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Abstract

The bay-bars of Crimean salt lakes are unique natural formations of significant recreational
value. Since 2015, the bay-bars have undergone intensive development, with construction
projects being planned. This paper analyses and characterizes the current state of the bay-
bars in Western Crimea and assesses their dynamics over the past 150 years, based on long-
term field monitoring data from Marine Hydrophysical Institute of the Russian Academy of
Sciences, satellite imagery, cartographic materials, official reports, and published literature.
It was revealed that the condition and dynamics of these bay-bars are determined by
the aggregate effect of natural and anthropogenic factors. Key natural processes include
storm-induced sediment redistribution along the bay-bar and adjacent coastline, sediment
transport from the coastal slope into the lakes across the bay-bars, and aeolian processes.
Nevertheless, human activity constitutes the dominant forcing factor. Sand mining was
widespread across nearly all bay-bar sites, with industrial-scale extraction occurring
at Lakes Sasyk-Sivash, Donuzlav, Sakskoye and Kyzyl-Yar. Consequently, the sediment
volume of the bay-bars has been severely diminished, with a reduction in both width
and height. This has, in turn, increased the vulnerability of structures to storm damage.
Additional anthropogenic pressures include artificial breaching of the bars, extensive con-
struction, removal of dunes and vegetation and beach grading. Collectively, these interven-
tions have degraded the natural landscape and led to loss of the lakes' therapeutic qualities.
The intensive development, which entails the physical destruction and transformation of
the bay-bars, poses a significant threat to the survival of these unique ecosystems and
the vital recreational and ecological services they provide. An urgent shift in management
strategy, prioritizing conservation and restoration of the bay-bars, is therefore imperative.

Keywords: Black Sea, Western Crimea, bay-bar, coastal dynamic, anthropogenic impact,
coastal area
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AHHOTAUMA

INepecbmu conensix o3ep KpbiMa — 3TO yHUKaIbHbBIE IPUPOAHBIE O0BEKTHI, IPEACTABIISIO-
mme co0oif IIeHHBIH pekpeanoHHblil pecypc. C 2015 r. Hagamoch MX WHTEHCHBHOE OCBOE-
HHE, pa3pabaThIBAIOTCS TPOEKTHI 3aCTPOWKU. B craTbe Ha OCHOBE MaTepHaIOB MHOTOJET-
HHX MOHHTOPHHIOBBIX MHOJIEBBIX paboT Mopckoro ruapodusmyeckoro mHerutyta PAH,
CITYTHHUKOBBIX CHUMKOB, KapTOFpaq)I/I‘IeCKI/IX MarepuajioB, BCAOMCTBCHHBIX OTYETOB U JIM-
TepaTypHBIX WCTOYHHKOB MPOAHAIM3HPOBAHO M OXapaKTEpHU30BAaHO COBPEMEHHOE COCTOS-
HHUe nepechbineld 3amagHoro KpriMa u maHa olleHKa MX AMHAMHKE 3a mocienHue 150 ser.
YcTaHOBIIEHO, YTO COCTOSIHUE W JMHAMUKa Iepeckineii 3amaanoro KpbiMa onpeaensioTcs
COBMECTHBIM BIIMSIHUEM MPUPOJHBIX U aHTPOIIOTeHHBIX (hakTOpoB. K MpUpoIHBEIM OTHOCAT-
csl Tiepepacrpe/ieJIeHie HaHOCOB MEXIY OTAEIbHBIMHU y4acTKaMH HEPECHITH U COCEAHUMHU
ydacTKaMH Oepera mpu IITOPMOBOM BOJHEHHH, NEPEHOC HAHOCOB ¢ OEPEeroBOro CKIOHA
B 03epa 4epe3 MEepEchITN U 30JI0Bble Tpouecchl. OIHAKO TOMUHHUPYIOUIYIO POJb UTpaeT
aHTPOIIOTEHHOE Bo3xAeHCcTBHE. [loYTH MOBCEMECTHO Ha MEPECHISIX IOOBIBANIN IECOK.
B mpomeimiieHHBIX MacmTabax oTOOp TpoBoAmics Ha mepechix o3ep Cacwik-CuBari,
JHonysnas, Cakckoro, Kenpur-Ap. Kak pesynsrar, 00beM mepechineii 3HAaYUTEITHHO COKpa-
TUIICA: YMCHBIINJIACh UX IIHUPHUHA U BBICOTA, YTO IMOBBICUIIO YA3BUMOCTH CTpOCHI/Iﬁ Ha HUX
IpU MITOPMOBOM Bo3zeiicTBUU. OTMEUEHBI U IPyTHe BU/bI aHTPOIIOTEHHOTO BO3JICHCTBUA:
IPOPBITHE TEPECHINEH, KallUTaIbHOE CTPOUTENBCTBO, YHUUTOXKEHHUE JIOH U PAaCTUTEIBHO-
CTH, IJTAHUPOBKA IUISDKEH, NMPUBEIIINE K JeTpajJallii eCTECTBEHHBIX JaHImAa(ToB 1 yTpare
03epaMu JIe4eOHBIX CBOMCTB. MIHTEHCHBHOE OCBOCHUE MEPECHINEH, CONPOBOKIAIONIEECS UX
(u3NUECKMM YHUUTOXKEHHEM M TpaHC(opMalneid, Co3JaeT peallbHyI0 YIpo3y Ui COXpaHe-
HUSI 3TUX YHUKQJIbHBIX IPUPOIHBIX OOBEKTOB, BBHIIOJHSIIONINX Ba)KHBIE pEKpeallmOHHbIC
n 3kostornyeckne Gynkunu. Heobxoamum mnepecMoTp MoJXoJ0B K MX XO3HCTBEHHOMY HC-
MIOJIB30BaHHUIO B CTOPOHY COXPaHEHHS ¥ BOCCTAHOBIICHUSI.

KiroueBble cinoBa: UepHoe mope, 3amannsiii KpsiM, mepecsinb, JTUHAMHKa Oeperos, aH-
TPOTIOT€HHOE BO3JICHCTBHE, Oeperopas 30Ha

BuaronapHocru: paboTta ¢ JaHHBIMH JUCTAaHIMOHHOTO 30HIAMPOBAHUS M OLEHKA COBpE-
MEHHOTO COCTOSIHMSI aKKyMYJIATHUBHBIX (DOpM BBINONHEHBI 3a c4eT rpaHTa Poccuiickoro
Hay4dHoro (onrma Ne 25-17-00104, https://rscf.ru/project/25-17-00104/, ananu3 pe3yasTaToB
MHOTOJIETHUX MOHHMTOPHHIOBBIX MOJIEBBIX Pa0dOT M apXMBHBIX OTYETOB MoOpcKoro runpodu-
3MUYECKOr0 MHCTUTYTA BBIIIOJIHEH B paMKax rocynapcrseHHoro 3aganusd OI'bYH OUIl MI'N
FNNN-2024-0016.

Jas uutupoBanums: [opauxun FO. H. Texyiee cocTossHMe M JWHAMUKA TEpEChIen
3amagnoro Kpeima // Dxonorudeckas 0€30MacHOCTh NMPUOPEKHON U MIeab()OBO 30H MOPSI.
2025. Ne 4. C. 6-32. EDN UVGARW.
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Introduction

According to generally accepted terminology, a bay-bar is a strip of land
formed by sediment accumulation, which separates a lagoon or bay entrance from
the open sea. Bay-bars are formed by wave action and wave-driven currents result-
ing from longshore or cross-shore sediment transport. They are composed of sand,
gravel, pebbles or shells " ?. Morphologically, bay-bars belong to the closing
coastal landforms, which are of the accumulative and barrier-type variety *).
A coastal bar is what they are genetically. During its growth, an accumulative spit
can attach its distal end to the opposite shore of the bay, transforming into a bay-
bar. More complex bay-bars also exist, consisting of several systems of coastal
ridges of different ages which can include relics of former lagoons. Such bay-bars
are typical of Western Crimea.

While accumulative beaches are subject to considerable variability, bay-bars
are a relatively stable component of coastal dynamics. Only during rare, extreme
storms can waves overtop narrow bay-bars, transferring sediments from the sea-
ward side to the lake side and forming washover channels which are, however, rap-
idly filled in again [1, 2]. Bay-bars of various lithological compositions, like other
large accumulative landforms, shape the typical landscapes of the north-western
Black Sea coast, including Western Crimea. These accumulative forms are a result
of the Quaternary history of the Black Sea, during which tectonic movements and
changes in sea level formed the shallow shelf in the north-west of the sea. The most
distinctive features of the Black Sea coastline are lagoons, formed when the lower
reaches of gullies and river valleys flooded. Most coastal depressions are currently
separated from the open sea by continuous bay-bars formed by sediment transport.

In Western Crimea, bay-bars are typical of the North-Western, Tarkhankut and
Evpatoriya sectors [3]. In the North-Western sector, they occupy ~ 10 km of the coast-
line; in the Tarkhankut sector, they are localised to three bays; and in the Evpatoriya
sector, they account for around half of the entire 42 km coastline (Fig. 1).

Just a century ago, the study of marine-origin bay-bars was considered important
from both scientific and practical perspectives, since their formation was associated
with the genesis of valuable minerals such as salt, therapeutic muds and construc-
tion materials like gravel, sand and silt [4]. Understanding the formation and struc-
ture of bay-bars was also emphasised as important for beach management and
grading, afforestation, dune stabilisation, road construction, creating marine canals,

1) Zenkovich, V.P. and Popov, B.A., eds., 1980. [Marine Geomorphology. Terminology Reference
Book. Coastal Zone: Processes, Concepts, Definitions]. Moscow: Mysl, 280 p. (in Russian).

2) Akhromeev, V.N., 2002. [Geomorphological Reference Dictionary]. Bryansk: Izdatelstvo BGU,
320 p. (in Russian).

3) Zenkovich, V.P., 1960. [Morphology and Dynamics of the Soviet Black Sea Coast, Vol. 1]. Moscow:
AS USSR Publ., 187 p. (in Russian).
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Fig. 1. Major salt lakes of Western Crimea and their bay-bars

and constructing structures [4]. Study * states that, in the 1920s and 1930s, sand
mining was carried out directly on the beaches of bay-bars and in river channels in
Crimea where the reserves of this material were considered inexhaustible.
Currently, bay-bars are primarily regarded as valuable recreational resources.
These unique natural formations support biodiversity and play an important role
in coastal ecosystems. Much of the coastline of Western Crimea still consists of wide,
sandy beaches that are ideal for recreation. However, they have been subjected to

4 Pavlov, LS., ed., 1932. [Reference Book for Construction Materials Industry. Iss. 1. Ukraine and
Crimea). Moscow, 119 p. (in Russian).
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intensive development over the past decade. Construction projects are underway
or planned on the bay-bars of lakes Bakalskoye and Karadzha. Plans have been
made to build a new city with a population of around 30,000 people on the bay-
bars of several lakes between the villages of Shtormovoye and Zaozernoye.
The large-scale project “Golden Sands of Russia” is being actively developed and
promoted. This involves extensive construction on the bay-bar of Lake Sasyk-
Sivash with the aim of accommodating around one million tourists per year. Con-
struction on the bay-bar of Lake Sakskoye is almost complete. Insufficient under-
standing of coastal dynamics by project developers can lead to unjustified deci-
sions. Such decisions are already having a negative impact on the environment
and carry the risk of unnecessary financial costs [5].

The earliest references to the bay-bars in salt lakes, including those in Western
Crimea, appear in works primarily devoted to salt lakes and salt extraction > ©- 7,
These studies are valuable because they describe the characteristics of the bay-
bars as they were in the last quarter of the 19th century. The first studies to focus
specifically on the origin and structure of the Crimean bay-bars were published
in the early 1930s by the renowned Soviet geologist A. I. Dzens-Litovsky ¥ ® [6].
These publications were the outcome of expeditions conducted as part of an ex-
tensive study of the hydrogeological features of Crimean salt lakes, undertaken
by the Institute of Hydrogeology and Engineering Geology of the All-Union Geo-
logical Survey.

The next stage in the study of Crimean bay-bars is associated with V. P. Zenko-
vich, the founder of Soviet coastal geomorphology. In his generalising mono-
graph ¥, he used the Northern Black Sea region as an example to explain the for-
mation and development of accumulative landforms, including bay-bars. The re-
gional volume of monograph * contains specific data on the bay-bars of Western
Crimea, reflecting their state in the late 1940s. More recent information on certain
bay-bars from the late 20th century is presented in the works of Yu. D. Shuisky [7-9].
Notable recent studies of the bay-bars of Western Crimea include [1, 2, 10—-12].

This study aims to characterise the current state of the bay-bars in Western
Crimea and assess their dynamics over the past 150 years. This will be achieved
by analysing satellite imagery, cartographic materials and archival data.

3) Pershke, L., 1882. [Salt Lakes of the Northern Black Sea Coast and the Basis for their Rational
Development]. Saint Petersburg: Tipografiya i Khromolitografiya A. Transhelya, 89 p. (in Russian).

9 Mushketov, I.V., 1895. [A Note on the Origin of the Crimean Salt Lakes]. Gorny Zhurnal, 2(6),
pp- 344-393 (in Russian).

7 Konrady, A.V., 1896. [Saki Salt Industry of Master of the Hunt I. P. Balashev in Crimea). Saint
Petersburg: Tip. Trenke i Fyusno, 31 p. (in Russian).

8 Dzens-Litovsky, A.L, Pastak, A.l. and Meyer, R.F., 1934. [The Resort of Saki and its Suburbs].
Moscow: Fizkultura i Turizm, 78 p. (in Russian).

%) Zenkovich, V.P., 1960. [Morphology and Dynamics of the Soviet Black Sea Coast, Vol. 2]. Moscow:
AS USSR Publ., 216 p. (in Russian).
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Materials and methods

This study is based on long-term field monitoring data from Marine Hydro-
physical Institute of the Russian Academy of Sciences (MHI RAS), as well as sat-
ellite imagery, cartographic materials, official reports and published literature.
The electronic archive of coastal photographs of the Crimean Peninsula, created
at the MHI RAS, was also used. General geographical and cartographic methods
were employed, as well as analysis of satellite imagery of the Earth’s surface.

Results and discussion

North-Western sector

The sector extends 105 km from the northern border of Crimea to Cape Ka-
mennyy, to the west of the Bakalskaya Spit. The coastline is formed by Quaternary
marine and continental deposits, comprising both abrasive and accumulative seg-
ments. Some capes and protrusions have eastward-oriented spits, while small
attached terraces are found on the side facing away from them. Accumulative land-
forms have primarily been created as a result of the longshore transport of sand and
shell material from west to east. The sector is characterised by sustained land subsid-
ence, as evidenced by drowned ravine mouths, lagoons, and silty deposits in the near-
shore zone. According to map '” dated 1941, spits in the stage of attachment and
bay-bar formation existed in the northern part of the sector at that time. These fea-
tures currently appear as bay-bars; the area has undergone anthropogenic transfor-
mation, with former lakes and lagoons being converted into rice paddies and fish-
breeding ponds. Only one segment remains: a complexly configured bay-bar,
~ 1.5 km long, located 2 km north of Cape Kartkazak. Map '” dated 1941 shows
this bay-bar as a spit in the stage of attachment.

To the southwest of the Lebyazhyi Islands, the coast is low-lying and accumu-
lative, of lagoon type. These accumulative landforms are predominantly composed
of whole and fragmented shell material. This coastal segment is characterized by
both cross-shore and longshore (northeastward) transport of detrital-shell sedi-
ments. The most notable recent event in this area is the formation of a new bay-bar.
Historical maps dating back to 1817 clearly show the progressive separation of
small lagoons, formation of bar-bays, an increase in the number of Kondzhalayskie
islets and the growth of the Sergeevskaya Spit. This spit eventually transformed
a marine bay into the Andreevsky Lagoon ' 12: 13- 1915110 (Ejg 2)

10 RKKA, 1941. Northern Crimea, 1:25000. Moscow: Generalny Shtab RKKA.

D Mukhin, S.A., 1817. Ordnance Topographic Map of the Crimean Peninsula, 1:168000. Saint
Petersburg: Voenno-Topograficheskoe Depo.

12) Kozlovsky, A.N., 1842. Topographic Map of the Crimean Peninsula, 1:210000. Saint Petersburg:
Voenno-Topograficheskoe Depo.

13 VTD, 1865-1876. Map of Taurida Governorate, 1:126000. Saint Petersburg: Voenno-Topografi-
cheskoe Depo.

19 KSU, 1922. Map of Crimea, 1:420000. Krymskoe Statisticheskoe Upravlenie.
15 RKKA, 1938. Map by General Staff of RKKA, 1:50000, L-36-5234.
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Fig. 2. Andreevsky Lagoon and Sergeevskaya Spit (bay-bar)
on a map of 1842 '? (fop) and a satellite image (July 2024)
(bottom)

The growth of the Sergeevskaya Spit was particularly significant during
the last two decades of the 20th century. During this period, a new spit, the Zapo-
vednaya Spit, began to grow from the village of Portovoye towards the Lebyazhyi
Islands. It is currently attaching itself to one of the islands.

In 1989, the Andreevsky Lagoon had not yet been completely separated from
the sea '®. According to [13], the breach was still ~ 15 m wide in 1998.

The 2006 map shows a fully formed bay-bar '”. However, analysis of satellite
imagery revealed that breaches periodically appeared in the bay-bar until 2017.
Since 2018, such breaches have not been recorded (Fig.2). The current length
of the Sergeevskaya Bay-Bar is ~ 10 km, with a width ranging from 5 to 80 m.
Its narrowest section is in the east.

16) General Staff, 1993. Map by General Staff of Armed Forces of the USSR, State of the Territory as
of 1989, 1:100000, L-36-79.

17 Soyuzkarta, 2006. Topographic Guide Map of Crimea, 1:50 000. Simferopol: NPP Soyuzkarta.
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Fig. 3. Disappeared villages of Sergeevka and Andreev-
ka on the map '®

It is also important to note that the coastline is retreating at a rate of up to 3 m
per year, according to work [13]. The former village of Sergeevka, located 15 km
northeast of the present-day village of Steregushcheye, has consequently been com-
pletely submerged. Although the sea engulfed it at the end of the 1940s, it was still
shown on the shoreline on map '¥ (Fig. 3). In the 1980s, the village of Andreevka,
situated on the spit separating the lagoon from the sea, was also submerged (Fig. 2).
Indeed, modern toponyms such as Andreevsky Lagoon and Sergeevskaya Bay-Bar
originate from the names of these vanished settlements. The coastal dynamics of
this area are examined in greater detail in [3, 14].

Tarkhankut sector

The Tarkhankut sector extends 138 km from Cape Kamennyy to Lake Donu-
zlav. Tectonically, it corresponds to the Tarkhankut Rise, which is a raised area
dissected by a network of ravines. The largest of these ravines form the wide bays
of Yarylgachskaya, Uzkaya (also known as Ak-Mechetskaya) and Karadzhinskaya.
Large accumulative landforms known as bay-bars separate the salt lakes in the heads
of these ravines. Smaller ravines create concavities along the coastline, in which
minor bay-bars also develop. Behind these are topographic depressions. Most of
the coastline consists of cliffs formed by abrasion, with Sarmatian and Pontian
limestones and clays predominantly exposed. Beaches are formed from abrasion
material in coastal concavities and bays, which act as natural sediment traps. More
detailed information on the coasts of the sector is presented in work [3] and mono-
graph?).

