Fe, Mn, Ni, Zn, ppm

—a— Fe total 7n — a= Mn
—x— N1 —4&—Cu ——As

Fig. 4. Release of arsenic and some metals into the water phase
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After 30 days, when pH of the aqueous phase decreased below 6 and conti-
nued to decrease below 5, the concentration of total iron in the aqueous phase
increased markedly due to a decrease in the oxidising capacity of air oxygen and
the precipitation of Fe(OH); decreased. In parallel with this process, the total arse-
nic concentration was increasing rapidly as the percentage of this element, ad-
sorbed on Fe(OH)s, was decreasing.

The content of iron and arsenic in the aqueous phase at this stage is also
affected by the increased rate of ore weathering along with an increase in H™ con-
centration in the aqueous phase. The content of other metals increased markedly
only during the first week of weathering; thereafter, it remained almost unchanged.
At the same time, arsenic was also adsorbed on the formed Fe(OH); until pH of
the water decreased to about 5.0. The mechanism of heavy metals (Mn, Ni, Cu and
Zn) release from the ore is the same as for arsenopyrite. When the pH value falls
below 5.0, their concentration noticeably increases and is: Mn from 5.21 to
20.11 ppm, Ni from 0.67 to 1.74 ppm, Cu from 99.64 to 370.42 ppm and Zn from
2.51 to 13.56 ppm. The above results showed that pH is a secondary factor, while
it has a decisive influence on the release of arsenic and other heavy metals from
exposed dumps of arsenopyrite ore.

The study results also showed that the release of arsenic and heavy metals
in the waste ore increases over time and their concentration in the filtrate stream
will increase (especially Zn and Mn) (Fig. 4). Consequently, they pose a higher risk
to the environment.

Transformation of arsenic during arsenopyrite weathering

The experiment under the above conditions shows that in parallel with oxida-
tive weathering of arsenopyrite, As(IIl) is oxidised and released from the ore, as
well as sulphur is. The results showed that Eh of the aqueous phase in the column
varied from 5 to 50 mV (Fig. 5). Over time, as the concentration of As(IIl) in-
creased, the concentration of As(V) also increased. This suggests that the oxidation
of As(IIl) to As(V) in the waste ore occurs almost continuously, at pH values be-
tween 5 and 6. There is a balance between adsorption and desorption of pentavalent
arsenic on precipitated Fe(OH); in the column as well as between As(III) and
As(V) content in the aqueous phase, which is also shown by [1].

In dumps of arsenopyrite ores or sulphur-containing minerals, the actual meas-
ured pH of the filtrate has very low values (from 2.5 to 4.5) [13, 14]. This pH
favours the dissolution of minerals with the formation of dissolved metals, which
are toxic particles that then enter the water.

During the experiment, the pH value of the solution in the waste ore column
may not have reached the actual pH values in the aqueous phase (Fig. 5).

Fig. 5 shows that pH decreased from 4.5 to 3.5 and the total iron concentration
in the aqueous medium increased sevenfold. This is due to the solubility of iron
in water, mainly Fe(IIl), by precipitation of hydroxide. At the same time weather-
ing was stronger in the acidic environment. At pH from 3.5 to 2.5, the total iron
concentration increased more slowly (about 2.2 times), since the hydroxide forms
of iron are almost completely dissolved in the aqueous phase in the form of
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Fig. 5. Release of iron under low pH

Fe(OH)*" and Fe(OH)** hydroxocations, as well as Fe**. As can be seen in Fig. 5,
As(V) is an ion with strong adsorption capacity on Fe(Ill) hydroxide, so in the re-
gion of low pH values, the concentration of As(V) increased less than that of
As(III)). This indicates that As(V) was not adsorbed (whereas Fe(OH); was almost
absent). When pH decreased from 3.5 to 2.5, the concentrations of Fe and As(III)
increased, possibly due to an increase in the weathering rate in the acidic media,
resulting in greater release of these elements into the aqueous phase.

Release rates of weathering products and some heavy metals in flooding con-
ditions

The experiments were carried out as described in Section 2.2. The changes
in pH, Eh and concentration of some typical heavy metals during the experiment
are presented in Fig. 6, which shows that the pH value decreased markedly
(from 6.5 to 5.0) when the ore was loaded into the column. The decrease in pH is
due to the fact that dissolved oxygen in the initial aqueous phase provides the oxi-
dative weathering of the ore. As a result, a certain amount of H" ions is released
and pH decreases. In this condition, the Eh value decreased sharply, possibly due to
the oxidation processes in the ore, which resulted in the formation of alternative
forms of reduced compounds. By the end of the experiment, the Eh value decreased
sharply due to the predominance of reduced forms, and no more dissolved oxygen
was introduced into the column.

In flooding conditions with low water content, the pH and Eh dynamics were
completely different from those under seepage conditions, and the weathering pro-
cesses with release of ions into the aqueous phase also varied completely in differ-
ent conditions. Concentrations of heavy metals in the water increased significantly
in the first three weeks and then decreased slowly (Fig. 6, b). This is fully consis-
tent with the evolution of the pH value in the aqueous phase. As mentioned above,
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oxidative weathering occurs at this stage under the influence of initially dissolved
oxygen. However, with a gradual decrease in oxygen content, the pH increased,
Eh decreased, the concentration was almost constant, as with other metals, and then
gradually decreased. This reduction process occurs because the amount of generat-
ed metal ions decreases while pH increases, which favours the adsorption of metal
ions and their stronger binding to the newly formed Fe(OH)s. This is also in agree-
ment with the results of similar studies [5, 13].

In conditions of oxygen deficiency in water, the concentration of As(V)
in the aqueous phase tended to decrease gradually with decreasing dissolved oxy-
gen, while the concentration of As(IIl) increased gradually (Fig. 7). In this case,
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Fig. 7. Transformation of arsenic under flooding conditions
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it can be clearly seen that the total concentration increased only in the first days
when oxidative weathering process mainly occurred. Consequently, the concentra-
tion of metals increased in the aqueous environment. Then, with decreasing oxygen
content, the total concentration hardly changed. Only the transformation of As(V)
to As(IIl) in the aqueous phase took place with the predominance of reducing ions
such as sulphite ions.

The above experimental results show that in the open air the dumped arse-
nopyrite ore is able to oxidise with the release of iron and other heavy metals.
However, at pH value > 5 heavy metals are easily adsorbed and bound to Fe(IIl)
hydroxide, which results in reduction of their ability to enter the environment.
In the pH range from 2.5 to 5.0, large amounts of iron and other heavy metals are
released.

Under flooding conditions, due to oxygen deficiency, the weathering process
only occurs initially, when there is still enough oxygen in the aqueous phase as well
as in the dumped ore mass. After that, the weathering process almost stops, instead
reactions between the previously formed products take place, with the ion concentra-
tion in the aqueous phase almost unchanged.

If tailings of arsenopyrite or other sulphide minerals are left submerged,
the potential for environmental contamination from weathering will be greatly
reduced.

Conclusion

In order to assess the environmental safety of storage conditions of arsenopy-
rite waste ore dumps, the paper presents the results of laboratory experiment in two
conditions: under seepage (modelling of an exposed ore dump with rainwater
seepage) and flooding (modelling of ore dumps stored in flooded lowland areas).
The obtained data allowed assessment of the influence of storage conditions
on the release of arsenic and other heavy metals into environmental objects.

Laboratory modelling of weathering of arsenopyrite waste ore in seepage con-
ditions shows that the pH value gradually decreases with time; while the content of
released elements gradually increases. At lower pH values (4.5+2.5), the concen-
tration of elements in the aqueous phase noticeably increases. This is explained
by the effects of adsorption, desorption, dissolution of Fe(Ill) hydroxide formed
due to weathering of ore, and formation of acid in the process of weathering.

In flooding conditions, the elements are released from arsenopyrite ore only
in the initial period, then weathering almost does not occur and the concentration of
the elements in the aqueous phase almost does not increase.

Weathering of arsenopyrite ore is one of the pathways for metals to enter
the aquatic environment and is a cause of environmental pollution. Thus, limiting
the As release process by storing waste ore and ore tailings in a flooded form will
significantly reduce environmental pollution during mining of arsenopyrite and
sulphur-containing ores in general.

Thus, As(IlI) dominates the weathering process. It is toxic to the environment,
so further research is needed to propose solutions for its conversion to As(V).
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Abstract

Cadmium is a highly toxic metal actively migrating in the system water—suspended sedi-
ments—bottom sediments. The paper aims to study the Cd content in the water and bottom
sediments of the Sea of Azov in 1991-2020 and to evaluate the process of sedimentation
self-purification of waters. The data on Cd distribution showed that from 1991 to 2009 its
concentration decreased slowly in the water of the open part of the sea and in Taganrog
Bay with an increase in 2010-2016. Cd concentration in the Sea of Azov water did not
exceed the maximum permissible concentration (10 pg/L) for marine waters of fisheries.
Levels of Cd contamination in bottom sediments were assessed by comparison with the soil
contamination criteria according to the Dutch List. The Cd content in the bottom sediments
had been decreasing until 2010 followed by its increase in the open sea and in Taganrog
Bay. The Cd content exceeded its clarke value throughout the study period. Cd elimination
from the waters of the open sea was 0.9-6.0 tons/year, that from the waters of Taganrog
Bay was 0.5-2.4 tons/year. These estimates of Cd fluxes into the bottom sediments can
characterize sedimentation self-purification of waters. The period of sedimentation turn-
over of Cd in the open sea and Taganrog Bay at different Cd concentrations in water during
the study period averaged 70 and 13.7 years, respectively, taking into account the differences
in the volume of the studied water areas. Dependence of the coefficient of Cd accumulation
by bottom sediments on its concentration in water showed that the increased intensity of
sedimentation self-purification of waters at low Cd concentrations in water was provided
by high concentrating ability of the bottom sediments associated with their granulometric
composition. In the Sea of Azov, clay and silt sediments (fraction 0.01 mm) make up
over 70%. With increasing degree of Cd contamination of waters, the accumulation coeffi-
cient value decreased and accordingly the contribution of sedimentation processes to water
self-purification decreased. The assimilation capacity of the bottom sediments with respect
to Cd amounted to 3.8 t/year in the open Sea of Azov and 0.7 t/year in Taganrog Bay.