18) Ministry of Defense of the USSR, 1947. [Atlas of Black Sea Soils]. Ministerstvo Oborony SSSR,
30 p. (in Russian).
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Yarylgachskaya Bay has the most complex configuration of marine accumula-
tive landforms, with a shoreline length of ~ 9 km. Here, a sandy bay-bar separates
three salt lakes, Dzharylgach, Yarylgach (Karlav) and Panskoye (Sasyk), and
the Karlav Lagoon (Maloye Solenoye) from the sea (Fig. 4).

The Dzharylgach and Yarylgach lakes, as well as the Karlav Lagoon, are sepa-
rated from the sea by a wide, curved bay-bar reaching up to 600 m in width near
Lake Dzharylgach and 150 m near the lagoon. The village of Mezhvodnoye (for-
merly Yarylgach) is located in the northern part of the bay-bar. Lakes Yarylgach
and Dzharylgach are divided by a narrow (10-15 m wide) secondary bay-bar,
which was reinforced when a road was constructed across it. Secondary accumula-
tive features (spits and bay-bars) are attached to both bay-bars. The Karlav Lagoon
still has a connection to the bay through a wide (~ 150 m), though shallow, breach.

According to radiocarbon dating, a marine bay existed at the site of present-
day Lake Dzharylgach 5000-5400 years ago, with free water exchange with the sea.
Later, during the Black Sea transgression and intensification of abrasion processes,
a lagoon formed. The lagoon connection with the sea became increasingly restrict-
ed, finally becoming completely separated ~ 4600 years ago [15].

Lake Panskoye, known as Sasyk until the 1940s, lies in the western part of
Yarylgachskaya Bay. In 1978, an artificial breach 130 m wide was cut through
the bay-bar, dividing the bay into two parts. Between 1979 and 1991, the new port
of Chernomorskoye was built on the northern shore of the lake with a quay line
extending 1 km. Two concrete groynes (75 m and 150 m long) were constructed
at either end of the breach to minimise siltation in the fairway. Consequently,
the brine and therapeutic muds of the lake underwent desalination (from 100%
to 18%), resulting in the loss of their therapeutic properties. In effect, Lake
Panskoye has been transformed into a man-made technogenic bay.

The Yarylgach Bay-Bar is predominantly composed of fine- to medium-grained
sands (0.25-0.5 mm), which account for 70-90% of its mass. It also contains ad-
mixtures of fragmented and whole shell material (10-30%), as well as oolitic
limestone grains. According to drilling data, the vertical thickness of the sands
ranges from 3 to 7 m [16]. Coarser sediments are found in the north-eastern part of

Yarylgachskaya Bay

2

Fig. 4. Yarylgachskaya Bay. The numbers denote salt lakes:
Panskoye (/), Karlav Lagoon (2), Yarylgach (3) and Dzharylgach (4)
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the bay-bar, which is most exposed to wave action. In some places, dunes are pre-
served but they are subject to displacement, particularly in areas without vegetation.

The beach width reaches 40—-60 m in the northern part, decreasing to 20 m
in the south. A significant portion of the beach is occupied by an oil storage facility
and other structures. As it was noted in”, the volume of sand far exceeds what
could have been produced by the erosion of local rocks or the remains of organisms
that have lived here. Therefore, it is most probable that the sand was delivered from
the open sea during severe storms.

A comparative analysis of cartographic materials from various historical
periods, alongside modern satellite imagery, reveals that the configuration of four
primary salt lakes has undergone minimal change. According to satellite imagery,
the shoreline has remained relatively stable, shifting by 2-5 m depending on the sea-
son and severe storm activity. The accumulation of sediment against the eastern
groyne of Lake Panskoye suggests that predominant longshore sediment transport
in the bay occurs in a clockwise direction. Unfortunately, traces of illegal sand
mining are still periodically observed on the bay-bar, which has currently been sig-
nificantly altered due to defensive works carried out as part of the Special Military
Operation.

Uzkaya Bay (also known as Ak-Mechetskaya Bay) is located 10 km southwest
of Yarylgachskaya Bay. It was formed by the confluence of two large, wide ravines.
From the south, the bay could formerly be approached via a flat interfluve area but
this is now densely built up. To the east of this development lies salt Lake Ak-
Mechetskoye, which often dries out completely. Over the past decade, the lake
has progressively been filled in to make way for residential construction projects.
The entire low-lying coastal area is bordered by a 1 km long, 20—50 m wide strip of
sandy beach. This beach consists of light grey, medium- to coarse-grained sand
containing detritus, whole shells and limestone fragments. According to satellite
imagery, the eastern part of the beach eroded by 10-15 m between 2009 and 2018.
Immediately behind the entrance cape on the western side of the bay lies small salt
Lake Mayakskoye, which is separated from the bay by a sand-and-shingle bay-bar.
Unlike Yarylgachskaya Bay, there is probably low-intensity, near-bottom sediment
flow along the open coast of Uzkaya Bay, which replenishes the sediment volume *.
The ruins of the ancient settlement of Kalos Limen, which are located close to
the water edge, demonstrate clearly the gradual retreat of the shoreline from an-
cient times until now.

Karadzhinskaya Bay is located at the westernmost tip of the Crimean Peninsu-
la, between Cape Tarkhankut and Cape Priboynyy (also known as Kara-Mrun).
The bay extends inland as salt Lake Liman (Karadzha), which has a wide ravine
that extends several kilometres into the land. The southwestern part of the lake is
divided by two secondary bay-bars (10—60 m wide), creating small lakes Bolshoy
Kipchak and Maly Kipchak, which dry out in summer (Fig. 5). The main bay-bar is
~2 km long and up to 200 m wide. Breaches occasionally form in it after severe
storms. The width of the bay-bars is highly dependent on the water level of the lakes.
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The bay-bar is composed of shell-oolitic sands and gravel sized between 10
and 50 mm. Fractions sized 0.1-1.0 mm (up to 95%) are predominant. Like other
bay-bars in the area, it is primarily fed by comminuted limestone fragments result-
ing from the erosion of the bay cliffs and submarine slopes. The shell content is
low at no more than 12%. Drilling has shown that the upper layer is up to 6 m thick
and overlies a 2.4 m thick lens of mud containing marine shells. These muds are
underlain by Upper Sarmatian limestone, and a layer of lithified sand has been
identified at a depth of 3 m [17]. Fragments of this lithified layer are sometimes
visible on the surface of the bay-bar, possibly originating from the nearshore bench.
The material of the secondary bay-bars is of marine origin.

According to the authors of study [17], as the bay-bar migrated towards
the head of the bay, it overrode the muds, which became buried beneath the bay-
bar sands. The presence of a dead cliff on the segment adjoining the bay-bar can
also suggest that its body was previously more advanced seawards. In [18], the au-
thors propose that the lake was separated from the sea by a sandy bay-bar during
the Dzhemetinian phase of the Black Sea transgression (i.e. around 1000 years ago)
based on a paleogeographic reconstruction of the ancient shoreline.

Satellite imagery from the last twenty years shows that, despite seasonal fluc-
tuations, the shoreline of the bay-bar has remained stable. This finding is corrobo-
rated by direct observations conducted between 1960 and 1994 ', Unlike two bays
previously discussed, the sandy dunes on the Karadzhinskaya Bay-Bar remained
in relatively good condition until recently. However, under the current intensive
development project for the bay, the dunes are scheduled for removal and replace-
ment with tiles. Overall, only one-third (55,000 m?) of the existing 165,000 m? beach

Fig. 5. Lake Liman (Karadhza) on a quadcopter image

19 Shuysky, Yu.D. and Vykhovanets, G.V., 2006. [A Map of Average Rate of Erosion and Accumu-
lation. 1960—1994]. In: L. 1. Mitin, 2006. [Atlas of Nature Protection of the Black Sea and the Sea
of Azov]. Saint Petersburg: GUNiO MO RF, p. 44 (in Russian).
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area extending to the foredune line is proposed to be preserved. Local residents of
Olenyovka, a village located within the bay, oppose these plans strongly. Notably,
they successfully halted a project involving the artificial breaching of the bay-bar
and the construction of a yacht marina in Lake Liman in 2012.

Evpatoriya sector

The Evpatoriya coastal sector extends 76 km from the bay-bar of Lake Donu-
zlav to the bay-bar of Lake Kyzyl-Yar. The coast is low-lying and predominantly
accumulative. The typical landscape consists of saline lagoons (waterlogged areas),
which are separated from the sea by sand and shell bay-bars. Lagoonal silty de-
posits usually lie beneath these spits. A continuous strip of beaches runs along
the coastline, backed by an undisturbed low coastal ridge that transitions into mod-
est sand dunes or waterlogged areas. The land is weakly dissected by broad, gentle
ravines. Morphologically, the coast belongs to the lagoon-estuary type. A signifi-
cant proportion of the sand on the beaches consists of crushed shell, particularly in
the Evpatoriya area. To the east of the city, the proportion of shingle on the beaches
increases. Wind processes play an important role in the dynamics of the bay-bars,
particularly in areas lacking coastal vegetation. Much of the coastline has already
been developed and continues to be built up. In these areas, the original natural
landscapes have disappeared. More detailed information on the characteristics
of the sector can be found in [3].

Lake Donuzlav extends 30 km inland. Originally, it was separated from the sea
by a bay-bar ~ 10 km long and between 200 and 400 m wide. In®, the authors re-
port a width of 0.5 versts (~ 500 m) in 1876 while in [19], a width of 200-400 m is
indicated (1930). The bay-bar continues underwater towards the lake as a sub-
marine extension, dropping off steeply. The steepness of this slope suggests that
the bay-bar migrated towards the lake during its early formation stages. The lake,
which is now a man-made bay, can be classified as a tectonic-erosional trough or
aria-type bay, as evidenced by the structure of its basin, its considerable depth of
up to 27 m, and other characteristic features.

The bay-bar is composed of medium-grained, well-sorted sand with a signifi-
cant admixture of quartz. Accumulations of whole shells are commonly found
throughout the area, and intact shells and shell detritus (broken-up shell frag-
ments) are present in all samples, often accounting for 100% of their composition.
The rock-forming components of the sediments include quartz, feldspar and car-
bonates.

The submarine slope in front of the bay-bar extends down to a depth of 15 m
and is composed of a mixture of sand and shell material. Several underwater shore-
parallel bars have been formed in this area. Below this sandy area, the seabed is
made up of limestone. At depths greater than 20 m, the seabed transitions to silted
shelly sediment. The large sand reserve on the seabed is evidently linked to the main
unloading zone for longshore sediment transport being located at the bay-bar of Lake
Donuzlav. A substantial volume of material (primarily from seabed abrasion) is
supplied from the shallow-water area between the bay-bar and Cape Evpatoriysky.
It is also suggested that the accumulation of sediments was facilitated by the histor-
ical landward retreat of the bay-bar itself [9].
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According to”, the bay-bar was completely closed off relatively recently, in 1874.
Prior to this, a passageway was observed there, which subsequently became blocked
by silt. However, other sources *” state that the inlet was formed in 1874 as a result
of a catastrophic storm.

At the end of 1961, a 200 m wide canal was excavated through the bay-bar and
two protective groynes were built to guard the entrance. This divided the bay-bar
into two spits: a southern one and a northern one (Fig. 6).

The lake was originally intended for use as a civilian port but a small naval
base was instead built there and has operated ever since. In the years immediately
following the construction of the canal (1961-1966), the shoreline of the bay retreat-
ed by 25-60 m in certain exposed sections. By the 1980s, the shoreline had stabilised.
Between 1982 and 1987, certain sections of the bay-bar experienced changes to
the shoreline involving both advance and retreat as well as vertical deformation of
the beach and underwater profiles relative to the mean position. Our analysis of ultra-
high-resolution satellite imagery revealed areas of both progradation and retreat of
the shoreline between 2003 and 2020. Average rates for this period indicate that
retreat predominates: the northern spit retreated at an average rate of 0.2 m per year,

Fig. 6. Quadcopter view of the northern (at the fore-
ground) and southern spits of the Donuzlav Bay-Bar

20) Kurnakov, N.S., Kuznetsov, V.G., Dzens-Litovsky, A.l. and Ravich, M.L, 1936. [Saline Lakes of
Crimea). Moscow, Leningrad: Izdarelstvo AN SSSR, 278 p. (in Russian).
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whereas the retreat rate of the southern one was 0.5 m per year. According to an
earlier study ", the shoreline of the Donuzlav Bay-Bar had slowly retreated at a
rate of up to 0.2 m per year over the previous 100 years.

A sand quarry has been operating on the lake, directly adjacent to the bay-bar,
for the past 60 years. Additionally, the navigation channel on the seaward side of
the bay-bar has been periodically dredged. Between 1963 and 1992, 11.5 million
tonnes (5.5 million m®) of sand were removed from the channel during these opera-
tions. Approximately 350,000 tonnes (165,000 m®) of sand were extracted in a sin-
gle dredging campaign. According to official data, up to 7.7 million tonnes of sand
were mined from the lakeshore immediately adjacent to the bay-bar between 1992
and 2014, with extraction ongoing.

The northern spit remains largely undeveloped for recreational purposes due to
its remote location and lack of infrastructure. Nevertheless, a project has been de-
veloped to create a world-class resort called the “Crimean Maldives” in the Belyaus
area. The southern spit has been intensively developed since the end of the last cen-
tury. The lakeside is completely built up with cottages, while the seafront is partial-
ly developed. During construction, bulldozers have levelled the natural beach relief
and destroyed the coastal dunes, removing the shrubs and trees that stabilised them.

A chain of salt lakes stretches along the coast from Lake Donuzlav to Cape
Evpatoriysky: Oyburskoye, Adzhibaychikskoye, Airchinskoye, Galgaz, Konrad and
Terekly, as well as several smaller lakes located between them. A strip of water-
logged areas lies between the bay-bars of the lakes, separated from the sea by a
sandy barrier. In spring, these areas fill with water to form shallow ponds. All the
lakes lie below sea level. The typical width of the bay-bars separating the salt lakes
ranges from 70 to 150 m. The width of the bay-bar decreases where the limestone
surface is slightly elevated. Breaches often form in such locations as a result of storm
surges. The lakes basins are mostly elongated and run parallel to the seashore, rep-
resenting lagoons rather than estuarine lakes. Where wide, shallow valleys approach
the lakes directly, the bodies of water exhibit features of both types. Examples in-
clude lakes Oyburskoye and Konrad.

The profiles of all the bay-bars slope relatively steeply towards the sea while
the slope towards the lakes is gentle. These bay-bars extend along almost half
the length of the coastline and are typically 1-1.5 m high although study [9] shows
heights of up to 2.5 m. The beaches of this coastal section consist of medium-
grained sand made up of oolite grains with shell fragments mixed in. Large lime-
stone fragments are also prevalent, particularly after storms. The shoreline is typi-
cally marked by beach cusps, or festoons, with their shape and size depending on
the characteristics of the preceding wave action.

On this section of coastline, sediments cover not only the beaches, but also
the upper part of the underwater slope. This creates an accumulation zone where
longshore sediment transport is largely saturated. In the southern part of the section,
this zone extends to a depth of 2 m; in the northern part, it widens and extends to

21 Dolotov, Yu.S., Shadrin, LF. and Yurkevich, M.G., 1971. [On Dynamics of Relief of a Submerged
Coastal Slope Formed by Shells]. In: V. P. Zenkovich, 1971. [New Studies of Coastal Processes].
Moscow: Nauka, pp. 110-119 (in Russian).
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the 8 m isobath. The offshore extent of sandy bottom deposits is typically 300 m
from the waterline near the village of Popovka, compared to just 10-20 m near
Cape Evpatoriysky. At the sandbars of the salt lakes, the seaward boundary of
the sands increases abruptly to 1.5 km, and satellite images show that this changes
very little over time [19]. Beyond the accumulation zone, sediments only accu-
mulate in depressions in the limestone bedrock, controlled by the seabed slope.
At slopes of 0.003—0.007 (typical for the section in question), sediments are thrown
onto the shore, with accumulation occurring only within a narrow nearshore strip *.
The same factor explains why the accumulation zone widens near the salt lakes,
where depressions in the landscape extend to the seabed.

The shoreline in this area is relatively stable, with a slight overall tendency
towards retreat. Typically, retreating segments correspond to headlands while ad-
vancing segments correspond to embayments. At the same time, however, the wa-
terline exhibits significant annual and interannual shifts due to fluctuations in sea
level and bidirectional sand migration. According to survey data from fixed tran-
sects between 2006 and 2017, as well as analysis of satellite imagery, these shifts
reach 34 m near Popovka and 18 m near Shtormovoye. After storms, temporary
spits and beach ridges can form either parallel or perpendicular to the shore but
they are quickly eroded. Assuming the accuracy of data from ? 2%, the width of
the bay-bars separating lakes Adzhi-Baychi and Oyburskoye has significantly de-
creased since 1933, while the width of the bay-bars separating lakes Airchinskoye
and Konrad has increased. However, it should be noted that the widths of the bay-
bars of all these lakes are currently approximately the same.

We investigated lithodynamic processes in this area based on a statistical anal-
ysis of retrospective calculations of wind waves for 1979-2018 and numerical
modelling performed in [19]. The study showed that the most intense longshore
sediment flows were generated by wave action caused by winds blowing from the
west, southwest and south. Under these conditions, longshore sediment transport is
directed clockwise towards the northern spit of Lake Donuzlav, where it meets
an opposing flow coming from the opposite direction. Along the south-eastern coast,
longshore flows diverge, forming convergence zones in the concave embayments
of the bay-bars. An increase in the rate of sediment transport on the underwater slope
opposite coastal headlands and a decrease opposite embayments result in the redis-
tribution of material and its deposition in the coastal zone of the bay-bars.

The largest lake in this area is Lake Oyburskoye. The length of the bay-bar that
separates it is ~ 4 km, its height is ~ 1.5 m and its width ranges from 100 to 220 m
(according to *”, widths are up to 300 m). Inside the lake, five smaller lakes have
been cut off by bay-bars and two artificial dams. Another small lake is being closed
off by spits. According to ?, the lake is bordered by extensive waterlogged areas,
which are now mostly built up. The bay-bar, which still contains sections of
sandy dunes, is used as a recreational area by local residents. However, it is also
the subject of ongoing disputes between the residents and commercial entities.
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In the 1970s, a canal was dug through the bay-bar to create a mullet farm on the lake.
However, it was quickly filled in with sand and the project was abandoned. A simi-
lar situation occurred in 2019, when mass protests by local residents ultimately led
to the cancellation of a planned shrimp farm.

The pits resulting from illegal sand extraction are visible on the bay-bar; how-
ever, this problem affects all bay-bars in the area. One positive development was
the creation of a recreational landscape park on the Oyburskaya bay-bar in 2022,
achieved through public pressure. Thanks to this, the bay-bars in the area have
generally retained their natural state, despite undergoing some localised alterations.
Thus, during the construction of a boarding house, the western part of the bay-bar
of Lake Airchinskoye was artificially widened by around 50 m with fill material.

Particular concern is raised by the increasing anthropogenic impact on the bay-
bar beaches, especially the practice of levelling the beach relief for the purpose of
beautification, which involves the destruction of dunes. This results in adverse
changes in the composition of the beach sediment and its reduction, which is clear-
ly seen in Fig. 7.

Fig. 7. A beach near the village of Shtormovoye after grading its natu-
ral relief (fop), the same beach before a storm (bottom left) and after
the storm (bottom right)
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Beyond Cape Evpatoriysky, there is small Moinakskaya Bay. A bay-bar forms
its shore and separates the lagoon-type lakes known as Bolshoy and Malyy Otar-
Moinak (the larger of which is usually simply called Moinaki) and Yaly-Moinak
from the sea. The bay-bar is ~ 4 km long, with ~ 1 km of this directly facing Lake
Moinaki. According to [20], the sandy bar of Lake Moinaki had a minimum width
of ~160 m in 1933 and reached 580 m at its widest point. The highest part of
the bar rises approximately 1.5 m above the sea level (according to [20], 2.3 m).
These parameters remain roughly the same to this day. Originally, smaller second-
ary lakes were cut off in the inner corners formed by the bay-bar and the shores of
the main lakes. However, during the construction of a pioneer camp on the bay-bar
in the last quarter of the 20th century, some of these smaller lakes were filled in.
The remaining lakes currently accumulate domestic wastewater and floodwater,
which has led to strong freshening and loss of their therapeutic value. Currently,
only ~ 20% of the bay-bar remains undeveloped and locates temporary structures.

The upper layer of the bay-bar sands is 6—8 m thick. This is underlain by a 3 m
thick layer of dense grey silt, beneath which lies another 10 m thick layer of sand.
The grey silt extends towards the lake, forming the lake bed beneath a thin layer of
black lagoon mud. The presence of an interlayer of grey lagoon silts indicates that
the final stage in the bay-bar development was its retreat into the bay and over-
thrust onto lagoon deposits. Prior to this, during the transgression period, the Otar-
Moinakskaya Bay-Bar alternately extended beyond the modern shoreline and
occupied its current position ”. Work 2° gives slightly different thickness values,
based on borehole data but the sequence of layers remains the same.

The Moinakskaya Bay-Bar is made up of oolitic sand mixed with whole and
broken shell fragments, as well as small amounts of gravel and limestone clasts.
The latter are particularly abundant after storms. The dominant grain size in the sam-
ples is 0.25-0.5 mm, while the subordinate fraction is 0.5-1 mm. Together, these
two fractions account for 55-90% of the sediment mass.

According to the 1933 survey, the crest of the beach ridge, which was 6—7 m
wide, consisted of fine windblown sand ?. Newsreel footage from 1943 shows
a rather steep beach scarp here. This morphology persisted until the 1970s, as can
clearly be seen in photographs from that period. Eyewitness accounts, including
the author hereof, also confirm this. Today, the intensively used beach has a signif-
icantly gentler slope. Until the mid-1960s, a channel that connected to Lake Moinaki
and flooded during storms crossed the eastern end of the bay-bar in the form of
a wet log. This feature no longer exists.

It is noted in [20] that in Moinakskaya Bay, limestone is exposed on the seabed
at depths of 1-1.5 m, and the rocks underwater are abundantly overgrown with brown
branched algae from the Cystoseira genus. However, our observations indicate that
the seabed immediately adjacent to the bay-bar consists predominantly of sand, with
increasing amounts of gravel, silt and shell fragments present the further one goes out
to sea. The description in [20] most likely refers to the seabed to the east and west
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of Moinakskaya Bay-Bar (i.e. the bay-bar of Lake Yaly-Moinak). The reason for
this discrepancy is unclear but it can reflect multi-decadal changes or, more likely,
the limitations of underwater observations conducted over a century ago.

Lake Yaly-Moinak is located next to the sea and is elongated, running parallel
to the shoreline. Unlike Lake Moinaki, which is situated in a ravine, Lake Yaly-
Moinak occupies a lagoon along a concave stretch of coastline. The lagoon is sepa-
rated from the sea by a continuous bay-bar, which is ~ 1 km wide. The bay-bar is
currently fully developed with recreational facilities. However, construction waste
is being dumped into Lake Yaly-Moinak from the east, with buildings then being
erected on top of it. Notably, a Greco-Scythian settlement existed on the bay-bar
near the lake from the 4th to 1st centuries BC. This was discovered in 1959 during
sand extraction.

The shoreline of Moinakskaya Bay-Bar has remained relatively stable, as can
be seen by comparing aerial photographs from 1941 with satellite images taken
between 2005 and 2020. Direct measurements conducted by us between 2010 and
2015 revealed that the shoreline there exhibited seasonal and inter-annual varia-
bility of up to 12 m. Typically, the area of the beach is at its maximum in autumn
and at its minimum in early summer, due to seasonal fluctuations in sea level.
The shoreline of the bay-bar of Lake Yaly-Moinak has undergone significant modi-
fication. Currently, despite an overall slight retreat, it experiences significant inter-
annual and seasonal variations due to the presence of cross-shore hydraulic struc-
tures. Additionally, a reduction in the vertical thickness of beach sediments has
been observed [21].

Old maps show that Lake Karantinnoye was located where central Evpatoriya
(Gogolya Street) is today, but it was filled in at some point in the early 20th centu-
ry. The sandbar that separated the lake from the bay was 150-200 m wide. From
the early 5th century BC to the end of the 2nd century BC, the ancient Greek set-
tlement of Kerkinitis was located on this bay-bar.

The coastline from Evpatoriya to Lake Kyzyl-Yar consists of a continuous bay-
bar. Although it is known by different names in its different areas, it is one unbro-
ken bay-bar in terms of structure and position. Spanning 25 km, the bar separates
the largest lake in Crimea, Sasyk-Sivash, as well as lakes Sakskoye and Kyzyl-Yar,
from the sea.

The Lake Sasyk-Sivash basin is genetically an estuarine widening of five ravines
flowing into the Black Sea, meaning the lake has a lagoon-like origin. Its highly
indented shoreline features numerous secondary bays and accumulative landforms.

In 1933, the width of the bay-bar of Lake Sasyk-Sivash ranged from 400 m in
the narrowest places to 1500 m in the widest places, with elevations above sea level
of 1-5 m??. The width ranges from 0.9 to 1.62 km in®. Currently, the minimum
width of the bay-bar is 140 m. Determining the maximum width is almost impossi-
ble, as the northern (lake-side) part of the bay-bar has undergone significant altera-
tion due to salt extraction operations, sand mining and filling of certain lake sec-
tions with construction waste. Until the early 20th century, a second bay-bar exist-
ed alongside the outer one in the west, but it disappeared subsequently due to
the construction of salt evaporation ponds.
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The upper layer of the bay-bar currently consists of sand, gravel, pebbles and
a small quantity of shell fragments. These deposits slope away from the shore to-
wards the lake at an angle of 5-10° beneath the lakebed silt cover where erosion
occurs. Drilling into the bay-bar deposits reveals that at a depth of 4 m, the sand
transforms into oolitic one, followed by a thick layer of finer-grained sand.
At a depth of 16 m, this is replaced by a thick layer of greenish clay of marine
origin®?. Drilling and trenching on the bay-bar indicate that the deposits, across
their entire thickness (up to 31 m to the bedrock), are characterised by extreme
mottling and compositional variability, both vertically and horizontally.

As noted in [22], the bay-bar is dominated by the 0.1-0.25 mm fraction, reach-
ing up to 45% at most, with boulder-pebble fractions reaching 40% at most. Previ-
ously, the surf zone was littered with the shells of modern mollusks. After storms,
layers of shells up to 30 cm thick formed in places, mainly consisting of scallops
(Pecten) [4]. Currently, the amount of shell material has decreased significantly.
Recent studies by MHI RAS [23] have shown that the 0.25-0.5 mm fraction pre-
dominates on the bay-bar (39%), with coarse and fine sand inclusions accounting
for 24% and 28%, respectively. The proportion of gravel material in beach sedi-
ments has significantly reduced (9%), which can indicate weakening of the inten-
sity of the alongshore sediment flow directed from the south. At the water edge,
the percentage of the gravel-pebble fraction increases when moving southwards.
The decrease in the proportion of fine-grained fractions can be due to material
being transported from the beach zone to the sea by wind and then redeposited on
the submarine coastal slope.

Aeolian sand deflation plays a significant role in the formation of the bay-bar
of Lake Sasyk-Sivash, as strong land-based winds frequently occur here during
the winter. Direct studies of the bay-bar have shown that at a wind speed of ~ 15 m
per second, ~ 50 kg of sand per hour are transported through a 1 m wide cross-
section [24]. The most intensive aeolian transport occurs in the middle part of
the beach. Transport is considerably less in the nearshore zone due to the high
moisture content of the particles. Vegetation also has a significant impact: experi-
ments have demonstrated that dense herbaceous cover can reduce the movement of
sand particles by a factor of 5-10.

As shown in [4], the surf zone and the bay-bar have a similar granulometric
composition of pebbles, gravel and sand of the same grain size. Currently, pebbles
are primarily found in the swash zone. The same study notes that during storms,
aridge of sand, gravel and pebbles up to 1 m high and 5-10 m wide at the base
forms along the shoreline from Lake Kyzyl-Yar to Evpatoriya, extending ~ 20 km.
On average, up to 3 m® of gravel is deposited per linear metre of shoreline, totalling
30-50 thousand m® along the entire coast. No processes of such scale have been
observed in the last hundred years.

Following ®, the authors of*” consider that the bay-bar of Lake Sasyk-Sivash
became fully separated at the end of the 19th century. This conclusion is supported
by the fact that the sea overflowed into the lake across the lowest and narrowest
part of the bay-bar near the city of Evpatoriya during that period and under strong
winds. It should be noted that the bay-bar in this area is only ~ 900 m wide and
1.5 m high, and that the crest of the bay-bar is not yet as distinctly pronounced here
as it is further east?”.
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We find this statement doubtful because, as is the case today, the width of
the bay-bar at this location was ~ 150 m at that time *?, and a road had run along
the bay-bar since the Greek colonisation period. Additionally, during the Crimean War,
the Turks dug a defensive ditch in this location, connecting the sea with the lake.
Subsequently, this site was used for sand extraction as it was the closest area to
the city.

It should be noted that the bay-bar of Lake Sasyk-Sivash has been subject to
significant man-made impact. In addition to the existing highway, the 20th century
saw the addition of a railway, gas and water pipelines, and communication lines.

A workers’ settlement called “Dneprostroy” was built on the bay near the vil-
lage of Kara-Tobe (now Pribrezhnoye) in 1929. A 1934 publication reported:
“During the intense days of the First Five-Year Plan, thousands of workers laboured
day and night in gravel pits here, extracting gravel and sand for the concrete struc-
tures of the giant [Dnieper Hydroelectric Station — Yu. G.] under construction...
Around the workers’ settlement, vast and deep excavations now extend, the layered
structure of the bay-bar clearly visible in their walls” *®. Later, high dunes were
replaced by waterlogged areas, which fill with seawater during storms. They are
currently gradually being built over.

Work 2¥ states that the Evpatoriya deposit encompasses the beaches and adja-
cent bay-bars of lakes Sasyk, Sakskoye and Kyzyl-Yar. It also states that the sand
from this deposit is the best on the peninsula for concrete production.

In the second half of the 20th century, the bay was used by unorganised tour-
ists for car camping. By the end of the century, temporary recreational infrastruc-
ture had been built there. Gradual development of the bay-bar began in the 21st cen-
tury, and the western and eastern parts are currently under development. Built-up
areas now extend 3 km along the shoreline to the west and slightly further to
the east. A project is now being implemented to develop the entire bay, creating
a world-class resort called “Golden Sands of Russia”. However, the construction
volumes envisaged by the project threaten the preservation of the bay unique
beaches, which are currently among the cleanest and best preserved in Crimea.
An additional threat comes from beach leaseholders levelling and destroying dunes
and vegetation that were previously planted to protect against wind erosion (Fig. 8).

Analysis of data from contact measurements, aerial and satellite imagery indi-
cates that, despite interannual and seasonal fluctuations, most of the coastline has
remained relatively stable in recent decades. Study [25] shows that the maximum
range of interannual fluctuations is ~ 7 m, whereas seasonal fluctuations can
reach 26 m. At the same time, signs of coastline retreat have been noted in the east,

22 Totleben, E.L., 1863. [Sheet IX of Evpatoriya Case as of 5(17) February 1855. Atlas of Plans and
Blueprints to Description of Defence of Sevastopol]. Voenno-Topograficheskoe Depo.

23 Dzens-Litovsky, AL, Pastak, A.I. and Meyer, R.F., 1934. [The Resort of Saki and its Suburbs].
Moscow: Fizkultura i Turizm, p. 61-62 (in Russian).

29 Muratov, N.V. and Oginsky, .M., 1938. [Resources of Mineral Construction Materials of
the USSR]. Moscow, Leningrad: GONTI NKTP SSSR, 76 p. Vol. 2: Crimean ASSR (in Russian).
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Fig. 8. Grading of the full-profile beach relief at the Sasyk-
Sivash Lake’s bay-bar

in areas of intensive construction and beach exploitation. This is evident in satellite
images and in the erosion of the coastal scarp, which consists of sandy loam depos-
its containing gravel and pebbles. Currently, undeveloped sections of the bay-bar
are occupied by anti-landing obstacles.

The bay-bar of Lake Sakskoye is narrower (~ 500 m wide) than that of Lake
Sasyk-Sivash, which is 500-600 m wide according to®. Lake Sakskoye was once
a single body of water but it has now been divided into a series of small and large
basins as a result of economic activity. Its bay-bar is characterised by a coarser sed-
iment composition than that of Sasyk-Sivash; its deposits consist of sand mixed
with gravel and pebbles. Overall, sand is the dominant component of the bay-bar
deposits while gravel and pebbles play a subordinate role.

The bay-bar was previously dominated by limestone and green Cretaceous
sandstone pebbles, as well as clay shales, granites, diabases, porphyrites and ande-
sites according to 2”. The same study noted that the seaward slopes of the bar de-
scend steeply into the water and are 10-20 m wide, and that the surf zone is littered
with the shells of modern mollusks. However, this description no longer corre-
sponds to reality, as the bay-bar is now completely built up, the beaches have been
flattened and mollusk shells are extremely scarce.

The bay-bar deposits are up to 31 m thick throughout their entire depth (down
to bedrock), with sands accounting for ~ 24 m of this. These deposits are underlain
by a 8 m thick layer of grey silt, with red-brown clays forming the lake shores
below that®. However, these data are not confirmed by *”, which reports a 9.5 m
thick layer of sand underlain by 3 m of grey silt, with red-brown clays beneath.
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Data from individual boreholes and test pits generally indicate significant variation
in the structure of the bay-bar, both vertically and horizontally. Currently, the beach
sediments are predominantly medium-grained sand (0.5-0.25 mm in size). A nota-
ble trend is the decrease in the proportion of medium-grained sand and the increase
in fine-grained material from the south to the north [23]. In cross-sections, sands
typically alternate with gravel and pebble interlayers. The main source of sediment
is alongshore flow originating from the south, where an active conglomerate cliff is
being eroded between lakes Kyzyl-Yar and Bogayly.

Dating and lithostratigraphic analysis of bottom sediments in Lake Sakskoye
revealed a transition from marine to lacustrine conditions 54304960 years ago,
indicating that the bay-bar of Lake Sakskoye is approximately of the same age as
the bay-bar of Lake Dzharylgach [15].

Of all the bay-bars in Crimea, the bay-bar of Lake Sakskoye has been subject-
ed to the longest period of intensive man-made impact.

In 1885, a canal was dug through the bay-bar of Lake Sakskoye, connecting
the sea and the lake. Between 1950 and 1964, a sand and gravel deposit on the bay-
bar was exploited. During this time, the barrier separating the quarry from the sea
narrowed and deformed towards the quarry due to storms. During this period,
a reduction in the width of the beach was observed in areas adjacent to the barrier.
The quarry was closed due to concerns that it would alter the salinity of the brine
in Lake Sakskoye. However, shortly thereafter, underwater sand extraction began
in the same area. During operation of the quarry, almost all alongshore sediment
flows were intercepted, resulting in a sediment deficit and subsequent coastline
retreat. Once the negative impact of the quarry had become apparent, it was closed
by the Crimean Region Executive Committee. The shoreline remained stabilised
until the early 1980s.

In 1982, a hydraulic structure perpendicular to the shore was constructed to
the south of the bay-bar of Lake Sakskoye. This structure intercepted the sediment
flow coming from the south along the coast. A classic case of downdrift erosion,
intensive coastline retreat, began north of the structure, reaching 18—33 m in some
areas. Subsequently, the rate of erosion decreased. To protect the resort facilities
from destruction, considerable financial resources were invested in the construction
of groins designed to retain the beach, seawalls with wave-dissipating chambers,
PVC structures, and other protective measures.

In 2016, a project was developed to build a 5600 m long promenade along the bay
and expand the beach by adding material to create a 35 m wide stretch of sand.
This would replace the existing sand-pebble mixture with a gravel and boulder
mixture (70-80 mm), significantly reducing the recreational value of the beach.
Despite criticism of the design solutions by MHI RAS (see [5]), construction was
started. The negative consequences soon became apparent. Between 2020 and 2021,
the beach almost completely disappeared in some areas, while in others, its width
decreased and its elevation marks dropped. Construction was therefore suspended,
with MHI RAS commissioned to revise the project. Following recommendations of
the institute’s experts, any structures that could cause significant negative changes
to the morphodynamics of the coastal zone were removed from the project. Con-
struction remains frozen at present.
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The bay-bar of Lake Kyzyl-Yar is located to the south of the bay-bar of Lake
Sakskoye. Genetically, the lake basin forms part of the Kyzyl-Yar ravine, which
was flooded by the sea before becoming cut off by a sand and gravel bar. Accord-
ing to drilling data, the spit and the entire lake basin consist of red-brown clays
which occur at a depth of 17 m in the middle part of the bay-bar *°.

According to historical data, the width of the bay-bar was 180-200 sazhens
(414-460 m) in 1880”. By 1934, the minimum width of the bay-bar had decreased
to 170 m in the south and 380 m in the centre®. Report > by Institute of Mineral
Resources dated 1986 indicated a width of 200-300 m, which is approximately of
the same value as that determined from a satellite image taken in 1985. However,
a more detailed analysis reveals that the width of the bay-bar is closely related
to the water level in the lake. Currently, the bay-bar is 2.5 km long and ranges
in width from 100 m at the northern end to 30 m at the southern end, excluding
the reed overgrowth on the lakeside.