Keywords: Sea of Azov, cadmium, water pollution, bottom sediments, accumulation coef-
ficient, water body self-purification, assimilation capacity
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Biausinne ceIUMEHTAIIMOHHBIX MPOLIECCOB
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AHHOTAIHUSA

Kagmuif — BEICOKOTOKCHYHBIA METall, aKTHBHO MHUTPHPYIOLINH B CHCTEME BOJA — B3BE-
IICHHBIE HAHOCHI — JOHHBIC OTIIOKEHHS. Llems paboThl — M3yYUTh €ro coiepkaHue B BOJE
U JOHHBIX OTJIOXKEHUSIX A30BCKOro Mops B 1991-2020 rr. u OLeHUTh NpOLECC CEAUMEHTa-
[IMOHHOTO CaMOOYHINEHHUs BoA. [[aHHBIe O pacmpeneseHu KaJMHs MMOKa3alld, YTO B BOJE
Taranporckoro 3ajiuBa M OTKPHITOM YacTH MOpPSI HAOMIOAAIOCh MEIUICHHOE CHIDKEHHE ero
koHueHTpauuu ¢ 1991 no 2009 r. u yBenuuenue B 2010-2016 rr. KonuenTpauus kaaMust
B BoJile A30BCKOrO MOpPS HE MpeBhIIaNa MPeAeIbHO JONMYCTHUMYIO KOHIEHTPaLHIO
(10 MKT/1) IS MOPCKUX BOJ OOBEKTOB PHIOOXO3SMCTBEHHOTO HAa3HAUCHUSA. YPOBCHB
3arps;3HEHUS TOHHBIX OCAJKOB KaJIMHEM B Pa0OTe OICHUBAICS ITyTEM CPAaBHCHHS C KPHUTE-
pHUSMHU DKOJIOTHYECKON OIEHKH 3arps3HEHHOCTH TPYHTOB MO «TOJUIAHACKHM JIHCTaM.
Copneprxanue KagMusl B TOHHBIX ocaakax 10 2010 r. cHmKanocs, mociie 4ero Opu10 oTMede-
HO €ro yBeJIMYeHHE U B OTKPBHITON yacTu Mops, U B Taranporckom 3amuBe. CoaepskaHue
KaJIMUsl TIPEBBIIIANIO 3HAYSHHE KIIapKa dTOr0 MeTajlla Ha MPOTSHYKEHUH BCETO Teprojia Uccie-
JOBaHUS. DNMMHUHALNSA KaJMHS U3 BOJ OTKPBITONH dacTu Mops coctapisuia 0.9-6.0 1/rox,
u3 Box Taranporckoro 3amuBa — 0.5-2.4 1/ron. JlaHHBIE OIIEHKH TOTOKOB KaJMHUS B JOHHBIE
OTJIOKEHHSI MOTYT XapaKTepH30BaTh CEIUMEHTAIMOHHOE camoouuineHue Boa. [lepuon
CeIMMEHTAIMOHHOTO 000pOTa KaAMHSA B OTKPBHITOM YacTH MoOps W TaraHporckom 3ajiBe
TIPH PA3IMYHBIX €r0 KOHIICHTPALUAX B BOJIC 32 HCCIICyEMBIN TICPHOJ] B CPSITHEM COCTABIISIT
70 u 13.7 neT COOTBETCTBEHHO C YYETOM pa3In4uii B 00bEMe HCCIEIyeMbIX aKBATOPHI.
3aBucuMocTh K03((UIIIEHTa HAKOIUICHUS KaaMUS JOHHBIMH OTJIOKCHHUSMH OT €r0 KOH-
LIEHTpalUKd B BOJE MOKAa3aja, YTO MOBBILIEHHAS MHTEHCUBHOCTH CEIMMEHTAIlMOHHOTO Cca-
MOOYHIIICHUST BOJ TP HU3KUX KOHIICHTPALUAX KaaMHs B BOJE 00CCICUYHBAIACH BBICOKOM
KOHIICHTPUPYIOIIeH CIIOCOOHOCTHIO JOHHBIX OTJIOKEHHH, CBSI3aHHOI C MX TpaHyJIOMETPH-
YECKHM COCTaBOM. B A30BCKOM MoOpe TIIMHUCTO-WIHCTHIC ocanku (ppakius 0.01 mm) co-
crapystor 6osiee 70 %. C yBeMuUEHNEM CTEIEHH 3arps3HeHHs BOJ KaJIMUeM K03 (HUIneHT
HAKOIUICHHUS YMEHBIIIAJICS W, COOTBETCTBEHHO, CHIDKAJICS BKJIAJ CEANMEHTAIMOHHBIX IIPO-
[IECCOB B CAMOOYHIIICHUE BOJ. ACCHMWIAIIOHHAS CHIOCOOHOCTH JOHHBIX OTIOKEHHH B OT-
Hourennu Cd cocraBuiia B OTKpbITON yacTu A3zoBckoro mopst 3.8 t/ron, a B Taranporckom
sanmmse — 0.7 1/Tox.

KaroueBbie ciioBa: A30BCcKoe Mope, KaHMHﬁ, 3arpAa3HeHUEC BOAbI, TOHHBIC OTJIOXKCHUA,
KOC-)(I)(I)I/IL[I/ICHT HaKOINICHHUSA, CAMOOYHIIICHNC BOJOCMOB, ACCUMMIIALIMOHHAsA €EMKOCTh

Baaronapuocru: aBrop Gnaronaput ¢uiman «Asosmopunpopmuentp»y GI'BBY «llentp-
PErHOHBOAX03» 3a IPEJOCTaBICHHbIE JaHHBIC U PELICH3CHTOB 3a IOJIC3HbIC 3aMEeYaHHs.
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COJIEpP>KaHUS COEAMHEHUN KaIMUs B BOJE U IOHHBIX OTJIIOXKEHUSIX A30BCKOro Mops B 1991—
2020 romax // Dxonormyeckasi 6€301MacHOCTh MPUOPEKHON U mIenb(poBoii 30H Mops. 2024.
Ne 2. C. 122-136. EDN RRZLMA.

Introduction

The Sea of Azov is an almost isolated shelf water body surrounded by fertile
steppe. Limited dimensions, shallow depths, clearly expressed continental climate
with its characteristic uneven moisture all together form a unique thermohaline
structure of waters and determine the rich biological productivity of the basin [1].
With the status of a fishery reservoir of the highest category, the Sea of Azov has
significant economic and recreational potential, therefore, the study of this water
body pollution seems to be an urgent task.

Heavy metals are among the most significant ecological pollutants entering
the waters of the Sea of Azov. One of the priority metals for environmental moni-
toring of the sea water area is cadmium, which is classified as hazard class 2 (high-
ly hazardous) and has a toxicological limiting index of harm V. A distinctive fea-
ture of Cd is its high biochemical and physiological activity, the ability not only to
be accumulated in various environments, plants and living organisms, but also to
spread through food chains. Work [2] shows that Cd is actively accumulated by
aquatic organisms even at its low concentrations in water. It can cause morphologi-
cal, physiological and biochemical disturbances in aquatic organisms when being
accumulated in them [3].

Cd is located in the same group of the periodic table with zinc and mercury
occupying an intermediate position between them. This is the reason why it is simi-
lar to these elements in a number of chemical properties [4]. Cd is a relatively rare
and dispersed element concentrated in zinc minerals in the field [5]. Cd can be
found in the environment in the form of free hydrate ions and in complex com-
pounds with inorganic ligands (in forms such as complexes of chlorides, carbonates,
sulfides and hydroxides) and organic ligands (fulvic, amino and nucleic acids) [6].
Currently, pollution of natural ecosystems with Cd remains one of the serious envi-
ronmental problems worldwide [7]. In total, the World Ocean waters contain ap-
proximately 140 million tons of Cd with its average concentration of 0.1 ug/L [5].

The Cd content in the water and bottom sediments of the Sea of Azov and
its basin has been studied by many researchers. The most significant results can
be found in [8—12]. It should be noted that significant gaps in the time series of

) 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
Concentrations 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).
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observations are found in the array of literature data on the Cd concentration
in the components of the Sea of Azov ecosystem. The most detailed data on the Cd
content in water and bottom sediments of the Sea of Azov from 1986 to 2006 are
given in the monograph [9] and on that of Taganrog Bay from 2002 to 2011 are
presented in [13, 14]. It is possible to find fragmentary data for some subsequent
years in the literature, for example, on the Cd content in the water and bottom sed-
iments of the Temryuk-Akhtarsk region of the Sea of Azov within the licensed area
of PRIAZOVNEFT Oil Company LLC in 2013 [15], in the Don Delta in 2012-2014
[16]. General trends in the pollution of the Sea of Azov with heavy metals from
1986 to 2017 are stated in [17]. The information in [12] on the content of heavy
metals in water and bottom sediments, including Cd, in dissolved and suspended
forms is of great interest. It was also noted in [12] that the distribution of Cd con-
centration can be somewhat influenced by the hydrometeorological situation along
with physicochemical and biochemical factors. It plays an important role for the eco-
system of the Sea of Azov due to its shallow waters and tendency to resuspension
of the upper layer of bottom sediments. Article [18] studied the distribution of total
Cd concentrations, as well as the dissolved and suspended forms of its migration
along the continuum the Mius River estuary — Taganrog Bay of the Sea of Azov,
within which two barrier zones are located: the mixing zone of the Mius River wa-
ters with the waters of the Mius Estuary and the mixing zone of the Estuary waters
with the Taganrog Bay waters.

When studying literature sources, we recorded discrepancies in data on the Cd
concentration in the water or bottom sediments of the sea in the same period, which
can be stipulated by the use of different methods of sampling and sample prepara-
tion. To identify and describe the characteristic trends in the change of Cd pollu-
tion in the Sea of Azov over time, we needed a dynamic series, i.e. a series of ho-
mogeneous statistical values showing the change of some phenomenon over time.
In our case, we needed data obtained from the same observation stations over sev-
eral years in the same seasons using standard methods of sampling and analysis.
The data array on the Cd concentration in the water and bottom sediments of
the Sea of Azov in the period from 2010 to 2020 provided to the author by
Azovmorinformtsentr, a branch of Zentrregionvodkhoz, under cooperation with
the Department of Ecology and Environment Management of Sergo Ordzhonikidze
Russian State Geological Exploration University (MGRI) served as such a dynamic
series.

As is known, the establishment of maximum permissible concentrations
(MPCs) of certain metals in Russia, as well as in Western countries (Guideline
concentration for aquatic life, GL), is based on experimental work in aquaria with
test objects. Experiments are conducted according to the principle “one metal —
organisms of one species” (2-3 test objects are possible). Experimental work
to determine the toxic properties of elements on test objects (aquatic organisms)
provides information on the relative danger of elements in comparison with each
other. Nevertheless, the experimental parameters and test organisms under study
have little in common with natural conditions and populations. Standardization is
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carried out by comparing the measured concentrations of individual metals in a water
body with the data obtained in an experiment on test objects [19]. In Russia, these
data are provided in the Order of the Ministry of Agriculture of the Russian Federa-
tion ). MPCs do not take into account the properties of water and the sensitivity of
organisms; they are used to evaluate the quality of all types of water, from arctic
regions with extremely low mineralization to steppe regions where water contains
high concentrations of salts [8, p. 676]. Therefore, recently, in addition to the MPCs,
biogeochemical criteria for the standardization of the flows of maximum per-
missible water pollution [20, 21] based on theoretical and empirical evaluation
of the ability of the marine environment self-purification have been developed.
The use of these criteria makes it possible to manage the marine environment
quality in accordance with the objectives of sustainable development of regions by
standardizing the maximum permissible volume of flows of chemicals and their
compounds in the water area [22].

The paper aimed to study the Cd content in the water and bottom sediments of
Taganrog Bay and the central Sea of Azov for 1991-2020 and to determine
the time scale of the processes of sedimentation self-purification of waters.

At this, the following tasks were solved:

1) to track the dynamics of the water and bottom sediment pollution in Tagan-
rog Bay and the open Sea of Azov (the sea itself) with Cd;

2) to study the dependence of Cd concentration in the bottom sediments on its
concentration in the water based on the accumulation coefficient value;

3) to evaluate the flows of Cd deposition from the water to the bottom sedi-
ments;

4) to determine the period of sedimentation turnover of Cd in the aquatic envi-
ronment;

5) to calculate the assimilation capacity of the bottom sediments with respect to Cd.

This study continues the series of works initiated by [22].

Materials and methods

The Cd MPC " is 10 pg/L for sea waters of fishery facilities. No MPCs for heavy
metals in the bottom sediments of marine waters have been established. There-
fore, it is possible to apply a comparison either with the natural clarke of metals
in the Earth’s crust, or with the permissible concentration levels according to
the Dutch List® to evaluate the pollution of bottom sediments. The clarke values of
the upper continental Earth’s crust proposed by different authors differ significant-
ly for individual elements. The quantitative measure of differences is the geochem-
ical range of the content of a chemical element, calculated as the ratio between
the maximum and minimum clarke values of this element. Thus, it is advisable to
use the value proposed by R.L. Rudnick (0.09 pg/g) as the Cd clarke [24, 25].

2 Ministerie van Volkshuisvesting, Ruimtelijke Ordening en Milieubeheer, 2000. Dutch Target
and Intervention Values (2000) (the New Dutch List) : Circular on Target Values and Inter-
vention Values for Soil Remediation. Annexes A: Target Values, Soil Remediation Inter-
vention Values and Indicative Levels for Serious Contamination. P. 8. Available at:
https://www.yumpu.com/en/document/read/44815398/dutchtarget-and-intervention-values-2000-
esdat/13 [Accessed: 20 May 2024].
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Comparison of the concentration of heavy metals with the Dutch List is generally
accepted in geochemical and hydrochemical field and is carried out in accordance
with the SP11-102-97 recommendations. According to the Dutch List, the Cd per-
missible concentration in the bottom sediments is 0.8 pg/g dry weight.

Water samples for analysis were collected with the PE-1220 sampling system
in accordance with GOST 31861-2012 and RD 52.24.309-2016 from the surface
horizon at 32 points (Fig. 1). The studies were conducted in the central and eastern
Sea of Azov and in Taganrog Bay. Water samples were collected in spring (March—
April), summer (June—July), autumn (September—October) and winter (December).
The outboard works were carried out using standard methods. Chemical analysis of
water samples for Cd content was carried out in accordance with the PND F
14.1:2:4.140-98 method where the lower limit of sensitivity was 0.00001 mg/dm®.

Bottom sediment samples for analysis were collected at the same stations
as water samples with a DCh-0.034 bottom sampler in accordance with GOST
17.1.5.01-80 in the surface layer of soils (0—2 cm). Bottom sediment samples were
collected annually in summer. Chemical analysis of bottom sediment samples for
Cd content was performed in accordance with the M-MVI-80-2008 method
where the lower limit of Cd sensitivity was 0.00005 mg/g. The Cd content in the
water and bottom sediments was measured by the AAS KVANT-Z-ETA device.
The error in determining Cd in the water did not exceed 15%, in the bottom sedi-
ments — 10%. Water temperature, salinity, pH and dissolved oxygen were also
measured at each point.

Retrospective data on the Cd content in the water and bottom sediments of the Sea
of Azov in 1991-2006 were additionally used to determine interannual trends [9].
In [9], the studies were conducted according to FR.1.31.2005.01514 — this method
preceded that of PND F 14.1:2:4.140-98, according to which the Cd concentrations
were determined Azovmorinformtsentr, the branch of Zentrregionvodkhoz. Taking
this into account, the data from [9] were used in our work for comparison.
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Fig. 1. Map of sampling of water and bottom sedi-
ments in 2010-2020
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Parameters of the studied areas

Total area, Volume, Average Average rate
Area km? km3 depth, m of sedimentation ¥,
[26] [26] [26] g/m?/year
Taganrog Bay 5600 25 4.9 700
Open part of 33400 231 7.0 300
the sea

Mathematical processing of analytical data was carried out using the standard
Excel package. In this work, the study was conducted with average annual fairing of
parameters.

Two areas were identified for work in the Sea of Azov: Taganrog Bay and
the open Sea of Azov (the sea itself), which is associated with their morphometric
and hydrological features (Table).

Main results

Cd enters the Sea of Azov from both natural and anthropogenic sources, such
as atmospheric precipitation, river runoff, coastal abrasion with the influx of terri-
genous material, intensification of shipping, construction of new and reconstruction
of existing ports, wastewater from settlements located on the coast, dumping
of contaminated bottom sediments of port waters and approach channels, discharge
of drilling fluids and sludge during drilling of oil and gas wells. Cd is contained
in fuel oil and diesel fuel (and is released when the fuel is burned), it is used as
an additive to alloys, in the application of galvanic coatings (Cd plating of base
metals), to obtain Cd pigments needed in the production of varnishes, enamels and
ceramics, as a stabilizer for plastics (for example, polyvinyl chloride) in electric
batteries, etc. As a result, Cd is emitted in these industries into the atmosphere and
wastewater discharges as part of compounds and can enter the marine ecosystem.

Large industrial enterprises, which can be potential sources of Cd entering the sea
due to their production cycles, are located on the coast of the Sea of Azov. These
include: Taganrog Metallurgical Plant (TAGMET JSC), Taganrog Boiler-Making Plant

3 Sorokina, V.V., 2006. [Peculiarities of Terrigenous Sedimentation in the Sea of Azov in the Second
Half of the 21st Century]. Ph.D. Thesis. Rostov-on-Don, 216 p. (in Russian).
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(Krasny Kotelshchik TKZ PJSC), Taganrog Commercial Sea Port JSC, Yeisk Sea
Port OJSC, Azov Shipyard JSC (Town of Azov), Azovstal Iron and Steel Works
(City of Mariupol), Azovmash PJSC (City of Mariupol), llyich Iron and Steel
Works LLC (City of Mariupol), Temryuk Shipyard LLC (Town of Temryuk), Gaz-
prom Neft OJSC (Town of Primorsko-Akhtarsk), Kerch Sea Port. It should also be
noted that 14 soil dumps are located in the waters of the Sea of Azov, 9 of which —
in Taganrog Bay. Therefore, they can be a source of Cd pollution.

Based on the results of consideration of the characteristics of the distribution
of Cd concentration in the water (C,,) of the open Sea of Azov, two phases of water
pollution were recorded (Fig. 2, a): from 1991 to 2009, period of their low pollu-
tion, up to 5% of the MPC level, and from 2010 — a relatively higher level,
although the C,, value of Cd did not exceed the MPC in all cases. The highest con-
centrations over the entire observation period were recorded in the summer of
2010 in the Kerch Strait (8.2 pg/L), in the summer of 2012 in the central part of
the sea (7.1-9.2 pg/L) and in the spring of 2014 in the area of the Dolgaya Spit
(up to 9.7 ug/L). In 2019-2020, Cd levels in water in all sea areas were low and
ranged from 0.1 to 3.1 pg/L. Materials on changes in the Cd distribution character-
istics in Taganrog Bay showed that its concentration in the water was minimal
(up to 5% of the MPC) from 1991 to 2009, then an increase was noted (up to 30%
of the MPC) from 2010 to 2014 and a decrease after 2017.

One of the most significant factors determining the ability of bottom sediments
to concentrate and retain microelements is their granulometric composition. Metals
are accumulated well in the finely dispersed fraction of sediments with a particle
size of less than 0.05 mm. Clay and silt sediments dominate in the Sea of Azov
(fraction 0.01 mm makes up over 70%). They are distributed mainly in the central
sea and also accumulated locally in the depressions of estuaries and bays, in elon-
gated troughs among banks. A characteristic narrow area of silts lines the bottom of
the Taganrog Bay axial trough at a depth of 5—10 m. All silt sediments are highly
organic. The Sea of Azov is characterized by such a sedimentogenesis phenomenon
as mixed type of bottom sediments. Their distinctive feature is a mixture in close
proportions (from 25 to 40%) of silt, siltstone and sand fractions, including detri-
tus. Areas of mixed sediments tend to be located on the coastal shelf, at the foot of
all significant banks of the open sea, and also at the center of the bottom depression
in large bays. The sand zone (fraction 1.0-0.1 mm — more than 50%) extends on
the Azov shelf as a narrow trail in the coastal area at a depth of up to 2—6 m, as
well as on the underwater coastal slope of the spits. Sand and shell deposits form
underwater banks at depths of 1-9 m, as well as narrow gentle sandy banks and
ridges. In many places where banks are located the deposits are represented by
shell rock filled with sand and silt [27, p. 90-91].

The Cd average concentration in the bottom sediments (Cgs) of the open sea
varied from 20 to 85% of the permissible concentration according to the Dutch
List (Fig. 2, b). Nevertheless, the Cd permissible concentration was recorded
in some samples every year, mainly in summer. Thus, the permissible concentra-
tion in the area of Port Kavkaz in 2011 was 0.8 pg/g and in 2012 — 1.1 pg/g,

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2024 129



6.25 - a
1.25 -

—

~

=

. 0.25 A

=

-l

0.05 -

0_01 1 r 11 11 11 1T 1T 1T 1T 1T 7T 7T T.T7TT7T T 1 17 T 71T T 1T T T 1
— Mmoo I~ O — N v~ O — 1w I~ O
DD DD DD D = o = =
A NSNS EESEE o o0 o0 o o
e S T > T S T s T > R = R S B <SP S P S|

0.9 - b

on
w061
= i
% ]
~ 03
O T T T 1 1 1 17 17 17 17T 17T 17 17 1T T T 17 T T T T T T T T T T 1
— n W I~ & — o N I~ O — o I~ S5
N (@)Y (@) N (@)Y (e} o (s} () o — — — — —
A & & &S S S E S o o o o o
R e e S S B s B S R s B S S S S
10.0 f C
=
[«5]
2
2
5 1.0 A
2
=

0_1 1T 11 11 1 1T 1T T 1§11 17 1T T 1§ 71T T T.7T T T T T T T
— (ag} v ~ (@) — on v C~ (@) — on v ~ (@)
AN DD DO DD = = = = =
A & AN S S E S o o0 o o o
i R R S s s S s S s s S s

® Sea ¢ Bay

Fig. 2. Characteristics of cadmium distribution in the open sea
and Taganrog Bay: concentration in water, pg/L, (@) and in the surface
layer of bottom sediments, ug/g dry weight (b); cadmium deposi-
tion flux in the bottom sediment column, tons/year (c); sedi-
mentation turnover period of cadmium in water, years (d); de-
pendence of the coefficient of cadmium accumulation by bottom
sediments on its concentration in water (e)
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Fig. 2. Continued

in the area of the Tuzla Spit in 2018 — 3.1 pg/g, in 2019 — 0.9 pg/g, in 2013 in the area
of the Dolgaya Spit (Zhelezinskaya Gully) — 1.1 pg/g, in the Kuban-Akhtarsky dis-
trict — up to 1.5 pg/g. In the Taganrog Bay bottom sediments, the Cd concentration
varied from 0.05 to 1.10 ug/g over the entire observation period. The maximum
values exceeding the permissible concentration were recorded in the silt sediments
of the central bay in 2016 (1.3 pg/g) and in 2019 (the Mius Estuary — 0.9 ng/g),
in 2017 and 2019 in the eastern bay (0.9 and 1.0 pg/g, respectively), in 2019
in the Taganrog port area (1.1 pg/g). If the Cd content in the bottom sediments of
the Sea of Azov is evaluated by its clarke, then a widespread excess of the clarke
value of this metal is observed throughout the period under study.

Increased concentrations of Cd in some bottom sediment samples can be ex-
plained by both anthropogenic influence and changes in the physicochemical envi-
ronment and dynamics of water masses. As is known, the mobility of metals
changes as a result of such physicochemical processes as adsorption, sedimentation
and filtration, formation of geochemical (complexation and sedimentation) and bio-
logical barriers. Studies of many contaminated natural systems have shown that ad-
sorption/desorption is one of the most significant geochemical processes influencing
the migration of inorganic pollutants. Cd sorption depends largely on the composition

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2024 131



of the solution in the equilibrium water — rock. When studying the factors influenc-
ing the process of Cd distribution in the system water — rock, special attention is
paid to the pH, the values of which in the Sea of Azov were in the range of 6.5-9.3
during the observation period. The pH is one of the determining parameters of Cd
adsorption, which is about to double with each increase in pH by 0.5 units in the pH
range from 4 to 7 [28]. Conversely, Cd associated with suspended matter or bottom
sediments can be extracted and pass back to water with a decrease in pH [18].
Studies show that as a result of sedimentation of finely dispersed suspensions,
the removal of adsorbing substances from water occurs at a significantly higher
rate compared to their chemical destruction.