The southern end of the bay-bar is adjacent to a ~ 20 m high steep bank known
as Krasnaya Gorka. An actively retreating cliff composed of red-brown clays and
gravel-pebble conglomerates extends southwards from there for 2.5 km. The ero-
sion of this cliff provides material that replenishes the beaches to the north. Previ-
ously, the bay-bar was the highest of the surrounding ones at 3.1 m, a height ex-
plained by the huge accumulation of pebbles near Krasnaya Gorka ™. Currently,
the height of the bay-bar is 1-2 m.

Previous studies reported that the bay-bar of Lake Kyzyl-Yar was predomi-
nantly composed of pebbles with interlayers of sand . In [22], the dominant frac-
tion is shown to be 0.25-0.5 mm (~ 40%), with significant gravel content (up to 39%).
Investigations by MHI RAS revealed that, except for the waterline zone, most of
the beach surface consisted of medium-grained (54.9%) and fine-grained (27.7%)
sands. At the waterline, fine gravel predominates (39.1%), with inclusions of coarse-
and medium-grained sand (28.8%) [23]. After storms, bands of a thin layer of fine-
to medium-sized pebbles are observed on the surface.

At the end of the 19th century, a canal was dug through the bay-bar to facili-
tate salt extraction, but it was swiftly replenished by the sea®. In the early 1980s,
seepage losses from the Mezhgornoye Reservoir resulted in a permanent stream
flowing into the lake. Consequently, the lake water level rose sharply, causing
the width of the bay-bar to decrease. The lake itself became significantly desalinat-
ed and the therapeutic properties of the bottom muds were lost.

The aforementioned cross-shore structure at the northern edge of the bay-bar
of Lake Kyzyl-Yar caused the shoreline to advance 30 m seawards over a distance
of about 1 km between 1984 and 2017. In contrast, the southern part retreated by
30-40 m towards the lake. At present, the bay-bar is popular with tourists travel-
ling by car.

The bay-bar of Lake Bogayly (also known as Kaptugan or Kichik-Bel) lies 2.5 km
south of Lake Kyzyl-Yar, beyond Krasnaya Gorka. It is the southernmost lake of
the Evpatoriya group. The lake is a lagoon formed at the confluence of two ravines.

25 Romanyuk, O.S., 1988. [Report on Topic “To Draw Up the Cadastral Register of the Above-Water
Part of the Crimean Coasts with Regard to 1:200 000 Scale’]. Simferopol, 497 p.
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The bay-bar is 1.4 km long and 50-70 m wide, with a full-profile beach crest
reaching heights of 1.2—1.5 m. According to [19], the bay-bar was formerly 150 m
wide and 3.2 m high, due to the accumulation of large quantities of pebbles.

Unlike the neighbouring bay-bars described above, the beach here consists of
pebbles for the first 10—-15 m from the shoreline, with medium-grained sand mixed
with pebbles found farther out to sea. At the waterline, the dominant fraction is fine
gravel (up to 40%), with inclusions of coarse- and medium-grained sand (up to 30%)
[23]. Granulometric analysis of samples from the seabed shows that the zone of
migration of beach-forming sediments near the bay-bar of Lake Bogayly is limited
to the 2-2.5 m isobaths. Deeper than that, fine-grained silty fractions predominate.

The two ends of the bay-bar are both supported by abrasive cliffs composed of
red-brown and yellowish-brown clays interbedded with layers of sandstone and
conglomerate. These conglomerates occur as cemented pebble beds or lenses ex-
posed at elevations ranging from 2 to 6 m. The typical height of the cliffs is 8—10 m.

The dynamics of the bay-bar are largely controlled by those of the adjacent
cliffs. According to our data, the cliff adjoining the bay-bar from the west has re-
ceded by 45 m between 1975 and 2014, which corresponds to an average retreat
rate of 1.2 m per year. The highest rate was observed between 1980 and 1985
(up to 2.2 m per year). Most of our benchmark markers were destroyed by the re-
treating shoreline. Analysis of satellite imagery showed that the cliff retreated 42 m
between 1984 and 2016. According to satellite data from 1984 to 2018, the bay-bar
itself retreated 30-35 m landward. Higher-resolution satellite imagery indicated
an average retreat of 8—10 m between 2005 and 2016. The retreating shoreline has
completely destroyed the promenade, boat shed and hangar at the western end of
the bay-bar, and the buildings of the nearby recreation facility are now at risk.

It should be noted that during strong storms, water overflows the bay-bar and
sediments are transported into the lake via topographic lows, forming overflow
cones that are clearly visible on modern satellite images. Further information on
the structure and dynamics of the bay-bar of Lake Bogayly can be found in [2].
Currently, the western end of the bay-bar is primarily used for recreational purposes.

In??, the presence of the Kherson group of nine lakes was reported in the Se-
vastopol area of Western Crimea. Currently, only one of these lakes remains (Ma-
yachnoye). The lakes have either been filled in or their bay-bars dismantled to ex-
tract sand (e. g. Kamyshovoye, Krugloye). This is discussed in detail in [26].

Conclusion

Based on the above, it can be concluded that the state and development of
the bay-bars in Western Crimea have been influenced by a combination of natural
and man-made factors since the late 19th century.

The most obvious manifestation of natural factors is the increase in the number
of Kondzhalayskie islets and the formation of the Sergeevskaya Spit in the north-
western area. This led to the Andreevsky lagoon being closed off by the Sergeev-
skaya Bay-Bar. This process is noteworthy for being well documented. Growth of
spits has also been observed in the same area.
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In the remaining areas, the primary influence of natural factors is the redistri-
bution of sediments between the individual segments of the bay-bar and the adja-
cent shoreline, caused by storm waves. As beach width can vary significantly
(by up to 30 m), measurements taken at a single point in time can lead to erroneous
conclusions about long-term dynamics. For this reason, it is preferable to use high-
resolution satellite imagery with precise georeferencing, for which data has been
collected for most areas over at least two decades.

It is also necessary to take into account the transfer of sediments from the fore-
shore to the lakes via the bay-bars during strong storms (e.g. lakes Karadzha and
Bogayly), as well as acolian transport. These processes are occurring against
the backdrop of the current rise in the level of the Black Sea.

The impact of man-made activity on bay-bars is of greater importance. Materi-
al has been extracted from bay-bars in varying volumes almost everywhere. Large-
scale industrial sand mining has taken place on the bay-bars of lakes Sasyk-Sivash,
Donuzlav, Sakskoye and Kyzyl-Yar.

In the 1950s, V. P. Zenkovich observed that large-scale extraction of beach
sediments was only occurring on the bay-bars of lakes Kyzyl-Yar and Sakskoye.
However, these are constantly replenished by longshore sediment transport from
the south. Meanwhile, removals in the lower reaches of the Belbek and Kacha riv-
ers are compensated for during floods and do not endanger shoreline stability.

However, the rivers were later regulated, and the natural erosion of the cliffs,
which supplied material to the beaches, was protected by various structures.
Together with the construction of structures perpendicular to the shore, this result-
ed in a significant decrease in the supply of sediment along the coast. Consequently,
the volume of beaches, including bay-bars, has decreased significantly. This is evi-
dent in the changes to the width and height of the bay-bars, which makes them
far more susceptible to wave action. Lower-than-natural elevations therefore result
in the flooding of buildings on the bay-bars of lakes Sasyk-Sivash and Sakskoye.
The composition of the sediment on the bay-bars has also changed.

The following forms of man-made impact should be noted: cutting of channels
through bay-bars (lakes Panskoye, Donuzlav, Oyburskoye, Sasyk-Sivash and Ky-
zyl-Yar); beach surface levelling, which has resulted in the destruction of dunes
and vegetation; infilling of lakes; use of bay-bars as sources of construction materi-
al in the Sevastopol and Evpatoriya areas at different times. The use of bay-bars
as roads has decreased (Donuzlav, Kyzyl-Yar and Bogayly). Most of the lakes have
lost their therapeutic value, which is an irreparable loss, particularly given the de-
velopment of the resort industry in Western Crimea.

Almost all of the bay-bars in Western Crimea are currently used for recrea-
tional purposes. Plans are in place for the full development of the bay-bars of lakes
Sasyk-Sivash and Karadzha, and the bay-bar of Lake Sakskoye has already been
developed. Currently, only the bay-bar of Lake Oyburskoye has low-level protect-
ed status. In view of this situation, preserving the natural uniqueness of the bay-
bars is of the utmost importance, as is preventing the loss of unique ecosystems and
landscapes, reducing the decline in biodiversity and minimising the risk of flooding
in coastal areas.
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Hydro- and Lithodynamic Processes in the Area
near the Kerch Strait (the Black Sea) During the Oil Spill
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Abstract

The expansion of maritime energy transport in the Kerch Strait may lead to accidental oil
spills, with mazut posing a particularly severe ecological threat. The study aims to develop
a methodological framework for investigating the dynamics of mazut-polluted bottom sed-
iments under various wind-wave conditions, using the area near the Kerch Strait (the Black
Sea) as a case study. We applied numerical modeling of hydro- and lithodynamic processes
for 13—27 December 2024 to conduct an integrated analysis of wave fields, currents, bottom
sediment transport, and mobility ratio for sand and oil agglomerates (ranging in size
from 0.03 to 10 cm) formed by sunken mazut. Atmospheric circulation, wave fields and
currents were calculated using the WRF and ADCIRC+SWAN models. We analysed
the spatial variability of the agglomerate mobility ratio, defined as the ratio of the shear
stress induced by waves and currents to its critical value for a given agglomerate size class.
To calculate the bottom sediment transport, we used a modified Soulsby method considering
the size of sand and oil agglomerates and the density of the sand-mazut mixture. The results
indicate that on the first days following the spill, most of petroleum products were transported
towards the Anapa Bay-Bar and into the Kerch Strait. After a shift in wind direction, mazut
entered the coastal zone of Southeastern Crimea. The key areas of the possible agglomerate
transport and deposition included the coastal zone from Cape Chauda to Cape Takil, the wa-
ters of the Kerch Strait and areas along the Anapa Bay-Bar. The study established that ag-
glomerates up to 1 cm could be transported in the coastal zone at depths of up to 10 meters,
while larger agglomerates (5 cm and above) remained immobile. Zones of sediment transport
convergence were identified near Cape Zhelezny Rog and the southern part of the Anapa Bay-
Bar, where the accumulation of sand and oil agglomerates is likely to occur. The developed
methodological framework enables the reconstruction and forecasting of the transport and
accumulation of contaminated sediments. This is crucial for planning effective oil spill
response measures and for providing recommendations in case of emergency situations.

Keywords: Black Sea, petroleum products spill, mazut spill, sediments, waves, currents,
lithodynamics, numerical modelling, ADCIRC+SWAN, mobility ratio
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I'mapo- v IMTOAMHAMUYECKHE MPOLECcChI
B [IpukepuyenckoMm paiione YUepHoro mops
B IIEPUOJ Pa3IuBa Ma3yTa
nmocJje KpyueHusi TAHKepoB (nexadpb 2024 roga)

B. B. ®omun, JI. B. Xaputonona *, /I. B. Anekcees, . U. JIazopenko,
A. 10O. Bbeqokons, M. B. lllokypos, B. C. bapa6anos, K. U. I'ypos,
E. B. UBanua, A. A. Ilo1030k

Mopckorti euopogusuueckuii uncmumym PAH, Cesacmonons, Poccus
* e-mail: kharitonova.dntmm@gmail.com

AHHOTAINA

WuTencudukanys TpaHCIIOPTUPOBKHU dHEproHocuTeleil B KepueHCKoM MposiMBe NPUBOIUT
K aBapHHHBIM Pa3iIrBaM HE(PTEIPOIYKTOB, HAaHOOIEee SKOIOTUIECKH OMACHBIM M3 KOTOPBIX
aBisieTcst Ma3yT. Llenb paboTel — pa3BUTHE METOIUUYECKHUX MOAXOA0B K MCCIIEIOBAHUIO /IU-
HAMUK{ JOHHBIX OTJIOXKCHHUH, 3arpsi3HEHHBIX Ma3yTOM, IO/ BIHSHHEM BETPO-BOJIHOBBIX
ycnoBuii Ha npumepe Ilpuxepuenckoro paiiona YepHoro mopsi. Ha ocHOBe uncieHHOro
MOJECTIMPOBAHMS THAPO- U JINTOANHAMUYECKIX TporieccoB 3a nepuon 13—27 mexabps 2024 r.
MPOBENECH COBMECTHBI AHANM3 IOJIEH BOJHEHHUS, TEUEHHH, IOTOKOB JOHHBIX HAaHOCOB
Y MHJICKCOB MOABMKHOCTH JUTs IecUaHO-He(TsIHBIX arnoMeparoB (pasmep ot 0.03 no 10 cm),
00pa30BaHHBIX OCEBIIMM Ha JHO Ma3yToM. ATMoc(epHas HUPKYJISIHMs, MMOJs BOIHEHUS U
TeYeHU paccunTaHbl ¢ oMolnbio Mozaened WRF u ADCIRC+SWAN. TlpoananuzupoBaHa
MIPOCTPAHCTBEHHAs] U3MEHYMBOCTh MHIEKCA MOABHXHOCTH arjioOMepaToB, ONPEAEIsieMOro
KaK OTHOILIEHHE CIBUTOBOT'O HAINPSKEHHSI, BBI3BAHHOTO BOJHAMU M TEUEHUSMU, K €T0 KpHU-
TUYECKOMY 3HAUEHUIO JAJIS 3a/laHHOrO Kjacca ariomepaToB. J[as pacueTa MOTOKa JOHHBIX
HAHOCOB HCIIONIb30BaHa MoAM(HIUpoBaHHAs MeToanka CosicOu, yduThIBaroIas pasMep
necyaHo-He(TAHBIX arjioMepaToB U IUIOTHOCTh CMECH ITeCKa M Ma3yTa. Y CTaHOBIICHO, YTO
B TIEPBBIC JTHU ITOCJIE aBapuH 0OJbIIas YacTh He(TEIPOLYyKTOB OblIa IepemMerieHa K AHan-
ckol nepeceinu U B KepueHnckuii nponus. Ilocne cMeHbl HanpaBiieHUsT BETpa Ma3yT MOMail
B OeperoByro 30Hy lOro-Bocrounoro Kprima. BrIssBIeHBI OCHOBHBIE pPailOHBI MOTEHIIN-
AJIBHOTO TIEPEMEIICHNUS U OCEJaHNs NTeCYaHO-HE(PTAHBIX arjloMepaToB: MPUOpEKHAast 30Ha
oT M. Hayna no M. Takuns, akBatopust KepueHckoro mponnBa, a TakKe ydacTKH BIOJb
AHAIICKOH IIepechI. Y CTaHOBJICHO, YTO TIeCYaHO-HEe(TAHBIC arJIoMepaThl pa3MepoM 10 1 cM
MOTJIM TIepeMeIIaThesl B OeperoBoii 30He Ha rayouHax o 10 M, Toraa xak Oojee KpyImHbIE
arjomepartsl (5 cM u 6oJiee) OCTaBaIMCh HETOIBMKHBIMH. OTpeeseHbl 30Hbl KOHBEPIeH-
I[UM NTOTOKA HAHOCOB B paiioHe M. JKene3nslil Por u ro)xHON yacTu AHaICKOM MepechIy,
1€ BO3MOXKHO HAKOIIJICHUC HeC'—IaHO-He(l)THHI)IX arjioMeparoB. Pa3pa60TaHH1>Ie MCTOANYC-
CKHUE MOAXObI MO3BOJIIOT PEKOHCTPYHUPOBATh U MPOTHO3UPOBATH MEPEMELICHNE U HAKOI-
JICHUE 3arpsiI3HEHHBIX JOHHBIX OTJIOKEHUH, YTO Ba)KHO NMPH IUIAHUPOBAHUM PabOT MO JIMK-
BHUJALIUY TOCIIEACTBUN 3arps3HEHUS, a TAKXKE B Ka4eCTBE PEKOMEHAALUI IPU BO3MOXKHBIX
ABapUHHBIX CUTYaIUSIX.
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Kawuessbie ciaoBa: YUepHoe mMope, pa3iiuB HeTENPOMYyKTOB, Pa3jiMB Ma3zyTa, HOHHBIE
HAHOCHI, BOJIHBI, TEUEHU, TUTOANHAMUKA, YncieHHoe MoaenupoBanue, ADCIRC+SWAN,
HUHAOCKC ITOABWXKHOCTHU

BaaromapHocTH: padoTa BBIMOJHEHA B paMKax TeMbl TOCYJAapCTBCHHOTO 3aaHUs
OI'BYH ®UI MI'Y FNNN-2025-0002.

Jas nurupoBanus: ['mapo- u IuTonuHaMuyeckue npouecchl B [IpukepueHCKOM paiioHe
YepHoro Mopsi B IEpHO/I pa3iiiBa MasyTa I0Cie KpyIIeHus TaHKepoB (nexadpb 2024 rona)
/ B. B. ®omuH [u np.] // Dxonorudeckas 0€30MaCHOCTh MPUOPEKHON U 1IEeTb(POBOH 30H
mopst. 2025. Ne 4. C. 33-52. EDN TUWYZA.

Introduction

Due to increase in the energy carrier transportation via sea routes in the Kerch
Strait, there are occasional emergency spills of petroleum products, leading to disas-
trous consequences for the Azov-Black Sea basin [1]. These spills primarily result
from the wreckage of river/sea class tankers. Thus, on 11 November 2007, tankers
Volgoneft-123 and Volgoneft-139 were damaged in the strait. One of the tankers
broke apart and sank, which caused a release of petroleum products into the marine
environment. Another, much more severe accident took place on 15 December 2024.
In the southern part of the strait, the tankers Volgoneft-212 and Volgoneft-239 were
wrecked. The tankers broke in half and three sections sank at depths of 19-22 m,
while the stern part of Volgonefi-239 was towed to the coast of the Taman Peninsu-
la near Cape Panagia (Fig. 1). According to official commission findings, the acci-
dents were caused by non-compliance with seasonal navigation restrictions in the Sea
of Azov and the Kerch Strait for river/sea class vessels.

The tankers were carrying about 9.2 thousand tonnes of M100 grade mazut,
some of which leaked out. Various estimates show that 3 to 5 thousand tonnes of
petroleum products entered the water, with the major part entering the Kerch Strait
waters on the first days after the accident. The tanker wreckage remained sources
of active petroleum product release into the Black Sea waters for several months
post-accident. In late January 2025, the mazut-polluted site near Cape Panagia was
isolated from the sea by constructing an earthen wall.

Various mazut fractions were transported by currents over significant distances
from the accident site, reaching the coasts of Crimea and Krasnodar Krai.
The coastal zone near the Kerch Strait, from Cape Chauda (Leninsky Region, Re-
public of Crimea) to Cape Anapsky (Anapa, Krasnodar Krai), was the most severe-
ly affected. Pollution was also found along the southeastern, southern and western
coasts of Crimea, with some mazut having entered the Sea of Azov.

During its spreading, the mazut was adsorbed on suspended particles, mixed
with bottom sediments in the surf zone and formed heavier-than-water sand and oil
agglomerates (SOAs), which settled to the bottom [2]. Despite massive efforts taken
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Fig. 1. Bathymetric map of the area near the Kerch Strait.
The black triangles indicate the location of tanker wreckage

by the authorities to clean the seabed, many SOAs still remain in the coastal zone
near the Kerch Strait, and under certain conditions, they can cause secondary
coastal pollution.