The behavior of Cd can also be influenced by the amount of O, and the oxida-
tion-reduction potential (Eh). If only about 2% of Cd can pass from bottom sedi-
ments into the pore solution under anaerobic conditions (Eh = —150 mV) and about
20% under moderately reducing conditions (Eh = +50 mV), then about 64% of this
metal passes into the pore solution under oxidizing conditions (Eh = +500 mV)
[29]. Thus, in the same sea area, when anaerobic conditions of bottom sediments
change to aerobic ones, the Cd concentrations in water and bottom sediments can
change significantly. Under the conditions of water saturation with oxygen due to
photosynthesis and active aeration of waters, Cd is removed as part of iron and
manganese oxides and hydroxides with high sorption properties, which are depos-
ited on the surface of bottom sediments in a slightly alkaline environment (pH> 8),
thus increasing the Cd content [18].

Expression [30] was used to evaluate the fluxes (FI) of the Cd annual deposi-
tion into the bottom sediments

Fl = Cis' S Veed, (1)

where Cgs is metal concentration in the surface layer of bottom sediments, ug/g;
S is square of the water area under consideration, km?; vsq is specific sedimentation
rate, g/m?/year.

Fig. 2, ¢ shows the results of calculations of the inflow of Cd fluxes into
the bottom sediments of Taganrog Bay, the sea itself according to formula (1).
The Cd elimination from the waters of the open Sea of Azov was within 0.9-
6.0 tons/year, its deposition in the bottom sediments of Taganrog Bay was from 0.5
to 2.4 tons/year. These estimates of Cd deposition fluxes into the bottom sediments
can characterize the sedimentation self-purification of waters from this metal.

The period of heavy metal sedimentation turnover in the aquatic environment
(T, years) equal to the ratio of its pool in water to the flux of deposition into
the bottom sediments reflects the time scale of the processes of sedimentation self-
purification of waters [20]:

T=CyShwe/Fl or T=CyVIFl, )

where S, V, hae and Cy, respectively, are square, km?, volume, km®, average depth,
m, and heavy metal concentration, pg/L, in the analyzed water area.
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Calculated according to formula (2), the average period of Cd sedimentation
turnover in the open sea and in Taganrog Bay at various concentrations in water
during the period under study was 70 and 13.7 years, respectively (Fig. 2, d).
In general, the process of sedimentation turnover is complex and diverse: before
passing into bottom sediments, some chemical elements and their compounds pass
from one form to another up to 30—40 times [31].

Study of the trend of change in the Cd accumulation coefficient value by bot-
tom sediments (Coscc = Css/Cw) depending on its concentration in water showed
that this dependence with a high degree of statistical reliability (determination co-
efficient R* is 0.83 in Taganrog Bay and 0.78 in the sea itself) lay on a straight line
on a graph with logarithmic scales along the ordinate axes (Fig. 2, e).

Fig. 2, e shows that the increased intensity of sedimentation self-purification of
waters at low concentrations of Cd in the water was ensured by sufficiently high
(at Coace > 1 - 10° units) concentrating capacity of bottom sediments. With an in-
crease in the degree of water pollution by Cd, the value of Co.cc decreased and,
accordingly, the contribution of sedimentation processes to the self-purification of
water decreased.

The obtained materials make it possible to estimate the assimilation capacity
of the bottom sediments in relation to Cd. Using the calculation method presented
in [31], we found that the assimilation capacity of the bottom sediments in relation
to Cd in the open Sea of Azov is 3.8 tons/year and in Taganrog Bay — 0.7 tons/year.

Conclusions

During the period under study, the Cd concentration in the water of the open
Sea of Azov and Taganrog Bay did not exceed the MPC. Average annual values of
Cd in the bottom sediments of the open sea varied within the range from 20 to 85%
of the permissible concentration according to the Dutch List. In in some years, ex-
cesses of the permissible concentration were recorded in central and eastern Tagan-
rog Bay. If the Cd content in the bottom sediments of the Sea of Azov is estimated
by its clarke, then an excess of concentration is observed throughout the period
under study.

Estimates of the annual deposition fluxes of Cd into the bottom sediments
showed that the elimination of Cd from the waters of the open Sea of Azov was
within 0.9-6.0 tons/year, its deposition in the bottom sediments of Taganrog Bay
was from 0.5 to 2.4 tons/year. These estimates of Cd fluxes into the bottom sedi-
ments can characterize the sedimentation self-purification of waters from this metal.

The period of Cd sedimentation turnover in the open sea and in Taganrog Bay
at various concentrations in water during the period under study averaged 70 and
13.7 years, respectively.

The study of the trend of changes in the Cd accumulation coefficient by the bot-
tom sediments depending on its concentration in water showed that the increased
intensity of sedimentation self-purification of water at low concentrations of Cd
in water was ensured by high (at Coscc > 7-10° units) concentrating capacity of bot-
tom sediments. With an increase in the degree of water pollution by Cd, the value
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of Coacc decreased and, accordingly, the contribution of sedimentation processes to
the self-purification of water decreased.

The assimilation capacity of the bottom sediments in relation to Cd is
3.8 tons/year in the open Sea of Azov and 0.7 tons/year in Taganrog Bay. The ob-
served differences in the periods of Cd sedimentation turnover in the Sea of Azov
and in Taganrog Bay, as well as in the magnitude of the assimilation capacity of
the bottom sediments in relation to Cd are determined mainly by the area and vol-
ume of the water areas under study.
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Abstract

For the commissioning of ultrasound equipment effective for the microphytofouling control
of nuclear power plant hydraulic facilities, field studies are needed to confirm its safety
for aquatic organisms, in particular for fish exposed to ultrasound. The paper aims to assess
the effect of ultrasound equipment (power 500 W, frequency 27 kHz, current 3 A) on the beha-
vioral response, biochemical and histopathological parameters of some Black Sea fish spe-
cies in the marine environment (Karantinnaya Bay, Black Sea). The experiment was carried
out over three days. In each day the ultrasound equipment was switched on for 1 h at an expo-
sure frequency of 27 kHz. Afterwards, the individuals were kept in tanks for another five
days to assess possible delayed effects. The irritating and deterrent influences were estab-
lished at a short distance (10-30 cm) from the ultrasound equipment. The most pronounced
behavioral reactions were recorded in red mullet Mullus ponticus, Black Sea horse mackerel
Trachurus ponticus, picarel Spicara flexuosum and common stingray Dasyatis pastinaca,
the least pronounced ones were noted in European black scorpionfish Scorpaena porcus.
At the same time, fish mortality was not observed in the experimental and control tanks
throughout the entire experiments. There were no significant differences between the bio-
chemical parameters in the blood serum and liver, histopathological alteration indices in liver,
gills and kidneys, as well as the total indices of alterations in fish from the experimental and
control tanks. The obtained results indicate that the ultrasound equipment with the defined
characteristics has no negative influence on fish that allows us to recommend this equipment
for the application in the technical water supply system of nuclear power plants.

Keywords: ultrasound exposure, Black Sea fish, behavioral response, survival, fish surviv-
al, biochemical parameters, histopathological parameters
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AHHOTAUMA

Jlyis BBeieHUS B 9KCIUIyaTallMIO YIbTPa3BYKOBOW YCTAaHOBKH, 3 (GEKTHBHOMN it OOPHOBI €
MHUKpPO(UTOOOpaCTaHUAMH THAPOTEXHUYECKUX COOPYKEHHIH aTOMHBIX 3JEKTPOCTAHLMH,
HEOOXOAMMO IPOBEJCHUE HATYPHBIX UCCIICAOBAHU, MONTBEPKAAIOIINX ee 0e30I1acHOCTh
JUISl THIPOOHOHTOB, B YaCTHOCTH PHIO, MOMAJAIONINX B 30HY JeHCTBUs yibTpasByka. Llenb
paboThI COCTOUT B OLIEHKE BO3ACHCTBHUS YIBTPa3ByKOBOH ycTaHOBKH (MoriHocThI0 500 Br,
yactotod 27 k11, cunoit Toka 3 A) Ha TTOBeJJeHYECKHE PEeaKH, ONOXUMHYECKHE U THCTO-
IaTOJIOTUYECKUE TTOKA3aTeIN HEKOTOPHIX BHIOB PHIO YepHOTO MOpPS B yCIOBHUSIX MOPCKOH
akBaropuu (0. Kapantunnas, UepHoe Mope). DKCIIEPUMEHT NPOBOIIIIM B TEUYEHHE TpeX
JHEH, B K&KABIH M3 KOTOPHIX yJIbTPa3BYKOBYIO YCTAHOBKY BKIIOYAIHM Ha | 9 IpH dacToTe
BozxeiictBus 27k . [Tocite 3Toro ocodu comepKannch B cajkax eIie Ha MPOTSHKEHUH IIATH
JHEH JJIs1 OLIEHKH BO3MOXKHBIX OTCPOYEHHBIX 3(P(PeKToB. YCTaHOBIEHO, YTO HAa HEOOIBIIOM
paccrossaun (10-30 cM) ymbTpa3ByKoBas yCTAaHOBKA OKa3bIBAeT Ha PhHIO pa3mpakaromiee U
oTHyruBarouiee BosaelcTere. Hanbomee BbIpa)keHHBIE TOBEIEHUECKHE PEAKIUU OBUIN OT-
MEeYeHBl y cynatanku Mullus ponticus, ctaBpunsl Trachurus ponticus, cMapunsl Spicara
flexuosum n mopckoro kota Dasyatis pastinaca, HauMeHee BBIPaKEHHBIE — Yy MOPCKOTO
epuia Scorpaena porcus. IIpu 5TOM Ha MPOTSDKEHUU BCETO HKCIIEPUMEHTa MOeny peid He
HaOJIIOZIaJIM HU B OIBITHOM, HM B KOHTPOJIBHOM cajkax. J[oCTOBepHBIE paziudus MEXIy
OMOXMMHUYECKIMHU TIOKA3aTeIsIMH B CHIBOPOTKE KPOBHM M TIEUYEHH aHAJIM3MPYEMBIX BHJIOB
PBIO M3 ONBITHOTO M KOHTPOJIBHOTO CaJKOB OTCYTCTBYIOT. CpaBHUTENbHBIH aHAIN3 WHJIEK-
COB TUCTOIIATOJIOTUUECKUX W3MEHEHHH TIeYeHH, )kabp M I0oUeK, a TakkKe OOIINX MHIEKCOB
JIbTEpaluil y ppI0 M3 OIBITHOIO U KOHTPOJIBHOTO CaJKOB HE ITOKa3all JJOCTOBEPHBIX pa3iiu-
yuid. [lomydeHHbIE pe3ynbTaThl CBUAETENBCTBYIOT, UTO YJIbTPAa3ByKOBas YCTaHOBKA C 3a-
JAHHBIMHM XapaKTePHCTHUKaMH BO3/ICHCTBUS HE BIIMSICT HAa COCTOSHHE PHIO M3 OIBITHOM
TPYIIIBI, YTO MO3BOJIET PEKOMEHAO0BATh JaHHYIO YCTAaHOBKY K HCIIOJIB30BAHHIO B CHCTEMaX
TEXHHUYECKOTO BOJJOCHA0KEHNSI aTOMHBIX AJIEKTPOCTAHIIHH.