Various consequences of petroleum product spills in the Kerch Strait have
been studied in papers [1, 3—13]. However, studies on mechanisms of formation,
transport and deposition of mazut-containing sediments are scarce. Therefore, ex-
isting methods and technologies have proven insufficient to soundly ground any
response measures and make decisions on cleaning the coastal zones of Crimea and
Krasnodar Krai from the pollution.

To date, the literature lacks mathematical models that allow comprehensive
studying of the dynamics of mazut-polluted bottom sediments in coastal waters.
The main problem is that SOAs are extremely heterogeneous in size, shape, spatial
distribution and average density due to their dependence on local characteristics of
the sediment particle-size distribution and the rheological properties of mazut.

In this situation, to study the dynamics of mazut-polluted bottom sediments,
it is reasonable to use known mathematical models that consider the presence of oil
pollution in a parametric form. This approach was implemented for the northern
coast of the Gulf of Mexico, which was severely polluted after the Deepwater Hori-
zon platform accident [14, 15]. In the report " and work [16], numerical modelling
of coastal currents, potential transport of SOAs and their interaction with the bottom

D Plant, N.G., Long, J.W., Dalyander, P.S., Thompson, D.M. and Raabe, E.A., 2013. Application of
a Hydrodynamic and Sediment Transport Model for Guidance of Response Efforts Related to
the Deepwater Horizon Oil Spill in the Northern Gulf of Mexico Along the Coast of Alabama and
Florida. 2013 (2012-1234). US Geological Survey, 47 p. https://doi.org/10.3133/0fr20121234
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was conducted. The potential for movement of oil-containing bottom sediments
was also assessed using mobility ratios by comparing modelled shear stress in-
duced by waves and currents with threshold shear stress values for SOAs of vari-
ous sizes. A statistical analysis of SOA distribution, based on data obtained during
the cleanup of the gulf's coastal zone, showed general agreement with the numeri-
cal modelling results [16]. The above approach, with some modifications, is ap-
plied in this work.

The aim of this work is to develop methodological approaches for studying
the dynamics of mazut-polluted bottom sediments under wind-wave conditions
using the area near the Kerch Strait in the Black Sea as a case study.

The objectives of the work are:

— to modify the Soulsby [17] algorithm for calculating the bedload flux by in-
cluding SOA sizes and the density of the sand-mazut mixture;

— to perform a joint analysis of wave fields, currents, bedload fluxes, and
mobility ratios for sand and oil agglomerates of different sizes in the area near
the Kerch Strait in December 2024,

— to identify zones with high mobility ratio values, where potential SOA
movement is possible;

— to identify zones of convergence and reduced bedload flux capacity, where
SOA accumulation is likely.

Materials and Methods

The study area is the region near the Kerch Strait, spanning the Black Sea
waters adjacent to the coastline from Cape Chauda in the west to Cape Anapsky
in the southeast, including the Kerch Strait (Fig. 1).

Mathematical modelling was performed for the entire Azov-Black Sea basin.
The calculations covered the period of the accident’s onset and development, from
13 to 27 December 2024.

Near-surface atmosphere modelling. To reproduce near-surface wind and
atmospheric pressure fields over the Azov-Black Sea basin, the mesoscale WRF-
ARW model v. 4.5 with a spatial resolution of 5 km was used 2. The input data
were taken from the Global Data Assimilation System (GDAS) dataset with a hori-
zontal resolution of 0.25° and a temporal discretisation of 6 h. Meteorological
fields were output with a temporal resolution of 1 h. The calculations were per-
formed on the MHI computing cluster in a parallel calculation mode.

Wave and current modelling. Hydrodynamic processes were modelled on an un-
structured computational grid refined in the coastal zone of the study area, which
increased modelling accuracy along the coast. For the entire Azov-Black Sea basin,
the coastline configuration and bathymetric dataset were obtained by digitising high-
resolution satellite images and all available navigation maps, respectively. Grid
nodes (~76,000 nodes) were generated based on the distance between the coastline

2) Available at: www.mmm.ucar.edu/wrf [Accessed: 21 November 2025].
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points, and depths were interpolated for these nodes. The minimum finite element
size in the coastal area near the Kerch Strait was about 200 m. A fragment of the un-
structured computational grid used for modelling hydro- and lithodynamic process-
es in the area near the Kerch Strait is shown in Fig. 2.

We used the coupled numerical model ADCIRC+SWAN [18, 19], which in-
tegrates two models: the Advanced Circulation Model for Shelves, Coasts and
Estuaries (ADCIRC) * ¥ and the Simulation Waves Nearshore (SWAN) model .
The input data for the coupled model were the bathymetric field, near-surface wind
and atmospheric pressure fields over the study area.

We used the depth-averaged version of the ADCIRC model. Wind shear stress
and bottom friction were approximated by square dependencies on velocity. To cal-
culate the bottom friction coefficient, we applied the Manning bottom roughness
coefficient n = 0.02 s/m"3. The horizontal turbulent viscosity coefficient was set to
5 m?*s. The time integration step was 1 s. The model results were a depth-averaged
current velocity field and a sea level field.
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Fig. 2. Fragment of an unstructured computational grid for modelling
hydro- and lithodynamic processes in the area near the Kerch Strait

3 Luettich, R.A., Westerink, J.J. and Scheffner, N.-W., 1992. ADCIRC: An Advanced Three-
Dimensional Circulation Model for Shelves Coasts and Estuaries. Report 1: Theory and Methodol-
ogy of ADCIRC2DDI and ADCIRC-3DL. Vicksburg: U.S. Army Engineers Waterways Experiment
Station, 137 p.

4 Luettich, R.A. and Westerink, J.J., 2004. Formulation and Numerical Implementation of the 2D/3D
ADCIRC. Finite Element Model Version 44.XX. 74 p. Available at: https://adcirc.org/wp-
content/uploads/ sites/2255/2018/11/adcirc_theory 2004 12 08.pdf [Accessed: 19 August 2025].
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In the SWAN model, the angular resolution was 10°. Along the frequency co-
ordinate, a non-structured grid with 40 nodes in the frequency range of 0.03—1.4 Hz
was used. The main model settings were chosen considering the recommendations
for SWAN v. 3.31 (swanmodel.sourceforge.io/settings), which is part of the cou-
pled model. The temporal integration step was 20 min. The calculation results were
fields of significant wave heights, mean wave direction, wave periods and near-
bottom orbital movement velocity.

The coupling interval for the ADCIRC and SWAN models was 20 minutes.
On this interval, the current and sea level fields were first determined using
the ADCIRC model, then wave fields were calculated using the SWAN model.
In this process, ADCIRC used the wave-induced stresses from SWAN, while
SWAN used the current velocities and sea level from ADCIRC. The coupled mod-
el algorithm is detailed in paper [18]. Calculations with the coupled model were
performed on the MHI computing cluster in parallel processing mode. Model data
were output with a temporal resolution of 1 h.

Near-bottom stresses induced by waves and currents. We used hydrodynamic
modelling data to calculate combined near-bottom shear stresses Ty, Tm, induced
by waves and currents, using the Soulsby method [17] (.. corresponds to the mean
shear stress for a wave period [17] and is used to assess sediment mobility; T, rep-
resents the maximum shear stress for a wave period and is used to determine bed-
load flux):

Twe = \/(Tm T Ty COS(P)Z + (TW : sin(p)2 >

. 32
T =T 1+1.2-(—W] ,

Te T Ty

where T, T. are the shear stresses induced by waves and currents, respectively,
kg/(m-s?); ¢ is the angle between the directions of currents and waves. To deter-
mine T, and ., the depth-averaged current velocity, amplitude of near-bottom
wave orbital movement velocity and peak wave period are used [20, 21].

Properties of bottom sediments including SOAs. For numerical modelling of
sand and SOA transport, we need to know their physical properties. For sandy sed-
iments (without mazut), the median sand diameter in the study area was assumed
to be 0.3 mm. To depths of 3—5 m, sediments in this area are mostly quartz with
bioclastic varieties > ® [22, 23] with a density of about 2650 kg/m>.

3) Shnyukov, E.F. and Palansky, M.G., 1979. [Geological Significance of Some Geochemical Studies
of Modern Bottom Sediments of the Kerch Strait]. In: E. F. Shnyukov, ed., 1979. Lithological and
Geochemical Conditions for the Formation of Bottom Sediments. Kiev: Naukova Dumka, pp. 3—17
(in Russian).

) Makarenko, D.E., ed., 1981. [Geology of the Ukrainian SSR Shelf]. Kiev: Naukova Dumka, 158 p.
(in Russian).
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Paper ” proposes a formula for estimating the density of a mixture of bottom
sediments consisting of sand, water and mazut

-1
o l—ay)xa I—ay—(1-0y)xa

PSOA:|:—W+( w) m w—( w) m} , (1)
p Pm Ps

where pso4, p, Pm, ps are the density of the mixture, water, mazut and sand, kg/m?,
respectively; o, o, are the percentage content of water and mazut, respectively.

Some results of laboratory studies of mazut samples and its mixture with sand
from the tanker wreckage area are presented in an unpublished report by
A. V.Topchiev Institute of Petrochemical Synthesis, RAS. According to their in-
formation, within the water temperature range of 8—-40°C, the density of the spilled
mazut varies from 985 to 962 kg/m?®. The mean percentage of mazut in sand oy, = 13%.
The percentage of water in sand is unknown.

Substituting these values into formula (1) at o, = 0, p = 1012 kg/m?, p,, =
985 kg/m? and p, = 2650 kg/m? gives psos = 2173 kg/m?. This estimate of the mix-
ture density is rather approximate, since
it is based on a very limited dataset.
The main errors in determining the den-
sity of the sediment mixture are related
to assigning the weight coefficients oy,
an. The calculations show that varying
am Within 10-15% leads to an increase
in psos by 7%, while varying o, within
0-5% leads to a decrease in psos by
5.5%.

In the area near the Kerch Strait, no
observations were conducted on the size
distribution of SOAs. An analysis of
available open-source photo and video
materials showed that in the coastal zone,
SOAs varied greatly in sizes and con-
figurations. Larger agglomerates were
spread on the bottom as mazut mats

Fig. 3. Sand and oil mats [24, p. 92] (a);
agglomerates in the form of pebble (b) on
the bottom near the Anapskaya Bay-Bar
[24, p. 90]

accumulating in bottom depressions
(Fig. 3, a). Such formations could be
up to 100 m long and several centimet-
res thick ® [24]. Part of the mazut was

7 Plant, N.G., Long, J.W., Dalyander, P.S., Thompson, D.M. and Raabe, E.A., 2013. Application of
a Hydrodynamic and Sediment Transport Model for Guidance of Response Efforts Related to
the Deepwater Horizon Oil Spill in the Northern Gulf of Mexico Along the Coast of Alabama and
Florida. 2013 (2012—-1234). US Geological Survey, p. 45. https://doi.org/10.3133/0fr20121234

8 Matishov, G.G., Grigorenko, K.S., Kulygin, V.V. and Sushko, K.S., 2025. [SSC RAS Expedition to
the Anapskaya Spit 9—15 June 2025: Information Bulletin]. Rostov-on-Don: Izdatelstvo YUNTS

RAN, 104 p. (in Russian).
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Characteristics of sand and oil agglomerates and their corresponding critical shear stresses

Critical stress 1., Pa
Class dso4, cm psos, kg/m3
high T, moderate Teqm low Te
S1 0.03 2173 0.95 0.32 0.16
S2 0.5 2173 7.77 2.59 1.30
S3 1 2173 10.21 3.40 1.70
S4 25 2173 13.58 4.53 2.26
S5 5 2173 18.71 6.24 3.12
S6 10 2173 34.29 11.43 5.72

mixed with sand and submerged vegetation. In a slight sea, the mazut mats remained
stable, but the sand became suspended and transported, gradually covering the mazut
on the bottom (Fig. 3, a).

Some mazut agglomerates, formed on site or separated from mazut mats by
waves, were pebble-shaped with a diameter of 2-10 cm (Fig. 3, ). According to
work [25], such formations consist of a weathered oil core coated with a thin layer of
sand or shell fragments. They can be transported along the bottom by waves and
washed ashore [26, 27].

In consideration of the above, to study the mobility properties of bottom sedi-
ments in the area near the Kerch Strait, we selected a number of SOA size classes
with dimensions dso4 from 0.03 to 10 cm to cover the presumed variability in SOA
sizes. The selected agglomerate classes are presented in the table.

Critical shear stresses for different SOA classes. The critical shear stress for
each SOA class was determined by the expression [2]

Ter = ecr gp AdSOA, (2)

where 0., is the Shields parameter ”; g is gravitational acceleration; A = psos/p — 1.
This is the classic formula for calculating shear stresses, where the mean sediment
diameter dso and sand density are replaced by the size and density of the SOA, re-
spectively.

The Shields parameter in formula (2) was estimated using the empirical rela-
tionship [28]

0.3

=2 10,055+ [1-exp(~0.02dw)], 3
1+1.2dx [ = exp( ) ©)

cr

%) Shields, A., 1936. Anwendung der Ahnlichkeits-Mechanik und der Turbulenzforschung auf die
Geschiebebewegung. In: PreuBlischen Versuchsanstalt fiir Wasserbau, 1936. Mitteilungen der Preu-
Jischen Versuchsanstalt fiir Wasserbau. Berlin: Preussishe Versuchsanstalt fiir Wasserbrau und
Schiffbau, 26, S. 26 (in German).
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where d+ is the non-dimensional particle diameter; v = 1.36:10"° m?s is the kine-
matic viscosity of water.

In situ experiments demonstrate that the critical stress value can decrease de-
pending on the extent to which an individual particle protrudes from the sediment
layer (this can also be expected for an individual SOA) [29-31]. Since individual
SOAs may have different positions relative to the bottom surface, three types of
critical stress were considered V: high (strong) (t..) — the agglomerate is within
the sediment layer; medium (t.») — the agglomerate partially protrudes from the sed-
iment layer; low (weak) (t.7) — the agglomerate is entirely on the surface of the sed-
iment layer. High critical stress values were calculated using formulas (2)—(4).
Medium and low critical stress values were estimated as one-third and one-sixth of
the high critical stress value, respectively.

SOA mobility ratios. Sediment mobility ratios are widely used to classify
the mobility properties of bottom sediments and to predict bottom erosion and sed-
iment deposition processes in specific water areas [32—34].

In this paper, the SOA mobility ratio is defined as the ratio of the shear stress,
induced by waves and currents, to the critical shear stress for a given agglomerate
class:

Mlso4 = Twe! Ter, 504

The fulfilment of condition MIso4 > 1 in a certain area indicates that agglomer-
ates of the specified class can start to move. The probability of this movement de-
pends on the duration of the condition.

Bedload fluxes. As another indicator for identifying probable regularities of
SOA redistribution along the coast, the capacity and direction of the bedload flux
q» = (qex, qpy) are used, where g, qp, are the zonal and meridional components of
the flux. Calculations of g, were performed using the Soulsby method [17, 20],
modified by including SOA sizes and the density of the sand and mazut sediment
mixture based on formulas (1) and (4).

Discussion of the results

Let us consider the results of numerical modelling of atmospheric circulation,
waves, currents and bedload fluxes in the area near the Kerch Strait during the oc-
currence and development of the accident. Time in the text is given in UTC (Coor-
dinated Universal Time), and wave heights refer to significant wave height.

Atmospheric circulation. On 15-17 December 2024, atmospheric circulation over
the Azov-Black Sea basin was determined by the passage of a cold front of a large
mid-latitude cyclone centred near Saint Petersburg. On the first day of observations,
15 December, the cold front manifested as a jet of strong south-westerly wind,
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stretching from south-west of Istanbul to the north-east towards the Kerch Strait.
The maximum wind speed reached 15 m/s. This wind field configuration was
favourable for the development of wind waves along the jet from the south-west
to the north-east, since it provided a considerable fetch (over 1000 km), which is
almost the maximum possible for the Black Sea.

Over time, the front advanced south-eastward, and this favourable fetch con-
figuration was of short duration. After 16:00 on 15 December, the front had shifted
to the south-east, and a moderate north-westerly wind (speed up to 10 m/s) from
the cyclone's cold sector settled along the entire favourable fetch line from the Bos-
porus Strait to the Kerch Strait. This wind did not generate wind waves in the Kerch
Strait. Swell generated earlier along the favourable fetch line continued to enter the
Kerch Strait area for some time thereafter (from 16:00 on 15 December until 02:00
on 16 December, providing that wave generation started around 09:00).

Wind waves. The storm of 15-17 December 2024 was preceded by north-
westerly waves with heights of about 0.5 m. The storm began during the night of
15 December when the wave direction shifted to southerly and wave heights started
to increase. According to available information '?, the tanker wreckage took place
at 06:00 on 15 December, when modelled wave heights at the accident site reached
2.5 m (Fig. 4, a).

Further, the storm evolved as follows. Between 14:00 and 19:00, the wave
direction shifted from southerly to south-westerly, with wave heights about 2 m.
For the next 2.5 days, waves with heights of 1.7-2.8 m arrived from the sector be-
tween south-west and west-south-west. Maximum wave heights were registered
at 22:00 on 16 December (Fig. 4, b).

From 18 December, the storm intensity decreased, and westerly waves with
heights of 1-1.5 m settled for about a day. Further, on 19 December, the wave direc-
tion began shifting through the southern sector to the south-east: by 05:00 waves
were from the south-west, and by 22:00 they were southerly, with heights of 0.5-0.6
m. For the following two days (20-22 December), waves from the south-south-east
to south-east sector, with heights of ~0.8 m, arrived in the study area (Fig. 4, ¢).

From 05:00 to 14:00 on 22 December, the wave direction shifted to the south-
west. Thereafter, until the end of the modelling period (00:00 on 23 December),
wave heights increased to 2 m (Fig. 4, d).

Wind- and wave-induced currents. Fig. 5 shows depth-averaged wind- and
wave-induced current fields for four time instances. At the moment of the accident
(Fig. 5, a), currents in the study area were characterised by velocities of ~0.2 m/s
in the offshore part. Along the coast of Krasnodar Krai and from Cape Takil
(the Crimean Peninsula), currents with velocities up to 0.3-0.4 m/s were directed
into the Kerch Strait, and from the strait into the Sea of Azov, where their veloci-
ties exceeded 0.8 m/s in some areas.

19 Available at: https://ngs.ru/text/incidents/2025/01/15/74987513/ [Accessed: 10 July 2025].
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From 14:00 to 21:00 on 15 December, the currents restructured. Along the south-
eastern coast of Crimea, the current directed from west to east. From Cape Takil,
water was partly directed into the Kerch Strait and further along its western coast
into the Sea of Azov. Along the Taman Peninsula and the Anapa Bay-Bar, currents
were oriented to the south-east. Current velocities reached their maximum by 22:00
on 16 December, measuring 0.3—0.4 m/s across most of the study area, with veloci-
ties of 0.6-0.7 m/s in the alongshore jet (Fig. 5, b), followed by their decrease.
This spatial structure of currents, with minor variations, remained for three days and
favoured the transport of petroleum products from the tanker wreckage to the Ana-
pa Bay-Bar and further to the south-east.