KiroueBble cj10Ba: yIbTpa3ByKOBOE BO3JECHCTBHE, YSPHOMOPCKUE PBIOBI, MOBEACHYECKHE
peaKuK, BEDKUBAEMOCTh, BBDKUBAEMOCTh PbIO, OMOXMMHUECKHE MapaMeTpbl, TUCTOIATO-
JIOTUYECKHE U3MEHEHUS
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NuBIOM PAH «bropa3noobpasue kak 0OCHOBa yCTOHYMBOTO (pyHKIMOHUPOBAHHUS MOPCKUX
9KOCHCTEM, KPUTEPHH U HayJHBIE TIPUHIIAIIEL ero coxpaneHus» Ne 124022400148-4.
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Introduction

Today, during operation of nuclear power plants (NPPs) and floating nuclear
thermal power plants (FNPPs), deviations in their operation are recorded, caused
by accumulation of living organisms (sources of bio-interference) in technological
systems. This significantly affects the operational characteristics of technical water
supply systems, leads to equipment failure, power reduction of NPP/FNPP power
units and, as a consequence, to underproduction of electric power and to economic
losses associated with repair, unscheduled maintenance and replacement of process
equipment [1].

One of the effective and reagent-free methods of biological interference con-
trol is ultrasonic water treatment. Specialists of the Department of Biochemical
Technologies and Technological Support of JSC VNIIAES developed ultrasonic
equipment (USE) with various radiation modes for protection of hydraulic structures
from microphytofouling. As a result of joint work with the staff of the Benthos
Ecology Department of A. O. Kovalevsky Institute of Biology of the Southern Seas
of the Russian Academy of Sciences (IBSS), the high efficiency of the USE against
fouling was established, as well as the optimal mode and frequencies of expo-
sure [1]. At the same time, no field studies confirming the safety of the equip-
ment for hydrobionts, in particular fish, falling within the zone of action of the USE,
have been carried out so far. Such studies are a necessary stage of work for safe
application of USE at NPPs, heat sinks of which belong to the objects of fishery
importance, including sea water areas. The interest in conducting this kind of
research in marine waters is generated due to the operation of two NPPs (Lenin-
grad and Kola) and the Akademik Lomonosov FNPP on the territory of the Russian
Federation, which use coastal marine areas as heat sinks, as well as the active con-
struction of NPPs by Rosatom in the marine areas of Turkey, Bangladesh, Egypt
and India.

To date, the effects of sound and ultrasound on the sensory systems of fish [2]
as well as those of focused ultrasound on the peripheral structures of animal and
human sensory organs [3] have been well studied. At the same time, information
on the effect of ultrasound on fish health in general is still limited in the literature.
Most works, as a rule, are aimed at studying the effect of fish barrier ultrasonic
devices only on the behavioral responses of fish [4], as well as on studying the effec-
tiveness of ultrasound to control fish ectoparasites [5]. To evaluate the effect of
ultrasound on fish reared in offshore structures or on offshore multipurpose plat-
forms combining renewable energy production and aquaculture, S. Knobloch et al.
studied the growth, survival and microbiota of laboratory-reared European sea bass
(Dicentrarchus labrax) [6]. Ultrasound between 17.5 and 49.7 kHz was found to
have no effect on growth and survival of sea bass. However, microbiological analysis
using the plate count method and 16S rRNA gene based metataxonomics

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2024 139



showed an impaired microbiota of the gills and skin, including an increase in the num-
ber of potential pathogenic bacteria [6]. Other researchers ran a long-term 30-day
experiment to assess the effects of low-power (7-9 W) dual-frequency anti-
cyanobacterial USE (23 and 46 kHz) under freshwater conditions on growth,
blood cortisol levels and antioxidant enzyme activities in carp liver homogenates.
The insignificant changes in biochemical parameters noted in the work, according
to the authors, indicated the absence of stress conditions in fish and, therefore, any
negative effect of the low-power USE with these frequencies of exposure [7].

At the same time, the impact of effective for biofouling control USE (power
500 W, frequency 27 kHz, current 3 A) on behavioral responses of fish, biochemi-
cal and histopathological parameters of their tissues/organs in marine conditions
has not been assessed so far.

Thus, the work aims to assess the effect of the USE (power 500 W, frequency
27 kHz, current 3 A) on behavioral, biochemical and histopathological parameters
of some fish species of the Black Sea in marine conditions.

Material and methods

Experimental studies were carried out in the coastal water area of Sevastopol
(Karantinnaya Bay, Black Sea) to assess the impact of USE (developer JSC VNIIAES,
Moscow) with a power of 500 W, frequency of 27 kHz, current of 3 A on be-
havioral responses as well as biochemical and histopathological indicators of fish.

To perform the experiment, the following tasks were set: 1) installation of
the experimental equipment (control and experimental cages) and the USE;
2) catch of fish; 3) assessment of the USE effect on behavioral responses of fish
and their distribution in the cages, as well as survival rate using video recording
equipment; 4) assessment of the USE effect on biochemical and histopathological
parameters of fish.

Two cages (control and experimental) were prepared for the experiment.
The cages were polypropylene pipe frames with flip lids (length — 4 m, width — 2 m,
height — 1 m) covered with 10 mm mesh capron netting. The bottom of the cages
was made of reinforced perforated polyvinyl chloride cloth with a mesh of 1.5 mm.
To raise the upper edge of the cages 10—15 cm above the water surface, polysty-
rene foam floats were attached to the upper part of the cages and weights were
attached to the lower part. The cages were submerged in the coastal sea area near
the laboratory building of IBSS. The control cage was towed away from the exper-
imental area at a distance of 30 m. The experimental cage was secured near the pier
for placing the radiating equipment in it. The depth under the cages was 5 m.

In the Sevastopol water area (Black Sea) some species of fish of the Black
Sea were caught using bottom traps: red mullet Mullus ponticus Essipov, 1927 —
120 individuals, peacock wrasse Symphodus tinca (Linnaeus, 1758) — 60 individuals,
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European black scorpionfish Scorpaena porcus Linnaeus, 1758 — 60 individuals,
common stingray Dasyatis pastinaca (Linnaeus, 1758) — 4 individuals, thornback
ray Raja clavata Linnaeus, 1758 — 2 individuals, Black Sea horse mackerel 7Tra-
churus ponticus Aleev, 1956 — 20 individuals, annular seabream Diplodus annu-
laris (Linnaeus, 1758) — 4 individuals, brown meagre Sciaena umbra Linnaeus
1758 — 6 specimens, picarel Spicara flexuosum Rafinesque, 1810 — 6 individuals,
damselfish Chromis chromis (Linnaeus, 1758) — 2 individuals.

The fish were equally divided between two cages. The fish were kept in the cag-
es for five days before the experiment in order to adapt the individuals to the condi-
tions in the cages, as well as to exclude from the experiment the individuals injured
during catching. The experiment was conducted for three days, on each of which
the ultrasound was on for 1 h with a frequency of 27 kHz.

The behavior and distribution of the fish in the experimental and control cages
were assessed using an underwater video camera (7/9/10 inch AHD Underwater
Fishing Camera, China) and visually by the distance between the fish shoal front
and the USE. Fish survival in the experimental cage was assessed by counting dead
fish specimens during and after exposure to the USE, while in the control cage it
was assessed throughout the experiment. After the end of the three-day experiment
on the effect of the USE on the behavioral responses of the fish, individuals re-
mained in the cages for another five days to assess possible delayed effects.

The effect of the USE on biochemical and histopathological parameters was
assessed on representatives of different ecological groups of fish — red mullet and
European black scorionfish. After removing the fish from the cages, a standard bio-
logical analysis of 21 individuals of red mullet and 20 individuals of European
black scorionfish was carried out: the main linear and weight characteristics
as well as clinical and pathological features [8, 9] were determined. The age of
the fish was determined from otoliths V.

Fish liver and blood serum served as materials for biochemical studies.
The content of products of oxidized proteins (OP), lipid peroxidation (LPO), as
well as the activity of superoxide dismutase (SOD), catalase (CAT), peroxidase
(PER) and cholinesterase (ChE) were determined in fish liver. In liver and serum,
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities
were determined by the methods we described previously [10].

All determinations were performed on a spectrophotometer SF-2000 (OKB
Spectr, St. Petersburg, Russia).

For histological analysis, samples of gills, liver and kidneys were fixed
for 24-48 h in Davidson's solution and then placed in 70% alcohol. Further pro-
cessing of histological samples was carried out according to the generally accepted
method 2. Sections 4-5 um thick were stained with hematoxylin-eosin according
to Mayer and Romanowsky—Giemsa?. The histopathological changes detected
in fish were analysed using a modified semiquantitative analysis of alterations
according to the method of D. Bernet et al. [11], in which the severity factor (w)

D Pravdin, LF., 1966. [Guideline for Fish Studies (Mainly Freshwater Fish)]. Moscow: Pishchevaya
Promyshlennost, 374 p. (in Russian).

2 Bancroft, J.D. and Gamble, M., 2008. Theory and Practice of Histological Techniques. New York;
London: Churchill Livingstone, 744 p.
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and the prevalence of lesions in organs (@) were taken into account. Using
the above values, the organ index was calculated [11, p. 30]

L=, Z/:(aorg wate * Worg rpait)>
rp o alt
where org — organ; rp — reaction pattern; alt — change; a — score value; w — importance
factor. A high index value indicates a significant degree of damage. The total alteration
index IT was calculated as the sum of organ indices.

The significance of differences between the samples was evaluated using
the Mann—Whitney U-test. Differences were considered reliable at a significance
level of p < 0.05. The statistical analysis was performed using computer pro-
grammes Past 3 and Microsoft Office Excel 2016.

Results and discussion

Behavioral responses, distribution and survival of fish

The first day of the experiment. 30 min before the start of the experiment,
a radiating device was placed in the experimental cage. The fish moved freely in-
side the cage without fear of a floating object on the water surface. The red mullet
were at the bottom in a group, part of which was under the USE. The peacock
wrasses, European black scorpionfish and brown meagres were located in the corners
between the cage bottom and the wall. The thornback rays were located at the bot-
tom. The Black Sea horse mackerels, picarels and annular seabreams were grouped
together and stayed near the cage wall. The common stingray individuals and dam-
selfish were actively moving in the water column throughout the cage area.

After turning on the USE in the experimental cage, the fish (picarels, annular
seabreams, Black Sea horse mackerels, peacock wrasses, European black scorpion-
fish, brown meagres, a thornback ray), which were not directly exposed to the USE,
did not change their behavior and location. Individuals of the common stingray,
when approaching the USE again, sharply turned and swam away in the opposite
direction, avoiding getting into the radiation zone under the equipment. The red mul-
lets, located at the bottom of the cage under the equipment, began to move towards
individuals of their own species, which were out of the range of the equipment.

During the operation of the equipment, the fish tried to avoid the ultrasound
zone. While outside the area of the USE, they behaved in the same way as before
the start of the equipment.

The second day of the experiment. No fish mortality was observed in the ex-
perimental and control cages.

When turning on the USE, the fish were distributed throughout the volume of
the cage. At an attempt to drive the group of red mullets into the ultrasound zone,
they moved under the equipment, where they stayed for a long time, sometimes ris-
ing from the bottom trying to relocate and then again going to the bottom. Visually,
these behavioral responses of the red mullets in the exposed area could be charac-
terised as loss of orientation / being stunned. Similar behavioral responses were
observed in the horse mackerels, picarels and common stingray. Other fish species
that were not in the USE zone moved freely around the cage. The common sting-
rays occasionally swam under the equipment, but stayed near the bottom, avoiding
the water column closer to the equipment. After turning off the radiating equipment,
the fish did not change their behavior or location in the cage.
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The third day of the experiment. No fish mortality was observed in the exper-
imental and control cages. After turning on the USE in the experimental cage, there
was no noticeable effect on fish of all species. They moved calmly throughout
the cage area without signs of agitation or loss of orientation.

After the end of the three-day experiment on the effect of USE on the be-
havioral responses of fish, the individuals were kept in the cages for five days more
to assess possible delayed effects. No fish mortality was observed in the experi-
mental and control cages.

Thus, the 27 kHz USE can irritate and repel fish at a short distance (10-30 cm)
from the equipment. The most pronounced behavioral responses were observed
in the red mullets, horse mackerel, picarels and common stingray, which avoided
the area exposed to the USE. The common stingray does not have scales, which
probably makes it more sensitive to the effects of the USE. The least pronounced
behavioral responses were observed in the European black scorpion fish. Assess-
ment of the survival rate of individuals in the control and experimental cages
exposed to ultrasound with a frequency of 27 kHz revealed no negative effect
(death of fish). The absence of negative effects on growth and survival of fish was
also noted in a 72-day experiment on exposure of sea bass (Dicentrarchus labrax)
to ultrasound with a frequency in the range from 17.5 to 49.7 kHz in the form of
randomly alternating sequences of cycles [6]. At the same time, the results of our
studies allowed us to establish that a more powerful source of radiation (> 500 W)
is required to assess the repellent effect of ultrasound at distances greater than 30 cm.

Biochemical studies

The results of biochemical studies showed that there were no significant dif-
ferences between all analysed parameters in tissues of the red mullet and European
black scorpionfish from the experimental and control groups (Table 1).

Analysis of the correlation between the intensity of POL and OP and the reac-
tions of the antioxidant (AO) system allows us to assess the nature of the organ-
ism's response to a certain stress factor or their complex. The increase in the activi-
ty of AR enzymes under the influence of unfavourable environmental factors is
a non-specific adaptive reaction of the organism aimed at neutralization of reactive
oxygen species.

Reduced or relatively low activity of AO enzymes against the high content
of LPO and OP products, on the contrary, indicates a shift of pro-oxidant-
antioxidant reactions towards free-radical oxidation of biomolecules and develop-
ment of oxidative stress preceding pathological conditions in the organism [12—15].
In our studies, the absence of significant differences between the indicators of oxi-
dative stress (content of TBARS, OP products) and the activity of AO enzymes
(SOD, CAT, PER) in the liver of fish from the experimental and control groups can
indicate that USE (500 W) with a given frequency, periodicity and duration of
work did not have any effect on the state of the pro-oxidant-antioxidant system of
fish liver. The absence of significant differences between the activity of AO
enzymes (SOD, glutathione peroxidase, glutathione-S-transferase) in the liver of
carp (Cyprinus carpio) from the experimental and control groups was also noted
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under the action of low-power ultrasound (7-9 W; 23 and 46 kHz) under freshwa-
ter conditions [7].

Other informative biomarkers recommended for the assessment of cytolytic
organ damage under oxidative stress are ALT and AST [16, 17]. As a result of
cell membrane integrity disruption, aminotransferases are released into the blood.
At the same time their activity decreases in the organ and increases in the serum.
In our studies, the ALT and AST activity in the liver and serum of the fish from
the compared groups did not differ, which also indicates the absence of any effect
of ultrasound (with the given characteristics of the equipment, frequency and mode
of exposure) on the fish organism.

In combination with the above markers, as a rule, the liver glucose content,
an indicator of carbohydrate metabolism, is analysed [18]. The absence of reliable
differences between the analysed groups of red mullet and European black scorpi-
onfish may indicate the absence of adaptive/compensatory restructuring of meta-
bolic processes, which is typical for organisms under stress factors of different
nature and intensity.

Another important indicator recommended to assess the functioning of the nerv-
ous system and protein synthesising function of the liver under stress factors is
the enzyme ChE [19]. In our studies, ChE activity in the liver of two fish species
from the experimental group did not differ from that of fish from the control group.
The obtained results may indicate the absence of ultrasound influence (with the given
characteristics of the equipment, frequency and mode of exposure) on the protein
synthesising function of the liver.

Histological studies

The integral result of physiological and biochemical changes are histopatho-
logical alterations reflecting the severity of pathological processes at the level of tis-
sues and organs [9, 20]. Histological methods of investigation in the fish revealed
the following changes.

Red mullet. Melanomacrophage centres were most frequently observed in the liv-
er parenchyma (33.3% in the control group and 41.7% in the experimental group)
(Fig. 1, a; 2, a). The incidence of lipoid vacuolization of hepatocytes differed
insignificantly (22.2 and 25%) (Fig. 2, a). The local inflammatory reaction near
blood vessels (Fig. 1, b) was more often observed in the fish of the control group
(33.3 vs. 16.7%), and dilation of hepatic sinusoids and blood vessels (8.3% each)
was detected in the fish only after exposure to ultrasound. Localised moderate
hyperplasia of the respiratory epithelium of the gill lamellae was recorded in the gills,
the incidence of which differed insignificantly (22.2 and 25%) (Fig. 1, ¢; 2, ¢).
Single parasitic protozoa were found on the gill lamellae in the control and experi-
mental groups (66.7 and 33.3%, respectively) (Fig. 1, d; 2, ¢). Chondroma, a benign
tumour of cartilage tissue, was diagnosed in 8.3% of the fish in the experimental
group (Fig. 2, ¢). In the Kkidneys, no significant differences were found between
the analysed groups (Fig. 2, e).

European black scorpionfish. In the liver, the incidence of lipoid vacuolization
of hepatocytes and melanomacrophage centres differed insignificantly (Fig. 2, b),
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Fig. 1. Histological structure of liver (a, b) and gills (c, d) of red mullet M. ponticus
and of European black scorpionfish S. porcus (e — liver, f— gills) under ultrasound expo-
sure. Note: A — melanomacrophage center; T — blood vessel dilation; A — local inflam-
matory reaction; 1 — epithelial hyperplasia in gill lamellae; A — parasitic protozoa on gill
lamellae. Scale bar: 50 um
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Fig. 2. Incidence (%) of histopathological changes in liver (a, b), gills (¢, d)
and kidneys (e, f) of red mullet M. ponticus (left) and European black scorpion-
fish S. porcus (right) under ultrasound exposure
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whereas dilation of the hepatic sinusoids (9.1%) and blood vessels (18.2%), as well
as local inflammatory reaction (9.1%) were observed only in the fish of the exper-
imental group (Fig. 1, e; 2, b). In the gills, local hyperplasia of the epithelium and
fusion of the gill lamellae, as well as dilation of blood vessels were detected only in
fish of the experimental group (9.1% each) (Fig. 1, f; 2, d). In the kidneys, melani-
zation of macrophages was most frequently observed (22.2 and 9.1% in the control
and experimental groups, respectively). Local inflammatory reaction, hyaline-drop
degeneration and necrosis of renal tubule cells were recorded only in the fish of
the experimental group (9.1, 27.3 and 9.1%) (Fig. 2, /).

The revealed disorders of the histological structure of organs mainly belong to
the first group of severity [11] and are reversible. It should be noted that the occur-
rence of protozoan parasites on the gill lamellae of the red mullets in the control
group was twice higher than that in the experimental group (Fig. 2, c¢). Probably,
exposure to ultrasound reduced the parasitic load on the gills of the fish. Similar
studies were conducted on the salmon reared in marine cages in Southern Chile.
It was found that ultrasound reduced the total ectoparasitic load of Caligus rog-
ercresseyi without the use of chemical antiparasitic agents *.

The comparative analysis of indices of histopathological alterations of the liv-
er, gills and kidneys of the control and experimental groups in two fish species did
not reveal reliable differences. The statistical analysis of total alteration indices of
the control and experimental groups of the red mullet and European black scorpion
fish also showed no significant differences (Table 2).

Table 2. Values of indices of histopathological alterations in organ (M + m) of red mullet
M. ponticus and European black scorpionfish S. porcus under ultrasound exposure

Red mullet Europegn black
scorpionfish
Parameter

Control Experiment Control Experiment

Organ alteration index
of liver [; 0.88+0.78 1.00+0.85 133+1.58 1.45+1.69
of gills I, 1.50+133 1.16+133 0.11+0.33 0.45+0.07
of kidneys I 1.00+0.50 1.08+0.28 0.22+0.47 0.73+1.48
Total pathology index IT 344+£1.58 325+217 167150 2.18+231

3) Aquavitro. [Use of Ultrasound in the Control of the Chilean Sea Louse Caligus Rogercresseyi].
[online] Auvailable at: https://aquavitro.org/2016/11/17/ispolzovanie-ultrazvuka-v-kontrole-chilijskoj-
morskoj-vshi-caligus-rogercresseyi [Accessed: 24 May 2024].
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Conclusion

The analysis of behavioral responses of Black Sea fish species (red mullet,
peacock wrasse, European black scorpion fish, common stingray, thornback ray,
Black Sea horse mackerel, annular seabream, brown meagre, picarel, damselfish)
under the action of ultrasound (JSC VNIIAES, Moscow) (power 500 W, frequency
27 kHz, strength 3 A) allowed establishing an irritating and repelling effect on fish
at a small distance (10-30 cm) from the equipment. The most pronounced behav-
ioral responses were observed in the red mullet, Black Sea horse mackerel, picarel
and common stingray, the least pronounced ones were in the European black scor-
pion fish. No fish mortality was observed.

The results of biochemical studies showed that there were no significant dif-
ferences between the analysed parameters (level of OP and POL, activity of AO
enzymes, aminotransferases and ChE, and glucose content) in tissues of the Euro-
pean black scorpion fish and red mullet from the experimental and control cages.
Indices of histopathological changes in the liver, gills and kidneys, as well as val-
ues of the total alteration index in the compared groups of red mullet and European
black scorpionfish also did not differ.

Thus, the analysis of behavioral, biochemical and histological parameters of some
fish species of the Black Sea suggests absence of negative influence of the USE
(JSC VNIIAES, Moscow) (power 500 W, frequency 27 kHz, current 3 A) on the state
of health of fish from the experimental group. This allows us to recommend this
equipment for use in NPP technical water-supply systems.
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Dynamics of Allometric and Weight Parameters
of the Black Sea Scallop Flexopecten glaber ponticus
(Bucquoy, Dautzenberg & Dollfus, 1889) During Cage Farming

L. V. Ladygina *, A. V. Pirkova

A.O. Kovalevsky Institute of Biology of the Southern Seas of RAS, Sevastopol, Russia
* e-mail: Ivladygina@yandex.ru

Abstract

The scallop Flexopecten glaber ponticus (Bucquoy, Dautzenberg & Dollfus, 1889), which
is endemic to the Black Sea, can be classified as a mollusk species potentially cultivable
in the coastal waters of Crimea. Recent data indicate emerging trends in the scallop popula-
tion recovery off the Crimean coast. The scallop settles in large quantities into nursery cages
together with the giant oyster Crassostrea gigas (Thunberg, 1793), which suggests the scal-
lop can be reared in suspended culture due to its availability and ease of collection. We stud-
ied the seasonal dynamics of allometric growth and weight increase of the Black Sea scallop
F. glaber ponticus during cage farming off the coast of Crimea. For the first time, a growth
model is presented that adequately describes the linear growth of the mollusk. The linear
relationship between shell height and age of the scallop and the exponential relationship
between the total live weight and shell height were found. It was shown that the commercial
quality indices of F. glaber ponticus — meat yield, condition index and gonadosomatic index —
vary with season. The maximum values of the condition index and meat yield were noted
in April, 63.40 and 33.01%, respectively. The gonadosomatic index increased from January
to June (from 6.8 to 13.14%) and decreased from July to November, which trends are asso-
ciated with the gametogenesis and spawning of the mollusk. The percentage of dry matter
in soft tissues was 16.5%. We propose the cultivation duration (2.5-3 years) and optimal
timing for harvesting marketable Black Sea scallop as a promising mariculture species. Winter
and spring can be the best period for collection of the Black Sea scallop of marketable size.