On 19 December, the current direction changed north of Cape Panagia, and
by 19:00, currents along the Anapa Bay-Bar and Taman Peninsula were directed
into the Kerch Strait. From the accident site, currents flowed south-westward, and
offshore they moved towards Cape Opuk (Fig. 5, ¢), transporting pollution to
the Crimean Peninsula. Current velocities were 0.1-0.3 m/s.

From 08:00 to 18:00 on 22 December, the current field restructured again.
Along the Crimean coast, the current flowed eastwards, and further from Cape
Takil, it was directed into the Kerch Strait. From the accident site, water masses
spread towards Cape Panagia, which became a zone of divergence: south of the cape,
the currents were directed south-eastward, while north of the cape they flowed into
the Kerch Strait. The currents from Cape Zhelezny Rog flowed south-eastward,
and those from Cape Anapsky moved in the opposite direction, forming a conver-
gence zone in the southern part of the Anapa Bay-Bar (Fig. 5, d).

Mobility ratios. The studied situation of potential SOA movement on the first
days after the release of petroleum products into the marine environment implies
that the formed agglomerates were located on the surface of the sediment layer.
Thus, the analysis focused on calculation results for low critical stress values (Tc»).

Fig. 6 shows the spatial distribution of the maximum calculated mobility ratios
(MIso4) over the period for sand with a median diameter of 0.03 cm and for three
SOA size classes: 1, 2.5 and 5 cm. The areas with MIso4 > 1 (shown in pink) indi-
cate exceedance of the mobility threshold value.

As seen in Fig. 6, a, b, the calculated areas of potential transport for sand and
I-cm SOAs are nearly the same. Thus, where there are such sediments on the bot-
tom, movement is likely down to depths of 10 m in the coastal zone from Cape
Chauda to Cape Takil and from Cape Panagia to Cape Anapsky and no deeper than
5 m in the Kerch Strait and along the Sea of Azov coasts.

SOAs sized 2.5 cm could only be moved in very limited areas, up to the 5 m
isobath (Fig. 6, ¢). Along the Crimean coast, movement of such agglomerates may
occur near capes, while in the Kerch Strait it may take place on both sides of Tuzla
Island and between the Chushka Spit and the Kerch Peninsula. Along the Anapa
Bay-Bar, such areas can be seen as fragments in its northern, central, and southern
parts. The largest areas of potential agglomerate movement are located between
Cape Tuzla and Cape Zhelezny Rog. For SOAs sized 5 cm and larger, no areas
with a mobility ratio exceeding unity are observed (Fig. 6, d).
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of sediment flows in the area near the Kerch
Strait: on 15 December 2024 at 06:00 (a),
16 December 2024 at 22:00 (b); 21 Decem-
ber 2024 at 20:00 (c); 22 December 2024
at 23:00 (d). The red circles indicate zones
of convergence and velocity deceleration
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In the areas, where sand is mobile but SOAs are not, it is more likely that
SOAs will be buried under sand. In such cases, mobility ratio will need to be calcu-
lated at high critical stress values.

Bedload fluxes. At the next study stage, parameters of potential bedload fluxes
were calculated. Fig. 7 shows the spatial distribution and directions of these fluxes
in the area near the Kerch Strait for sand sized 0.03 cm. The flux field reveals
zones of convergence (opposing directions of two fluxes) or zones of reduced ca-
pacity, which can be interpreted as areas of potential accumulation for sand and
SOAs. The areas with divergence or increased flux capacity are, on the contrary,
less prone to sediment accumulation.

Under southerly waves with heights of ~2.5 m (Fig. 7, a), a south-east-to-
north-west bedload flux occurs along the Anapa Bay-Bar, with a convergence zone
forming in the northern part of the bay-bar (near Cape Zhelezny Rog). Farther
north (from Capes Zhelezny Rog and Panagia), the bedload flux is directed into
the Kerch Strait. There are multidirectional fluxes along Crimea, which form con-
vergence zones in coastline indentations; from Cape Takil, sediments move into
the strait. Potential sediment deposition areas in the Kerch Strait are located north
of Cape Ak-Burun and in the top parts of Taman and Dinskoy Bays.

Fig. 7, b presents the situation at the peak of the storm on 15-17 December
2024, when waves of 2.5-2.8 m height arrived from the south-west. Along the Cri-
mean coast, sediments moved eastwards. In the northern part of the Kerch Strait,
the material moved to the Sea of Azov. Along the Black Sea coasts of Krasnodar
Krai, there was a persistent south-eastward bedload flux, which, according to cal-
culations, had a deposition zone in the southern part of the Anapa Bay-Bar near
Cape Anapsky.

Waves from the south-east with heights of ~0.8 m generated a bedload flux
from Cape Anapsky north-westward into the Kerch Strait, along Tuzla Island to-
wards Cape Ak-Burun (Fig. 7, ¢). A divergence zone formed in the Crimean
coastal area near Cape Takil, from where the material moved into the Kerch Strait
and along the southeastern coast of Crimea. Under these conditions, the potential
flux capacities were relatively low. Therefore, sand particles and SOAs could have
been moved only over short distances. However, with the intensification of the dis-
turbing wind-wave impact of the south-eastern sector, the sediments will be able to
move along calculated trajectories over longer distances.

Under south-westerly waves (Fig. 7, d), there is a unidirectional eastward flux
along the south-eastern Crimean coast. Along the Krasnodar Krai coasts, a diver-
gence zone is evident in the flux field near Cape Panagia. From this zone, the mate-
rial will spread south-eastward to the southern part of the Anapa Bay-Bar (where
it will deposit) and north-westward through the strait between Tuzla Island and its
namesake cape. Under such wind-wave conditions, the bottom sediments near
Cape Panagia, polluted by mazut leakage from the stern section of Volgoneft-239
prior to the construction of the wall in late January 2025, will be a source for SOA
transport towards the Kerch Strait and the Anapa Bay-Bar.
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Conclusion

A numerical algorithm was developed to calculate the dynamic characteristics
of mazut-polluted bottom sediments. The algorithm includes several blocks:

— modelling of wave and current fields;

— calculation of bottom shear stress induced by waves and currents;

— determination of critical shear stress based on specified SOA characteristics;

— calculation of bottom sediment mobility ratios; determination of bedload fluxes;

— identification of possible areas of polluted sediments accumulation in the coas-
tal zone.

Based on numerical modelling of the hydrodynamic and lithodynamic pro-
cesses during the onset and evolution of the accident in December 2024, an inte-
grated analysis of wave fields, currents, bedload fluxes, and mobility ratios for SOAs
of different sizes was conducted for the area near the Kerch Strait in the Black Sea.

The modelling results showed that during the storm of 15-17 December 2024,
wind-induced waves from the south and south-west were up to 2.8 m high. In the fol-
lowing four days after the storm, waves with heights of 0.8—1.5 m from the south-
west—south-east sector persisted in the study area. From 22 December until the end
of the modelling period, the wave direction shifted to south-westerly, with wave
heights increasing to 2 m.

Calculations showed that during the period under study, the structure of the cur-
rent field changed three times. At the moment of the tanker wreckage, the currents
along the coast of Crimea and Krasnodar Krai had a velocity of 0.3-0.8 m/s and
were directed towards the Kerch Strait. During the active phase of the storm and
in the following days, the direction of the currents changed: the flow started to
move from the tanker wreckage towards the Anapa Bay-Bar. This flow carried
the spilled mazut during the first three days.

From 19 to 22 December, the current velocities decreased to 0.1-0.3 m/s.
Along the coast of Krasnodar Krai, the flow was directed to the north-west, with
pollution from the accident site moving towards the Crimean Peninsula. Until
the end of the calculation period, petroleum products were carried from the area
where the tanker wreckage was located to the Kerch Strait and the Anapa Bay-Bar.

An analysis of the mobility ratios revealed that, during the time interval under
study, sand and SOAs sized 1 cm could be transported within the same areas of
the coastal zone, down to depths of 10 m. As for 2.5-cm SOAs, they could move
over very confined areas, reaching only the 5-m isobath. Under those wind-wave
conditions, SOAs sized 5 cm and larger remained immobile.

The spatial distribution of bedload fluxes under various wave scenarios was
determined. During the storm, a fairly stable south-easterly bedload flux formed
along the coast of the Taman Peninsula, with a deposition area in the southern
Anapa Bay-Bar. As waves moved from the south-east along the Black Sea coast of
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the Krasnodar Krai, sediments were transported to the Kerch Strait. Under south-
westerly winds, a zone of divergence of two flows directed to the north-west and
south-east formed near Cape Panagia.

The results of the obtained estimates can be used in planning and implement-

ing measures to eliminate the consequences of pollution, as well as recommenda-
tions for possible emergency situations in the area under study.
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Abstract

This study analyzes the daily sea surface temperature from the Copernicus database on a grid
with a spatial resolution of 0.05° x 0.05°. It calculates the characteristics of total sea surface
temperature variability and seasonal variations across multiple temporal scales. A regional
synthesis of these characteristics was performed for four areas along the Black Sea coast
of the Crimean Peninsula over the 1991-2020 climate period. Characteristics of seasonal
and interannual/decadal variability were evaluated using monthly averages, the main part
of the synoptic range was evaluated with 10-day averages and the low-frequency part of
the mesoscale band was analysed using daily averages. The results show distinct regional
patterns. Karkinit Bay differed significantly from the other regions, exhibiting the largest
seasonal range and the highest intensity of variability across all bands during winter.
The Western region demonstrated the lowest level of temporal variability in all parameters.
The Kerch-Feodosia shelf exhibited the highest variability across all bands in autumn.
The Southern Coast of Crimea held an intermediate position in terms of temporal variabil-
ity characteristics between the Western and Kerch-Feodosia regions. Overall, the shelf zone
of the Crimean Peninsula shows enhanced regional contrast in sea surface temperature vari-
ability across different temporal scales compared to the open Black Sea. One of the primary
drivers of these intense water temperature fluctuations is the occurrence of upwelling and
downwelling events, which are linked to the variability of wind fields over the region.

Keywords: Crimean shelf, sea surface temperature, seasonal variability, interannual varia-
bility, mesoscale variability, sub-mesoscale variability
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AHHOTAUMSA

Ha ocHoBe MaccuBa €KeCyTOYHBIX CIyTHHKOBBIX JaHHbIX COPernicus o temmepaType Ho-
BEPXHOCTH MOPSI Ha CETKE C MPOCTPaHCTBEHHBIM paspemienrneM 0.05° x 0.05° paccuutaHbl
XapaKTepUCTUKHU OOIIeHl MHTEHCUBHOCTH M3MEHYMBOCTH TEMIIEPATYpPhl TIOBEPXHOCTH MOPS
Y CE30HHBIX BapHAIM{ TeMIEpaTypsl Ha pa3IHMYHbIX BPEMEHHBIX Macmitadbax. IIposeneHo
perruoHanbHOE 00O0OIIEHHE ITUX XapaKTEPHCTHK IO YEThIpeM palloHaM YepHOMOPCKOTO
nobepexxbs KpbiMckoro monyocTpoBa 3a kiuMarudeckuiit mepuos 1991-2020 rr. Xapak-
TEPUCTUKH CE30HHOT'O XOJla M MEXT0JI0BOI/IeCATHICTHEH N3MEHUYNBOCTH OLICHUBAIINCH
O CPEIHEMECIYHBIM 3HAUYEHUSAM, OCHOBHOM YaCTH CHMHONTUYECKOTO AWAIa30Ha — IO CPEaHe-
JICKaJTHBIM 3HaYCHUSIM, a HU3KOYaCTOTHOM YacTH Me30MaclTabHOTO JAHaIa3oHa — [0 Cpell-
HECYTOYHBIM 3HadeHMsIM. CyHIeCTBEHHO OTJIIMYAETCS OT OCTAalIbHBIX pailoHOB KapkuHUT-
CKHH 3a/I1B, ¢ MAKCUMAJIBHBIM Pa3MaxOM CE30HHOTO X0/a W HanOOIbIIe HHTCHCUBHOCTHIO
BO BCEX JUana3oHax M3MEHUYMBOCTU B 3UMHHUHU Iepuon. 3anaiaHblii pailoH Mo BceM na-
pameTpaM MMeeT caMblii HU3KUH ypOoBeHb BpeMeHHOH uamenuunsoctu. s Kepuencko-
®deonocuiickoro menbda OCCHbI0 XapakTepHa HanOOJIbIIasi HHTEHCHBHOCTh H3MEHUYHUBOCTH
BO Bcex AuanazoHax. lOxHbii 6eper KpbiMa 1o xapakTepucTukam BpeMEHHOH 3MEHYHBO-
CTH 3aHHMaeT MPOMEXYTOUHOE MOJOoXKeHHne Mexay 3anmanusiM U Kepuencko-deonocuii-
CKUM paifonamu. B nenom menbdoas 30Ha KpbMckoro nosyocTpoBa, B CpaBHEHHH C OT-
KpBITON 4acTbio UepHOro Mopsi, JEMOHCTPUPYET MOBBIIEHHYI PErHOHAIBHYI0 KOHTPACT-
HOCTh B U3MEHYMBOCTH MOBEPXHOCTHON TEMIIEpaTyphl BOJABI HA PAa3JIMYHBIX BPEMEHHEIX
MacmTabax. OgHON M3 MPUYMH MHTEHCHBHBIX KOJE€OaHMH TeMIepaTypbl BOJABI SBISIOTCA
ANBEJUIMHTH U JayHBEJUIMHTH, CBA3aHHBIE C H3MEHUUBOCTBIO MOJIEH BETpa B paccMaTpUBa-
€MOM PErHoHe.

KuaroueBble cioBa: mensd Kpeima, TemrepaTypa IOBEpXHOCTH MOPS, CE30HHBIIA X0, MEXK-
rofioBast U3MEHUYHBOCTh, CHHONITHYECKAs! H3MEHUYMBOCTD, ME30MacCIITa0HAas! H3MEHUYNBOCTh

BaaromapuocTH: paboTa BEINIONHEHA B paMKax rocyaapctBerHoro 3amganus ®I'BYH
OUITMI' mo teme FNNN-2024-0014 «®PyHnameHTalbHBIE HCCIACIOBAHUS IPOIIECCOB
B3aUMO/ICHCTBUS B CUCTEME OKeaH-aTMocdepa, OpMHUPYIOIINX N3MEHYMBOCTh (PU3HIECKO-
T'O COCTOSIHUSI MOPCKOH CpeJibl Ha Pa3IMYHbIX IPOCTPAHCTBEHHO-BPEMEHHBIX MAcIITa0ax».
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mopst. 2025. Ne 4. C. 53-63. EDN XGKJIBD.
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Introduction

The distribution of sea surface temperature (SST) fluctuation energy across
different bands of temporal variability in seas and oceans exhibits distinct regional
characteristics. The most distinct regional differences are observed in the character-
istics of seasonal variability, which are governed by the seasonal cycle of the sea
surface heat balance. The contribution of other bands of temporal variability to
the total variance of SST fluctuations has received much less attention than esti-
mates of the mean seasonal cycle. This is due to the requirement for longer SST
data series at fixed locations with greater temporal resolution. However, such data
are now becoming available thanks to the development of remote sensing methods
that use satellite radiometers operating in the infrared and microwave bands as
the primary measurement tools.

Comprehensive monographs based primarily on the data analysis from contact
observations provide general information on the intensity of sea water temperature
variability across different temporal scales in the Black Sea basin [1-4]. With the
advent of satellite data, in addition to seasonal variability, interannual fluctuations
and long-term SST trends began to be investigated [4-11]. The improvement of
spatial and temporal resolution of satellite measurement tools has made it possible
to study higher-frequency processes, such as synoptic variability [12] and the diur-
nal cycle [13-15]. Results of 20 years of research with the use of remote methods
confirmed patterns previously identified from contact observations, showing that
the intensity of SST variability decreases in the following order of scales: seasonal,
interannual, synoptic, mesoscale. The northwestern and northeastern parts of the
Black Sea, where both seasonal and interannual SST variability reach their maxi-
mum, stand out from other Black Sea parts.

Assessments of the intensity of sea water temperature variability across differ-
ent temporal bands have been extremely limited for coastal areas. Only a few
coastal marine meteorological stations met the necessary requirements for data se-
ries, while the reliability and spatial resolution of satellite data near the shore were
insufficient. The emergence of digital datasets for individual seas with a resolution
of 0.05° enables to perform more detailed assessments of the distribution of fluctu-
ation energy in the coastal zone across various temporal bands.

This study aims to evaluate regional characteristics of overall intensity of SST
variability across different temporal scales in coastal and shelf areas of the Crimean
shelf, using a satellite dataset with a high spatial resolution.

Materials and methods of research

The study used the Black Sea High Resolution L4 Sea Surface Temperature
Reprocessed dataset Y from the Copernicus Marine Service. This dataset provides
daily night-time SST averages referenced to a depth of 20 cm, with a spatial resolu-
tion of 0.05° x 0.05°, from 1 January 1982 to the present day [16]. This product

D Black Sea — High Resolution L4 Sea Surface Temperature Reprocessed [online]. Available at:
https://data.marine.copernicus.eu/product/SST_BS_SST_L4 REP_OBSERVATIONS_010_022/de
scription [Accessed: 15 February 2024]. http://doi.org/10.48670/m0i-00160
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forms part of the global digital SST dataset created for climate research within
the following European projects: the ESA Climate Change Initiative and the Co-
pernicus Climate Change Service. It is based on measurements processed from
22 satellite platforms equipped with infrared (AVHRR, ATSR and SLSTR) and
microwave (AMSR) radiometers.

Temporal variability in SST was assessed in four areas of the shelf adjacent to
the Black Sea coast of Crimea (Fig. 1):

1) Karkinit Bay, which is a constituent part of the extensive northwestern shelf
with its own specific hydrological regime;

2) the Western Crimea shelf, which extends from Cape Tarkhankut to Cape
Chersonesus and represents a transitional zone between the northwestern shelf and
the deep-water part of the Black Sea;

3) the Southern Coast of Crimea, which is characterised by conditions similar
to those in the central part of the sea and is directly influenced by the Rim Current
(Main Black Sea Current);

4) the Eastern Crimea shelf (Kerch-Feodosia shelf), which extends from Cape
Meganom to Anapa and is affected by water exchange with the Sea of Azov,
as well as by the Rim Current, which changes direction along the Caucasian coast
towards the Crimean Peninsula.

The period from 1991 to 2020 was selected for the calculations as it corre-
sponds to the most recent climate period defined by the World Meteorological
Organization (WMO). It is also used as the climate norm when processing this SST
dataset.

46°

455°

45°

44.5°

44° T T T 1 T
32° 33° 34° 35° 36° 37° E

Fig. 1. Crimean shelf regions division by oceano-
graphic conditions: 1 — Karkinit Bay, 2 — Western Region,
3 — Southern Coast of Crimea, 4 — Kerch-Feodosia Region
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Ten-day and monthly averages were calculated for each year from daily data
for each grid node. Then, using selected time series, the following variances were
calculated:

— variance of daily averages for 365 calendar days;

— variance of 10-day averages for 370 calendar days;

— variance of monthly averages for 12 calendar months.