Keywords: scallop Flexopecten glaber ponticus, growing, linear growth, condition index,
meat yield, gonadosomatic index, Black Sea, mariculture, commercial mollusks
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JAvuHaMuKa JTMHEHHBIX U BECOBBIX IApaMeTpPOB
yepHOMoOpckoro rpedewmka Flexopecten glaber ponticus (Buc-
quoy, Dautzenberg & Dollfus, 1889)
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AHHOTALMSA

[nockuit rpebemok Flexopecten glaber ponticus (Bucquoy, Dautzenberg & Dollfus, 1889),
SIBIISTFOLLIMIACS. DHJIEMUKOM YepHOro MOpsi, MOXKET OBbITh OTHECEH K MOTEHIMAIbHBIM 00bEeK-
TaMm KyJabTUBUpOBaHus y OeperoB KpbeiMa. JlaHHBIC MOCIESIHUX JIET CBHETENBCTBYIOT O BOC-
CTAaHOBUTENBHBIX MpOLleccax B MomyJisiiuu rpedemka Ha Kpsimckom nmodepexbe. B mac-
COBOM KOJIMUECTBE TIpeOEIIOK OCelaeT B BBIPOCTHBIE CAJKU C TMTAHTCKOW yCTpuIen
Crassostrea gigas (Thunberg, 1793), 4To M03BOJSET BhIpAIIUBATh €r0 B MMOJBECHON KYJIb-
Type Gaarofapst JOCTYITHOCTH U npoctoTe cOopa. Llenb paboThl — H3yYUTh CE30HHYIO JMHA-
MUKY JITHCHHOTO M BECOBOT'O pOCTa YePHOMOPCKOTo rpedenika F. glaber ponticus nipu can-
KOBOM BbIpanuBaHiy y 6eperoB KpeimMa. BriepBblie npesicTaBieHa MoJieb pocTa, aJleKBaTHO
OIHCHIBAIOIIAS JIMHEHHBIH POCT MOILUTFOCKOB. OmpesieNicHa TMHEWHAsT 3aBUCUMOCTh BBICOTEI
PAKOBHHEI rpedelka 0T BO3pacTa M SKCIIOHECHIIATbHAS 3aBHCUMOCTE OOIIIEro )KHBOTO Beca
rpeOCIIKOB OT BEICOTHI pakoBHHEL. [10Ka3aHO, YTO MHAEKCH TOBApPHOTO KadecTBa F. glaber
ponticus: BBIXOJ MsCa, UHIEKC KOHIHUIIUU M TOHAJOCOMATUUECKHN UHJEKC — M3MEHSIOTCS
B 3aBUCUMOCTH OT Ce30Ha. MaKCHMalbHble 3HAYCHUSI MHICKCA KOHJUIIMK M BBIXOJa Msca
OTMEYCHBI B ampelie U COCTaBIsuIH cooTBeTCTBEHHO 63.40 11 33.01 %. 'oHagocomaTndeckuit
MHJIEKC YBEIMYMBAJICS C SHBaps 1o uioHb (0T 6.8 1o 13.14 %) u ymeHbIIancs ¢ uois mo
HOSIOpB, YTO CBSA3aHO C MPOLIECCaMH raMeTOreHe3a U HepecTa MOJLTIOCKOB. JloJist cyxoro Be-
IiecTBa B MSITKHX TKaHSAX cocTaBuia 16.5 %. PexomeHIoBaHa MPOAOKUTENBHOCTh BBIpa-
muBanus (2.5-3 roaa) u cpoku cOopa TOBAPHOH MPOAYKIMU YEPHOMOPCKOTO rpederika Kak
MIEPCIICKTUBHOTO 00BhEKTa MApHUKYJIbTYyphl. [l cOopa yporxkas 4epHOMOPCKOro rpederika
TOBapHOTO pa3Mepa MOXKET OBbITh ONTHMaIbHBIM 3UMHE-BECEHHHH MEPUO/I.

KuroueBnie cioBa: rpebdeniok, Flexopecten glaber ponticus, MapUKyJIbTypa, POCT, HHICKC
KOHMIIMK, BBIXOJ MsCa, TOHAJ0COMATHUYECKH HHEKC, UepHoe Mope, MPOMBICIOBBIE
MOJLITFOCKH

BbaarogapHocTu: paboTa BBITIOIHEHA B paMKax rocyaapctsenHoro 3ananus OUI MabIOM
o Teme «KoMIutekcHoe MccieI0BaHne MEXaHN3MOB (PYHKITMOHUPOBAHUS MOPCKHIX OHOTEX-
HOJIOTHYCCKUX KOMIIJIEKCOB C ICJIBIO MOJYUYCHU A OHMOJIOTUYECKN aKTUBHBIX BCIIICCTB U3 '~
pobuonToBy» (Ne roc. perucrpamuu 124022400152-1). Beipaxkaem GiaroapHOCTb JUpEK-
topy OOO HUO «Mapukynstypa» B. JI. IluHsBCKOMY 32 Tpe10CcTaBIeHHYIO BOZMOKHOCTh
BBIpAIBaHHsI Y€PHOMOPCKOT'0 rpedelika Ha MOPCKOW (pepMe B IOJIBECHON KYJIBTYPE.

Jdast murapoanus: Jlaovieuna JI. B., Ilupkosa A. B. JluHamuika JHHEHHBIX U BECOBBIX
mapaMeTpoB YepHOMOpcKoro rpederka Flexopecten glaber ponticus (Bucquoy, Dautzenberg &
Dollfus, 1889) npu cankoBoM BeIpaiuBaHuy // JKojoruyeckast 0€30MacHOCTb MPUOPEKHOM
n menbosoit 30H Mopsi. 2024. Ne 2. C. 153-164. EDN ERRZYM.
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Introduction

The mollusk aquaculture includes approximately 65 registered species repre-
sented mainly by bivalves (clams, oysters, scallops and mussels), which account
for 89% of global marine aquaculture production, while 11% comes from wild cap-
ture. The largest producers of marine bivalves are Asian countries, especially China,
where 85% of the world production is grown [1]. The world seafood market con-
siders scallops, along with other commercial bivalves (mussels and oysters), to be
a valuable delicacy due to their excellent taste and nutritional properties. High-
quality protein, polyunsaturated omega-3 fatty acids in high concentrations neces-
sary for human activity, as well as macro- and microelements (iodine, selenium,
calcium), vitamins A and D make a major contribution to the nutritional value of
the mollusk [2].

In the Black Sea, commercial harvesting and cultivation of bivalves are not
particularly developed. Only five mollusk species are of commercial importance:
Mpytilus galloprovincialis (Lamarck, 1819), Crassostrea gigas (Thunberg, 1793),
Chamelea gallina (Linnaeus, 1758), Donax trunculus (Linnaeus, 1758) and Anadara
kagoshimensis (Tokunaga, 1906) [3]. The scallop Flexopecten glaber ponticus
(Bucquoy, Dautzenberg & Dollfus, 1889), which is endemic to the Black Sea, can
be classified as a mollusk species potentially cultivable in the Crimean coastal
waters. It lives at depths of up to 30 m on the surface of silty, sandy and shelly
ground, as well as on oyster beds ". The scallop can attach itself temporarily to
the thalli of vegetation located above the ground. The color of the shells varies from
white or yellow to red and brown, the right valve is often lighter than the left one.
The length and height of the mollusk shell is up to 55 mm, its width is up to 13 mm.
Until recently, the Black Sea scallop was included in the Red Book of the Republic
of Crimea as a subspecies declining in numbers #. However, recent literature and our
own data [3, 4] indicate emerging trends in the scallop population recovery off
the Crimean coast. The scallop settles in large quantities into nursery cages together
with the giant oyster C. gigas, which suggests the scallop can be reared in suspended
culture due to its availability and ease of collection.

During cage farming, F. glaber ponticus has a relatively high growth rate in its
first year of life and reaches a length of about 42 mm by the end of the second year.
The largest mollusk specimens at the age of three years had a shell height of more
than 55 mm. As for the scallops from natural Black Sea settlements, this size is close
to the limit [3]. The scallops F. glaber with a shell height of more than 50 mm are
considered to be commercial ones [5]. This species is promising for the Black Sea
mariculture due to its high growth rate.

D Skarlato, O.A., 1972. [Class Bivalvia]. In: V. A. Vodyanitskiy, 1972. [Field Guide for the Black
Sea and the Sea of Azov]. Kiev: Naukova Dumka, pp. 178-249. Vol. 3 (in Russian).

2 Ivanov, S.P. and Fateryga, A.V., eds., 2015. Red Book of the Republic of Crimea. Animals.
Simferopol: ARIAL, 440 p. (in Russian).
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The Black Sea scallop is a synchronous hermaphrodite. The gonad is two-colored:
the male part of the gonad is cream-colored, the female part is orange. It reproduces
in June and July. Spawning is partial. The Black Sea scallops become reproductive
in the first year of their life [6].

According to N. Berik [6], the scallop F. glaber farmed in the Canakkale Strait
(the northern Aegean Sea) also reproduces in June and July. The scallop F. glaber from
the northwestern Adriatic Sea has two spawning periods: in April and May, as well as
from June to September (with maximum gonadosomatic index values in June) [5].

The cultivation of F. glaber ponticus along the Crimean coast of the Black Sea
is at an early stage, so the data concerning the biotechnology of cultivating this spe-
cies and its nutritional properties are very little.

The paper aims at the study of the seasonal dynamics of allometric growth,
determination of the relationship between the total weight and shell height and eval-
uation of commercial quality indices (meat yield (MY), condition index (CI) and
gonadosomatic index (GSI)) of the Black Sea scallop F. glaber ponticus as a prom-
ising mariculture species during cage farming.

Materials and methods of study

The material of the study was the scallop spat collected in nursery cages with
the giant oyster C. gigas grown on an oyster farm (Sevastopol Bay outer roadstead:
44°37'13.4" N; 33°30'13.6" E). The mollusk specimens were then grown with the use
of suspended culture at a depth of 3—5 m for 2.5 years.

The growth dynamics and determination of the total weight of scallops of dif-
ferent ages (from 0.5 to 2.5 years) were studied over a year selecting 10 pcs. monthly.
The mollusk specimens were cleaned of fouling organisms, washed in sea water and
then their size and weight characteristics were determined [7]. The length (L, mm),
height (H, mm), width (D, mm) of the F. glaber ponticus shell were measured with
a digital caliper (Zubr ShTs-1) with an accuracy of 0.01 mm. Total wet weight of
the scallop (Wiowa, g — total weight with mantle fluid), weight of soft tissue (W, g),
weight of gonads (W, g) were determined according to method [7] on electronic
scales (OHAUS) with an accuracy of 0.01 g.

Dry matter of soft tissues and dry matter of gonads were determined on AXIS
ANG200C electronic scales (to 0.0001 g) after drying in a thermostat to a constant
dry matter at a temperature of 60 °C for 48 h. CI, MY and GSI indices (%) were
calculated using formulas [8]:

CI = meat wet weight (g) / shell wet weight (g) -100;
MY = meat wet weight (g) / total wet weight (g) -100;
GSI = gonad wet weight (g) / meat wet weight (g) -100.
The moisture content of the sample was determined as the difference in weight
before and after drying in a thermostat at 60 °C to constant weight and was shown
as percentage. Ash content was determined by burning samples in a TEMOS-

Express muffle furnace at a temperature of 600 °C for 2 h*. The mean values of
allometric and weight parameters and confidence intervals were calculated in Excel.

3 Horwitz, W., 2000. Official Methods of Analysis of the AOAC International. Gaithersburg, USA.
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Empirical data on allometric growth were approximated with the von Ber-
talanfty growth model — the Ford—Walford equation [9, 10]

H,=H,(1-e™),

where H, is actual size of an individual, mm, at age ¢, years; H. is theoretically max-
imum shell height, mm; k is growth constant, year '; e is base of natural logarithm
(2.71828...).

Results and discussion

As a result of the analysis of size-frequency distributions, modal sizes of mol-
lusk specimens in age groups of 0.5-2.0 years were obtained. They were then used
to create an allometric growth model. The height of the scallop spat shell immedi-
ately after the larvae metamorphosis is 0.3 mm ¥. The values of the parameters of
this equation were found graphically. To construct the graph, the average values of
the scallop shell height at age ¢ were plotted on the abscissa axis, and at age ¢ + 1 —
on the ordinate axis (Fig. 1).

These points are located on one straight line. The intersection of the line with
the right angle bisector determines the theoretically maximum size of an individual
in the settlement. Fig. 1 shows that the line intersects the bisector at 57.0 mm.
The slope angle (o = 26°) makes it possible to evaluate the growth constant:

k=—lgtga/lge,

where tg a is tangent of the slope angle of a straight line, which is equal to 0.4877,
then & = -1g 0.4877/0.4343 = —03118/04343 = —0.718. We obtain the following
relationship:

H,=57.0-(1 —&"7'%),

807
05<t<2.0.
60 : . :
£ | Using this formula, we calculated
i 40- | the theoretically expected aver-
£ o ‘[ age values of the scallop shell
204 I height (Table).
| I The formula describes
0 , . . . the mollusk allometric growth
0 20 40 60 80

adequately. Thus, the theoreti-
cally expected modal classes co-
Fig. 1. Graphical determination of incide completely with the actual

parameters of the von Bertalanffy growth average values of the shell height
equation for the age of 1.5 and 2.0 years.

Hi, mm

4 Zakhvatkina, K.A., 1972. [Larvae of Bivalvia]. In: V. A. Vodyanitskiy, 1972. [Field Guide for
the Black Sea and the Sea of Azov]. Kiev: Naukova Dumka, pp. 250-270. Vol. 3 (in Russian).
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Parameters of the growth equation for the scallop Flexopecten glaber ponticus and theoreti-
cally expected modal sizes of mollusk specimens aged 0.5-2 years

cyers | k| ew | 1-ew | Hilteortiedly |t Gl
0.5 0.359 0.698 0.302 17.21 13.71+0.76
1.0 0.718 0.487 0.513 29.24 25.88+0.67
1.5 1.077 0.341 0.659 37.56 37.96 £0.75
2.0 1.436 0.238 0.762 43.43 42.12+£1.02

Note: +i — confidence interval, mm.

The relationship between the average value of the scallop shell height (H, mm)
and age (0.5 > ¢ > 2.5) is also described by a linear function with a high value of
the correlation coefficient (» = 0.9841):

H=19.5141+ 4.8472.

Fig. 2 shows the graph of relationship.

As the shell height increased, the total weight of the scallop increased exponen-
tially (Fig. 3).

The results of our studies showed that the relationship between the wet weight
of soft tissues and the total wet weight of the Black Sea scallop was described
by a linear function (Fig. 4).

The values of the F. glaber
ponticus weight indicators (MY, 60
CI and GSI) show the mollusk
commercial quality. Weight indi-
cators can vary depending on the
season, presence and availability g 30
of food, reproductive cycle stages 204
and are the result of a complex

101
interaction among these factors
[11]. These indicgtors r.eﬂect the 00 05 | 15 5 25 3
mollusk ecophysiological char- 1, years
acteristics (gametogenesis and
metabolism processes) and are of Fig. 2. Dynamics of growth of the scallop
great importance when harvest- Flexopecten glaber ponticus during cage
ing marketable products. farming
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Fig. 3. Dependence of the total weight Fig. 4. Correlation of the soft tissue
of the scallop Flexopecten glaber ponticus wet weight with the total weight of
on the shell height the Black Sea scallop Flexopecten
glaber ponticus

We established that changes in the weight indicators of the scallop F. glaber
ponticus were seasonal. The maximum CI and MY values were noted in April,
63.40 £ 6.54% and 33.01 + 5.06% (p = 0.05), respectively, while the minimum val-
ues of these indicators were recorded in October: 41.39 £ 5.15% and 22.71 = 2.80%
(Fig. 5). The Cl increase from January to May is obviously related to the gonad mat-
uration dynamics. The CI values dropped sharply in June during the spawning period
and remained low from July to December. The MY values increased from January
to April due to an increase in somatic tissue weight. These values then decreased
during the spawning period and remained low during the resting period. The pro-
cesses of somatic tissue growth slowed down and the Cl increased due to the increase
in the weight of the gonads in April-June. For the same scallop species grown in the
Cardak Lagoon on the shore of the Canakkale Strait (Turkey), similar results were
obtained for MY: 39.69% in spring and 29.96% in summer [6].

It is known that the decrease in the CI and MY indices in summer and
autumn is caused by unfavorable hydrological conditions, as well as a decrease
in the qualitative and quantitative composition of phytoplankton necessary
for somatic and generative growth [12]. Thus, the concentration of microalgae
decreased in August to minimum values (26 thousand cells:L™") in the water
area of the mussel and oyster farm (location of nursery cages with the scallops)
with water warming up to 25 °C. It was the period of domination of large-celled
forms of algae, which are not food for bivalves [13]. The maximum values of
phytoplankton abundance were typical for February, when food species of mi-
croalgae predominated: the diatom Skeletonema costatum (Greville, 1865) and
the coccolithophore Emiliania huxleyi (Lohmann, 1967). From April to July, the
number of phytoplankton changed slightly, from 100 to 124 thousand cells-L™".
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Fig. 5. Seasonal dynamics of mean values of condition index and meat
yield of the scallop Flexopecten glaber ponticus during cage farming

According to literature data, seasonal fluctuations in seawater parameters can affect
the physiological functions and survival of the scallops negatively [14]. Due to a lack
of food, metabolic energy is redirected mainly to maintaining reproductive pro-
cesses, which leads to a decrease in the condition index value, while high food avail-
ability enhances tissue and gonad growth [15].

The increase in the scallop GSI values from February (6.8 + 1.86%) to June
(13.14 + 1.52%) with its maximum in April (13.5 + 1.44%) indicates the maturation
of the gonads (Fig. 6). In parallel with the development of the gonads, the total
weight of the scallop soft tissue and the CI values also increased. The Black Sea
scallop spawning was noted in June — early July and the GSI value was 10.25 +2.0%
at the end of July. From October to December, the GSI values were declining and
reached their minimum in December (5.9 £ 0.74%).

Changes in the MY and GSI indices are directly related to the reproductive cycle.
The weight of gonads increases before spawning, while the weight of the somatic
tissue decreases. It is known that glycogen accumulated in the adductor is used
as an energy source to increase the weight of gonads. Thus, reproduction affects
significantly the adductor weight and, consequently, the total weight of the soft tissue
[16, 17]. By the reproduction period, the relative weight of the somatic tissue
decreases due to the increase in the weight of gonads [17].
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Fig. 6. Seasonal dynamics of the gonadosomatic index of the Black Sea
scallop Flexopecten glaber ponticus during cage farming

According to our data, the weight of gonads changed insignificantly from De-
cember to February (from 0.136 g to 0.152 g). However, the weight of the gonads
increased to maximum values (0.343 g) from April to June, possibly due to the ac-
cumulation of a sufficient amount of lipids [5]. Therefore, high CI values in April
are stipulated by an increase in the weight of the somatic tissue, and in June —
an increase in the weight of gonads. Gametogenesis processes depend on biotic
and abiotic factors [18]. The mollusk gametogenesis occurs with a sufficient amount
of trophic resources necessary for the energy-consuming reproduction process.
With an insufficient amount of food, the mollusk experiences catabolism of such
reserve tissue as the adductor [18]. According to T. Marceta [5], the tendency toward
decreased weight and energy content in the somatic tissue and gonads indicates
a gradual depletion of energy stored in the somatic tissue for use in the reproductive
process.

The MY, CI and GSI indices reflect the ecophysiological state of bivalves.
Changing the index values adjusts significantly the cultivation biotechnology and
harvesting dates. The MY values of the scallop F. glaber ponticus increased from
autumn to early spring. Therefore, the commercial value of the mollusk decreases
sharply during and after the spawning period when the scallop gonads are freed
from reproductive bodies and the weight of the soft tissue decreases.

The dry matter content in the soft tissue of the scallop F. glaber ponticus aver-
aged 16.5% and the proportion of water was 83.5%, with its maximum content
in February (83.81%). Similar values were obtained for other bivalves: M. gallo-
provincialis, Limaria tuberculata (Olivi, 1792) [19]. The water content in the soft

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2024 161



tissue influences physical and chemical characteristics of the mollusk and is consid-
ered to be a good indicator of seafood freshness and quality. Its content depends
on the physical structure since water is involved in many physiological processes
such as nutrient transport, waste removal, transmission of nerve impulses and muscle
contractions [20].

The relationship between the dry weight of the scallop soft tissues and the wet
weight is expressed by the following linear function:

Wdry st = 0-1601'Wmeat st. T 00127,
0.18 > W mearse. > 4.42; R*=0.9912.

The ash content in the soft tissues of the Black Sea scallop indicating the amount
of inorganic compounds in the tissues ranged from 1.85 g/ 100 gto 2.36 g/ 100 g.
Similar average ash content values were determined for bivalves from the Adriatic
Sea: F. glaber — 2.11 g / 100 g, Chlamys varia (Linnaeus, 1758) —2.49 g / 100 g,
Ostrea edulis (Linnaeus, 1758) — 2.18 g / 100 g [21] and from the Mediterranean
Sea: M. galloprovincialis —2.62 g/ 100 g [19].

Conclusion

Recently, the population of the Black Sea scallop F. glaber ponticus has been
recovering resulting in an increase in the amount of settled spat, which makes it pos-
sible to study the allometric and weight parameters. When grown in suspended cul-
ture, the weight of the Black Sea scallop increased exponentially with its shell height.
The mollusk commercial indicators varied depending on the season. The highest CI
and MY values were noted from December to April (49.13—63.4 and 26.71-33.01%,
respectively), and the lowest ones — in the summer months. The maximum GSI values
were obtained in June during the pre-spawning period. Therefore, winter and spring
can be the best periods for collection of the Black Sea scallop of marketable size.
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