The overall level of interannual and decadal variability corresponded to the vari-
ance of the monthly averages, which were then averaged over the year. The vari-
ances of 10-day averages, which characterise synoptic variability to a certain extent
(periods ranging from days to a month), were averaged over 12 months and for
the full year. Similarly, the variances of daily averages, representing the low-
frequency part of the mesoscale band (periods ranging from hours to days), were av-
eraged over 12 months and for the full year. Seasonal variability was assessed from
the mean seasonal cycle, namely mean standard deviation and range of the monthly
averages, averaged over the selected 30-year period. All resulting mean fields of
the calculated temporal variability characteristics were smoothed using a Gaussian
filter with a radius of five grid nodes.

The results were compared with those from other studies [11, 12], which used
an earlier version of the Black Sea High Resolution L4 Sea Surface Temperature
Reprocessed dataset with a spatial resolution of 0.04° x 0.04° [17]. This dataset
was based on AVHRR Pathfinder Version 5.2 (PFV52) and covered the periods
1982-2014 and 1982-2018.

Results and discussion

The Black Sea, including its shelf zone, is characterised by a large amplitude
of seasonal variability in SST, which exceeds temporal variability on other scales
significantly [1-12]. The range of the seasonal cycle increases sharply in the shallow
northern areas of the sea that are prone to freezing, reaching a maximum of 22°C
in Karkinit Bay (Fig. 2). Conversely, the minimum seasonal range in the Black
Sea, which is less than 17°C, is observed in the Kerch-Feodosia region and near
the south-western tip of Crimea. This is connected with the warming effect of
the Rim Current during winter. Another example of a minimum in the seasonal
range in the Black Sea is found off the Sinop Peninsula, where persistent summer
upwelling causes the lowest values.

Quantitative values and spatial distribution of mean standard deviation of
seasonal variability are in good agreement with the results of [11], despite
differences in the averaging period, set of satellite platforms, reference depth of
SST and L4 processing algorithms.

As previously noted in [3, 11], the next most intense component after seasonal
variability is interannual variability. Its mean standard deviation is much smaller
than that of the seasonal component. Using this calculation method, the contribu-
tion of lower-frequency fluctuations, such as decadal (10-year) and interdecadal
variability, increases as the averaging period increases within this range. The next
most significant components, in order of decreasing intensity, are 10-day varia-
bility (conditionally synoptic) and daily variability (conditionally mesoscale),
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Fig. 2. Mean season range of the sea surface tempera-
ture in the Black Sea near the Crimean coast in 1991-2020
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Fig. 3. Mean standard deviations of sea-
sonal, interannual, 10-day and daily variabil-
ity of sea surface temperature for four Crime-
an shelf regions in 1991-2020. Digits stand
for region numbers (see Fig.1)
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which are twice and four times weaker than interannual variability, respectively.
The ratio of different SST variability bands exhibits its own regional characteristics
in each of the studied areas (Fig. 3).

The spatial distributions of interannual and 10-day variability exhibit a qualita-
tively similar pattern (Fig. 4). The main difference from the seasonal cycle spatial
distribution is the emergence of a new maximum in the Kerch Strait area and
the reduction of the zone of maximum values in Karkinit Bay. When considering
the higher-frequency part of the spectrum (i. e. daily variability), a minimum ap-
pears in the southwestern region (i. e. Kalamita Bay) (Fig. 5).

Fig. 4. Mean standard deviation of 10-day variability
of sea surface temperature near the Crimean coast
in 1991-2020

46°
45,5°

45°

44.5°

440

Fig. 5. Mean standard deviation of daily SST variability
near the Crimean coast in 1991-2020
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Fig. 6. Seasonal variability of mean standard
deviations for sea surface temperature: interannual
(@), 10-day (b) and daily (c) in 1991-2020. Digits
stand for region numbers (see Fig. 1)

The spatial distribution of mean standard deviation of interannual SST varia-
bility is qualitatively consistent with the results of [11], but the quantitative esti-
mates in this study are, on average, 10% lower. These differences are due not only
to the use of different SST datasets, but also to discrepancies in the methods em-
ployed to evaluate variability across various time periods. Direct quantitative com-
parison with data from [12], which is dedicated to synoptic SST variability, is not
feasible. In that study, variability was estimated over intramonthly intervals, there-
by including fluctuation contribution from a broader frequency range. Consequent-
ly, the total variance for the 10-day and daily bands combined (Figs. 4 and 5) is
1.5-2 times lower than the values reported in [12]. However, the spatial patterns of
10-day variability remain qualitatively similar (Fig. 4).

60 Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2025



Analysis of the seasonal variation in SST intensity revealed common patterns
across all four regions (Fig. 6), as well as distinct regional features. All regions
share a primary minimum in the intensity of fluctuations across all bands during
winter and early spring, as well as a less pronounced local minimum in early au-
tumn. The variability maximum occurs in summer and late autumn, with the autumn
peak being more pronounced for interannual variability. Karkinit Bay is an excep-
tion, as it exhibits a relatively flat seasonal cycle of interannual fluctuations. Unlike
the other areas, these fluctuations reach their maximum intensity in winter.

Temperature variations during the summer and autumn period are more in-
tense in the Kerch—Feodosia region than in other areas, peaking in early summer
along the SCC. The lowest values across all temporal variability bands are record-
ed in southwestern Crimea.

The seasonal pattern of interannual variability in the northeastern part of the sea,
near the Kerch Strait, is in quantitative and qualitative agreement with the data
from [11]. However, noticeable differences were found on the SCC: the present
study recorded the maximum in autumn, whereas it was recorded in summer
in [11]. Significant differences were also revealed in terms of synoptic variability.
In [12], two distinct maxima were noted, in May and October. However, according
to our data, the main maximum shifts to June, with October characterised as a local
minimum.

Conclusion

The temporal variability characteristics of SST in the shelf areas along
the Black Sea coast of Crimea were calculated using daily averages from the Black
Sea High Resolution L4 Sea Surface Temperature Reprocessed dataset, with a spa-
tial resolution of 0.05° x 0.05°, over the WMO 1991-2020 climate period.

Of four investigated regions, which are distinguished by their oceanographic
characteristics, Karkinit Bay exhibits the most pronounced variability. This region is
characterised by the largest seasonal range of SST and the highest intensity of varia-
bility (especially interannual) across all temporal bands during the winter period,
which is particularly evident at the interannual scale. This type of interannual fluctua-
tion regime is typical of shallow, ice-prone areas of the northwestern shelf, and is
driven by sharp alternations between unusually warm and cold winters.

Conversely, the western region, which is adjacent to Karkinit Bay, exhibits the
lowest level of temporal SST variability of all the areas of the Crimean shelf that
were studied. In winter, the Rim Current warming influence reduces the seasonal
temperature range significantly, while the Sevastopol anticyclone favours the accumu-
lation and spread of warmer waters over the shelf. The low intensity of higher-
frequency SST fluctuations is generally caused by weak water circulation in this area.

The Kerch—Feodosia region experiences the greatest SST variability across all
bands in autumn, due to increased atmospheric synoptic activity in the northeastern
part of the Black Sea and the exchange of water with the rapidly cooling Sea of Azov.
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Conversely, this region exhibits the lowest seasonal range of SST due to the Rim
Current warming effect in winter.

The characteristics of temporal SST variability along the SCC occupy an in-
termediate position between those of the Western region and the Kerch—Feodosia
region. However, the seasonal range is larger here due to the absence of quasi-
stationary anticyclonic eddies such as the Kerch and Sevastopol ones. These eddies
promote the spread of Rim Current waters across the shelf area. Consequently,
the Rim Current warming effect is largely confined to its core jet, rather than ex-
tending over the shelf. The summer peak in daily and 10-day variability is asso-
ciated with frequent upwelling and downwelling events driven by variability
in the wind field.

Overall, the Crimean shelf zone is characterised by increased spatial contrast
in both overall intensity and seasonal variations of SST across different temporal
scales. These parameters are therefore highly effective for categorising the region
waters.
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Abstract

The excess kurtosis of sea surface elevation is a predictor of rogue waves. This paper
verifies the dependencies of excess kurtosis on wave steepness € and inverse wave age (,
obtained for the JONSWAP wave spectrum. For verification, the paper uses data from
in situ wave measurements conducted from a stationary oceanographic platform located
in the coastal zone of the Black Sea. It is shown that in a real sea wave field, the excess kur-
tosis changes within significantly wider limits than those described by both model depend-
encies. The correlation coefficient between Af and € is 0.06, and between A" and ( is 0.05.
The model dependence of Asf on steepness ¢ is close to the linear regression constructed
for wind waves, 1. e., it allows describing only its average changes. The model dependence
of excess kurtosis on inverse wave age overestimates its average values; the overestimation
is approximately 0.1 and depends on . Thus, the dependencies of the excess kurtosis of sea
surface elevation on wave steepness and inverse wave age, constructed on the basis of
the JONSWAP spectrum, do not allow describing the entire range of excess kurtosis chang-
es in a real wave field. Rogue waves are observed in the sea when AsF exceeds the threshold
level of 0.6—0.7, while the maximum model values of excess kurtosis at the limiting Stokes
wave steepness do not exceed the level of 0.3.

Keywords: wind wave modelling, excess kurtosis, surface wave spectrum, wave steepness,
inverse wave age, Black Sea, JONSWAP spectrum, rogue waves
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AHHOTAIMSA

OKclecc BO3BBIIICHHH MOPCKON IMOBEPXHOCTH SIBISETCSA MPEIUKTOPOM BO3HUKHOBEHHUS
aHOMaJIbHO BBICOKHX BOJIH. B paboTe BepupuuupyroTcs MoydeHHbIE U1 BOTHOBOTO CIEK-
tpa JONSWAP 3aBUCUMOCTH DKCIECCA OT KPYTU3HBI € U OT 00PaTHOro Bo3pacrta BOJH (.
Jnst BepuduKkanmu MCIONIb3YIOTCS JaHHBIE MPSIMBIX BOJHOBBIX W3MEPEHUH, MPOBEICHHBIX
CO CTallMOHapHOW OKeaHorpaduieckol MmIar(opMbl, yCTAaHOBICHHOW B NPUOPEXKHOHW 30HE
Yeproro Mops. ITokazaHo, 4To B peanbHOM IOIe MOPCKHX BOJH 9KCHECC A4 m3MeHseTcs
B 3HAYMTEJIFHO OoJiee HMIMPOKUX IIpenesiax, 4yeM IPEeACKa3blBaeTcs 00eHMH MOJIEIbHBIMU
3aBucuMocTsivi. Koosddurment xoppemsmnn Mesxay A’ u € pasen 0.06, mexay A~ n -
0.05. MogenbHas 3aBHCHMOCTh OOPATHOTO BO3PACTa BONH Ag° OT KpyTH3HBI € GIH3Ka
K JJMHEHMHON perpeccuu, MOCTPOCHHOM AJisi BETPOBBIX BOJH, TO €CTh IO3BOJISIET ONUCATh
TOJIBKO €TO CpefHNE U3MEHEHHA. Mo/enbHas 3aBHCUMOCTB 3KcIlecca OT 00paTHOTO BO3pac-
Ta BOJIH 3aBBIIIACT €r0 CpelHHe 3Ha4eHHs Npuosm3uTensHo Ha 0.1, mpudeM 3aBhIIEHUE
3asucurt ot (. Takum 06pa3zom, NOCTpOeHHbIE Ha ocHOBe criektpa JONSWAP 3aBucuMocTn
9KCIIecca BO3BBIIICHHH MOPCKOH IMOBEPXHOCTH OT KPYTH3HBI BOJIH M OOpaTHOrO BO3pacTa
BOJIH HE TI03BOJISIFOT OMKCATh BECh JWANa30H M3MEHUYMBOCTH JKCIEcCa B PEalbHOM BOJHO-
BOM 10J1e. AHOMAJTbHbBIE BOJTHEI HAGIIONAIOTCSA B MOPE IPHU MPEBBIMIEHHH As" OPOroBOro
ypoBHs 0.6—0.7, Torga Kak MakcHMaJIbHble MOZEIbHbIE 3HAYECHUs IKCIecca MPU MPeIeiib-
HOW KpyTHu3He BoJHBI CTOKCa HE NMPEBBIMIAOT YpoBeHs 0.3.

KiroueBble ¢JI0Ba: MOJEINPOBaHIE BETPOBBIX BOJIH, IKCIIECC, CIIEKTP NOBEPXHOCTHBIX BOJH,
KpPYTH3Ha BOJIH, OOpaTHBIH Bo3pacT BOJH, YepHoe mope, ciektp JONSWAP, aHoMajbHbIE
BOJIHBI
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OI'BYH ®UI MI'U o Teme FNNN-2024-0001 «®@yHnameHTaIbHbIE UCCIEIOBAHUS TIPO-
[IECCOB, ONPECIISIONINX MTOTOKH BEIIECTBA M SHEPTHUH B MOPCKON Cpe/ie M Ha €€ TPaHuIax,
COCTOSIHHE ¥ 3BOJIONNIO (HM3MYECKOH N OMOT€OXUMHUIECKOH CTPYKTYPHI MOPCKHX CHCTEM
B COBpeMEHHBIX yCIoBISIX» M FNNN-2024-0014 «DyHgaMeHTaIbHBIE UCCIEIOBAHUS MIPO-
IIECCOB B3aMMOJICHCTBHS B CHCTEME OKeaH-aTMocdepa, (opMHUPYIOMUX N3MEHIHBOCTh (HH-
3WYECKOTO COCTOSIHUSI MOPCKOM Cpeabl Ha Pa3iIMYHBIX MPOCTPAHCTBEHHO-BPEMEHHBIX Mac-
mradax».
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Introduction

The number of global and regional spectral wave models of the sea surface has
increased and the quality of forecasts produced by these models has improved [1].
Verification against in sifu and remote sensing data demonstrates that these models
represent significant wave height accurately [2—4].

A linear wave field obeys Gaussian statistics and, under the additional as-
sumption of a narrow-band wave spectrum, the wave height distribution follows
the Rayleigh distribution [5, 6]. Sea waves are a weakly nonlinear process whose
cumulants deviate from zero values [7-10]. The deviation of the wave height dis-
tribution induced by nonlinearity is small for most of the distribution; however, it is
significant for the tail of the distribution and is therefore of great importance for
predicting the occurrence of rogue waves [11].

Rogue waves are typically characterized by the abnormality index (4/) which
is the ratio of the maximum wave height recorded during the measurement period
to the significant wave height. A wave is considered rogue if A/ > 2 [12]. Studies
conducted in various regions of the World Ocean have shown that A/ statistically
depends only on the excess kurtosis of sea surface elevation [13—15]. These studies
suggest that excess kurtosis could be used to predict the probability of rogue waves
occurring, which has led to the development of methods for calculating it based on
spectral wave models [16—18]. The representation of excess kurtosis in the form of
multidimensional integrals of wave spectra is used for these calculations [19, 20].

The study " proposes simple parameterizations for the dependence of statisti-
cal moments of surface elevations on the wave field development stage. These pa-
rameterizations have various applications, including operational wave forecasting.
They are derived under the same assumptions as those underpinning the kinetic
equation in spectral wave models. However, the situations in which these parame-
terizations are applicable, as well as the feasibility of calculating excess kurtosis
within spectral models, require further discussion.

This study aims to verify the relationship between excess kurtosis, wave
steepness and inverse wave age, as obtained from the JONSWAP wave spectrum.

Methods and materials
Excess kurtosis. The higher order cumulants of a random variable serve as
ameasure of how much its distribution deviates from a Gaussian distribution.
The fourth order cumulant, or excess kurtosis, is related to the statistical moments
by the following expression:
A, =t 3,

2
2

where b, L4 are the central statistical moments of the second and fourth orders, re-
spectively.

D Janssen, P.A.E.M. and Bidlot, J.R., 2009. On the Extension of the Freak Wave Warning System and its
Verification. ECMWF Technical Memoranda; 588. ECMWF, 42 p. https://doi.org/10.21957/uf1sybog
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Studies [17, 19] developed an approach for calculating third and fourth order
cumulants directly from known wave spectra. The wave spectrum derived from
the Joint North Sea Wave Project (JONSWAP) remains the most widely used rep-
resentation of the sea surface. The project was designed to investigate the genera-
tion and evolution of wind-driven waves in the North Sea [21, 22]. One of its key
outcomes was the development of an empirical frequency-angular spectrum for
the surface wave field. The two-dimensional JONSWAP frequency-angular spec-

trum takes the following form:
2
_(w_lj /(202)
©p

2 2
E(0,0)= 4n? %(&J exp —g(ﬂJ
o \®p 4\ op
where o is angular frequency; o is parameter that determines the wave energy;
g is gravitational acceleration; y and ¢ are parameters that determine the shape of
the spectrum; ®(0) is angular distribution function of wave energy; 0 is azimuthal
angle. Here and subsequently, index p indicates that the given parameter corre-
sponds to the peak frequency of the wave spectrum.

Parameter ¢ has two fixed values: 6 = 0.07 when the condition ® < , is satis-
fied and o = 0.09 otherwise. Therefore, the one-dimensional spectrum depends
on two parameters o and y. The value of a, which determines the wave energy, is
proportional to the square of the wave steepness &:

exp

e(6), (1

gzkp MZ?

where £ is the wave number. Accordingly, the steepness can be estimated by know-
ing the spectrum parameters (formula (1)). Parameters o, and £, are related to each
other by the dispersion relation for gravity waves in deep water, ®* = gk. Parameter
v determines the excess in the spectral peak region relative to the Pierson — Mos-
kowitz spectrum [23].

A two-parameter equation has been proposed for the JONSWAP spectrum
based on the approach developed in [17, 19, 20], which relates the cumulants of sea
surface elevations to the wave spectrum. This equation allows the excess kurtosis
to be calculated "

Ay =12.6 y 0382 )

Here and thereafter, the superscript SJ indicates that the given parameter has been
calculated for the JONSWAP spectrum. Equation (2) was derived for cases where
the angular distribution function ®(0) is specified in the following form:

o(0)= %B sech?(B0), (3)

261(0/w, ) at 0.56 <w/o, <0.95,
where B= 228(w/oop )_1‘3 at 0.95<w/wp <1.6, . (€))
1.24 at L6 <o/op.

The mean direction of wave propagation is defined as the angle 6 = 0 in equation (3).
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To calculate the dependence of excess kurtosis on the wave field development
stage, a modified JONSWAP spectrum was employed in ! [24]. The parameters of
this spectrum (also known as the Donelan spectrum) are explicit functions of the in-
verse wave age:

C: U10/Cp,

where U is wind speed at a height of 10 m; C, is phase speed. Higher values of {
correspond to an earlier stage of wave development. A fully developed wind sea
corresponds to {o = 0.83; for { > (o, the waves are considered wind-driven, whereas
for { < (o, they are classified as swell.

The Donelan spectrum has the form

> 1] o)
) ) exp[—(w—ll /20 }
ED<w,e)=4n2°‘D—§’{ﬂ]exp —(ﬂj YD ’ ©(6), (5)
® @p @p

where ap = 0.006 {** at 0.83<(<5,
op=0.08 (1+4/) at 0.83<(<5,

B 1.7 at 0.83<(<l,
DEN174601gC at 1<C<5.

The following dependence has been obtained for the Donelan spectrum and
the angular distribution function in the form of equations (3) and (4):

AP =0.04 +0.082 (7, (6)

where the superscript SD indicates that the excess kurtosis has been calculated us-
ing the Donelan spectrum. The accuracy of model (6) largely depends on how well
wave spectrum (5) captures the dependence on inverse wave age. A previous anal-
ysis compared wind wave spectra with the Donelan spectrum based on measure-
ments from an oceanographic platform under conditions of variable wind speed and
strong swell [25]. This analysis showed that, on average, the dependencies of spec-
tral parameters on wave age obtained under different conditions align with the for-
mulas derived for a pure wind sea under stable wind conditions.

Data and measurement conditions. We use data from wave measurements
conducted on the stationary oceanographic platform operated by Marine Hydro-
physical Institute of RAS to verify the relationships describing the dependence of
excess kurtosis on wave steepness and inverse wave age. The platform is located
in the coastal zone of the Black Sea, off the southern coast of Crimea. The mini-
mum distance from the platform to the shoreline is approximately 600 m, with
the water depth at the site around 30 m. Wave measurements were performed using
a resistive wave gauge consisting of a nichrome wire wound with constant pitch on
a supporting cable. Wind speed was measured with a cup anemometer [26].
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Wave measurements were conducted from May 2018 to January 2019. For
the analysis, continuous records were divided into 20-minute segments and statisti-
cal characteristics of waves and wind speed were calculated for each segment.
The conditions for conducting wave measurements on the stationary oceanographic
platform are described in [9, 10]. The wind regime in the vicinity of the platform
was analysed in [27].

During the measurement period, the significant wave height H; reached 2.3 m
and the mean wind speed at 10 m height (Uio) reached 26 m/s. Wave steepness &€
and inverse wave age { ranged from 0 < ¢ < 0.14 and 0 < { < 6.3, respectively.
Value { = 0 corresponds to wind speeds below the anemometer startup threshold.
High values of { were observed under short-fetch conditions, which corresponded
to onshore winds.

Results and discussion

Two components of nonlinearity that cause deviations from the Gaussian dis-
tribution in a random wave field have been identified [17]. The first component,
arising from nonlinear inter-wave interactions, is referred to as “dynamic” as it is
associated with the evolution of the wave field. The second component is related to
the presence of bound waves in the field. The term “bound components” includes
Stokes wave harmonics, as well as all harmonics generated by nonlinear inter-wave
interactions that do not satisfy the linear dispersion relation .

In the general case of a broadband random wave field, the dynamic contri-
bution to excess kurtosis is small in absolute value and negligible compared to
the contribution of bound components [17]. We can compare relation (6) obtained
within the spectral wave model framework, with the dependence of excess kurtosis
on wave steepness, as obtained within the second order nonlinear model. In this
model, the deviation from Gaussian distribution is determined by bound compo-
nents [28].

The second order nonlinear model is built up from a combination of linear and
nonlinear elements:

n(er)=n,(xe)+ny(xe),

where 1 is sea surface elevation; x is spatial coordinate; 7 is time;

uh (x,t) = iancoswn,
n=1
Ny (x’t) - ZZ{ aa, I:B';”COS(W'” — V. ) + B’;"COS(W’" + W ):I }’

m=1 n=1

Wn = knX — @nt + Qu, @y is the phase; B, and B, are second order transfer func-

tions. Functions B,, and B, are derived from the Laplace equation for the veloc-

ity potential, subject to nonlinear boundary conditions. The model includes sec-
ond order bound waves arising from interactions of free wave components.
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According to the second order nonlinear model, excess kurtosis is related to wave
steepness through the equation provided in [28].

MY =122+ 0(g"). (7)

Unlike relation (7), dependence (2) does not assume a one-to-one correspond-
ence between excess kurtosis and wave steepness. When the wave field approaches
a fully developed state, the average value of y = 1.7; higher values of y correspond
to earlier stages of development. Within the observed range of vy, the inequality
A" > A% holds. This discrepancy increases with increasing 7.

Fig. 1 shows the dependence of excess kurtosis on wave steepness for wind
waves, as determined from measurements in the coastal zone of the Black Sea,
as well as theoretical dependencies (2) and (7). The dependencies As" = A4*(g) were
constructed for two values of the parameter y: 1.7 and 3.3. As evident from the fig-
ure, the discrepancies between the theoretical dependencies are considerably small-
er than the scatter in the measured excess kurtosis values. Fig. 1 also presents
the linear regression:

ME=094g+0.01+0.21 (8)

and the regression in the form A" = af 2. Coefficient of is 19.5.

Fig. 1. Dependency of excess kurtosis A4 on steepness €.
The dots are experimental data; curve 1 is dependency (7),
curves 2 and 3 are dependencies (2) obtained at y = 1.7
and y= 3.3; curve 4 is linear regression (8); curve 5 is

regression in the form of Asf = af &?. The arrow shows
the steepness calculated for the Pierson—-Moskowitz
spectrum
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The fully developed wind sea spectrum is typically represented by the Pier-
son — Moskowitz spectrum [23]. The characteristic steepness value for this spec-
trum epm = 0.04 is shown by the arrow in Fig. 1.

The correlation coefficient between Af and € is 0.06. The absence of signifi-
cant correlation between excess kurtosis and wave steepness, as determined by
in situ measurements, is consistent with the results of laboratory experiments con-
ducted in a wind wave flume [29, 30]. These experiments led to the conclusion that
cumulants up to the eighth order (inclusive) depend on steepness, with the notable
exception of excess kurtosis, for which no clear dependence on € was identified.

As Fig. 1 shows, the changes in excess kurtosis calculated using models (2)
and (7) when steepness varies from 0 to 0.1 are much smaller than the observed
changes in excess kurtosis in a real wave field. At the same time, the model de-
pendencies closely resemble the linear and quadratic regression dependencies and
adequately describe the average state of the sea surface.

Fig. 2 shows the experimental and model dependencies of excess kurtosis s
on inverse wave age (. Similar to the As" = A4"(¢) dependence, the As* = L"(0)
dependence is characterized by a large scatter in the values of As“. The correlation
coefficient between A" and { is 0.05. A comparison of dependence (6) with
the linear regression described by the equation

MER=10.001 +0.0288 £ + 0.20, 9)

shows that the model estimates of excess kurtosis exceed consistently the average
values obtained through experimentation. Overestimation As*°(() — A4*%(¢) increas-
es from 0.085 at { =0.83 to 0.18 at { = 3.3.

A
0.8
04r
0_
04 L . M . I
2 .
1 ¢ 3

Fig. 2. Dependency of excess kurtosis A4 on in-
verse wave age (. The dots are experimental data;
the red line is dependency (6); the black line is line-
ar regression (9)
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0.1

0.01[

Fig. 3. Dependency of steepness € on inverse
wave age (. The dots are experimental data;
the solid line is linear regression (10); the dashed
lines show deviations +0.013

Rogue waves occur when excess kurtosis values exceed a critical level esti-
mated to lie within the range of 0.6-0.7. However, as can be seen from Figs. 1 and 2,
the model values of excess kurtosis never exceed 0.3, meaning they cannot be used
to forecast the occurrence of rogue waves.

Another drawback of dependencies (2) and (7) should be noted. The excess
kurtosis values obtained using these are always positive, which does not corre-
spond with in situ measurement results.

Dependence (6), as proposed in " relies on the assumption that specifying
the inverse wave age alone provides a sufficiently accurate description of the spec-
trum and integral parameters of the wave field, including variations in steepness
across different stages of wave development. However, the validity of this assump-
tion depends on the accuracy and clarity of the parameterization used for the Done-
lan spectrum.

Fig. 3 shows the dependence of wave steepness on inverse wave age, as de-
termined from wave measurements. As evident from the figure, the relationship
between € and { for wind waves is stochastic. Cases, where { > 3.5, are rare and
have therefore been excluded from the present study. At the same value of (,
the values of € can differ by an order of magnitude. For the dataset analyzed in this
study, the correlation coefficient between € and { is 0.63. The linear regression
equation takes the form

£ =0.022 { +0.004 £ 0.013. (10)
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Conclusion

The rogue wave index depends statistically only on the excess kurtosis of sea
surface elevations. This relationship suggests the potential for using excess kurtosis
to predict the probability of rogue waves occurrence and has stimulated the devel-
opment of computational methods based on various models. However, verification
of the predicted dependence of excess kurtosis on wave steepness € and inverse
wave age (, as derived from the JONSWAP spectrum, demonstrates that these de-
pendencies cannot describe the full range of excess kurtosis variations in a real
wave field. Negligible correlation is observed between excess kurtosis and parame-
ters € and £, which makes it impossible to use these dependencies to forecast rogue
wave occurrence. Additionally, a significant discrepancy exists between dependen-
cies (2) and (7) and the observational data: the excess kurtosis values calculated
using these dependencies are invariably positive, whereas negative values are fre-
quently observed in field measurements.
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Abstract

Based on the ECMWF ORA-S5 reanalysis data for 1958-2023, the paper analyses the aver-
age long-term structure of waters in the Weddell-Scotia Confluence and the climatic variabil-
ity of its boundary characteristics. It is shown that this zone was most clearly manifested
between Shishkov Island and the South Orkney Shelf. The northern boundary of this zone
(Scotia Sea Front) was located above the southern slope of the South Scotia Ridge, and
the southern boundary (Weddell Sea Front) was south of the Phillip Ridge. Both fronts
were most intense in the 150-500 m layer. Near the South Orkney Shelf, the width of
the Weddell-Scotia Confluence zone decreased by more than five times. The intensity of
the fronts also weakened in the easterly direction, and they were mostly not traced east of
the South Orkney Islands. On an interannual scale, the displacements of the Scotia Sea
Front and the Weddell Sea Front in latitude did not exceed 0.5 degrees, while their intensity
changed synchronously. From 1983 to 2010, a decrease in their intensity was observed,
whereas from 1958 to 1982 and after 2010 there was an increase. In the time series of
annual mean anomalies of temperature gradient values characterizing interannual changes
in the intensity of the Scotia Sea Front and the Weddell Sea Front, a periodicity of 4 and
6 years was revealed. A significant positive correlation was found between the Antarctic
Oscillation index and the interannual intensity anomalies of the fronts, with a phase lag of
0-3 years for the Weddell Sea Front and 3-5 years for the Scotia Sea Front. The tendency
to increase the intensity of the Weddell-Scotia Confluence boundaries with an increase of
the Antarctic Oscillation index values was especially clear over the past 10 years. During
this period the high positive values of this index and maximum positive values of the Wed-
dell Sea Front intensity anomalies were observed. Over the past 10 years, the Weddell-
Scotia Confluence boundaries have strengthened markedly as the Antarctic Oscillation in-
dex increased. This period featured persistently high positive index values alongside maxi-
mum positive intensity anomalies in the Weddell Sea Front.
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Oscillation, South Oscillation
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BO/I B 30He CJOUAHUA MopeH Yiaaeana u Ckoma
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AHHOTAIMA

ITo nanueiM peananuza ECMWFE ORA-S5 3a 1958-2023 rr. nmpoaHanu3upoBaHa CpeHe-
MHOT'OJIETHSISL CTPYKTYpa BOJ B 30HE CIUSAHUA Mopel Yannenna u Ckola ¥ KiUMaTHYecKast
M3MEHYMBOCTh XapaKTEPUCTHK ee TpaHull. [lokazaHo, 4To 3Ta 30Ha Hanboee YeTKO BhIpa-
eHa Mexay o-BoM llumkoBa u HOxuO-Opknueiickum mensdom. Ee ceBepHast rpanuia
(ppont mopst Ckomra) pacnionaraercst HaJ| I0>KHBIM CKIIOHOM XpeOTta FOskubiii Ckora, a rox-
Has (PpoHT Mopst Yannemna) — roxxkHee xpedTa Ommmm. Oda GppoHTa HamboIee HHTEHCHUB-
HBI B cioe 150-500 m. B paiione FOxHO-OpxkHelickoro menb¢ha MmuprHa 30HBI CIUSHUA
yMeHbIIaeTcst 6oyee yeM B IATh pa3. MHTEeHCHBHOCTH (PpOHTOB Takxke ociabeBacT B BO-
CTOYHOM HampasieHuH, BocTrouHee HOxHO-OpKHEHCKNX 0-BOB OHM IMOYTH HE HPOCIEKH-
BatoTca. Ha mexronoBom macmrabe cmemienus: pporta mopst Cxorra u ¢ppoHTa MOpst YoI-
JielIa 1o MMpoTe He mpeBbimaoT 0.5°, mpu 3TOM MX MHTEHCHBHOCTb HU3MEHSETCS CHH-
xporHo. C 1983 mo 2010 r. HaOa0Ia7I0Ch MOHMKCHHE WX MHTCHCHBHOCTH, ¢ 1958 T.
no 1982 r. u nocne 2010 r. — noBsieHre. Bo BpeMEHHBIX psilax CPEHEroI0BbIX aHOMa-
JUA 3HaYeHUH TPajMeHTOB TEMIIEPATyphl, XapaKTEPU3YIOIIUX MEKIOJ0BblE U3MEHEHUS
MHTEHCUBHOCTH (poHTa Mops Ckoia u GppoHTa MOps Yaa/eia, BeISIBICHA TEPHOITY-
HOCTb B 4 U 6 jeT. Mexy UHAEKCOM AHTapKTHUYECKOT0 KOJeOaHUs U MEeXIOJOBBIMU
AHOMAJIMSMHU WHTEHCHBHOCTH ()POHTOB BBISIBJICHA 3HAYMMasl TIOJIOKUTENbHAST KOPPEIISIIHS:
it ppoHTa Mops Yaanemia — ripu ¢azosom casure 0-3 rona, s gponra mops Ckorra —
npu ¢$a3oBoM caBure ot 3 g0 5 ser. OCOOEHHO YeTKO TEH/AEHIHUS K MOBBIIICHUIO WHTEH-
CUBHOCTH TPAHUI] 30HBI CIIUSHIS Moper Yannemuna u CKoIlla py pocTe 3HAYeHUH MHIEKCa
AHTapKTHYECKOT0 KoJieOaHUs MposiBIIAch B TeueHHue mocienaux 10 jer. B stor mepuon
HaOIIOaNTNCh BBICOKHUE ITOJIOKHUTENBHBIC 3HAYECHUSI 3TOTO0 MHAEKCAa M MaKCHMAaJbHbIC I10-
JIO’KUTEINIbHBIC 3HAUCHNUS aHOMAJIMH MHTEHCUBHOCTH (DpOHTA MOpPs Yaaemia.

Karouessie ciioBa: Mope Yannenna, Mmope Ckollla, TeMIepaTypa BOAbl, COJIEHOCTb, BEPTHU-
KaJbHasi CTPYKTYpa BOJ, BOJAHBIE MacChl, TEPMOXAJIMHHBIA (POHT, MPOCTPAHCTBEHHO-
BpEMEHHasi N3MEHYMBOCTh, AHTapKTHUECKoe Kosebanue, FOxHoe konebanne

BaaromapHocTH: pa0oTa BEINOJHEHAa B pPaMKax TEMBI T'OCYIapCTBECHHOTO 3aJaHUS
OI'BYH ®UL MI'U FNNN-2024-0014 «®yHIaMeHTalIbHbIE HCCIEIO0BaHUs MPOLECCOB
B3aMMOJICHCTBHUS B CUCTEME OKeaH-aTMocdepa, GOpMUPYIOMNX H3MEHIHBOCTh (hH3HUECKO-
TO COCTOSIHHSI MOPCKOH Cpellbl Ha pa3IMIHBIX IPOCTPAHCTBEHHO-BPEMEHHBIX MACIITA0ax».
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Introduction

The Weddell-Scotia Confluence (WSC) is located in the southwestern part of
the Atlantic Ocean Antarctic sector. It extends eastward from the South Shetland
Islands along the South Scotia Ridge V. This zone is one of the most biologically
productive regions of the Southern Ocean, with high concentrations of phytoplank-
ton and chlorophyll a in its waters. It is a key migration route for Antarctic krill,
which travel eastward from their spawning grounds on the shelves of the Antarctic
Peninsula ? [1-9]. The area’s commercial importance has led to numerous publi-
cations analysing the features of the WSC thermohaline structure, which is a key
abiotic factor influencing the spatial and temporal variability of water bioproduc-
tivity *» 4% [10-21]. The vertical thermohaline structure of WSC waters differs
qualitatively from that of the surrounding Antarctic-type waters. The Circumpolar
Deep Water (CDW) layer, which is characterised by elevated temperature and salini-
ty and is typical of Antarctic waters, undergoes noticeable transformation in the WSC.
WSC waters are characterised by their own vertical structure with relatively weak
stratification, and the subsurface layer down to a depth of 1000 m is almost homo-
geneous " ? ¥ [10-18, 20]. According to* [10, 12, 13], the causes of CDW trans-
formation and the formation of a quasi-homogeneous layer with weak stratification
can include winter vertical convection and subsidence of cold water observed dur-
ing the warm season due to the melting of icebergs that accumulate on the South
Scotia Ridge shelves. According to [17, 21], the WSC is characterized by subsid-
ence of surface and subsurface waters, which leads to the formation of a water col-
umn with relatively low temperature and salinity. Moreover, according to [21], cold
fresh shelf waters formed near the tip of the Antarctic Peninsula penetrate the WSC.
These waters spread eastward along the northwestern periphery of the Weddell Sea
Gyre, subsiding to intermediate depths due to their increased density resulting from
the low temperature close to the ice melting point. This process results in cooling and
freshening of the WSC waters. According to [19], the formation of the WSC water
structure is influenced by convective mixing due to ice melting and by vertical cur-
rents within a system of numerous quasi-stationary topographic vortex formations
characteristic of this area.

D Gordon, A.L., 1967. Structure of Antarctic Water Between 20W and 170W. In: V. Bushnell, ed.,
1967. Antarctic Map Folio series. Folio 6. American Geographical Society, 10 p.

2 Shulgovsky, K.E., 2005. [Large-Scale Variability of Oceanological Conditions in the Western Part
of the Atlantic Sector of the Antarctic and its Influence on the Distribution of Krill]. Kaliningrad:
AtlantNIRO, 148 p. (in Russian).

3 Chernyavsky, E.B., 1977. [Frontal and Gradient Zones of the South Ocean]. Moscow: Promys-
lovaya Okeanologiya. Iss. 6, 50 p. (in Russian).

4 Burkov, V.A., 1995. [Weddell-Scotia Confluence Zone]. In: IO RAS, 1995. [Pelagic Ecosystems of
the Atlantic Sector of Antarctica]. Moscow: 10 RAN, pp. 7-14 (in Russian).

3 Smith, S.G., 1989. On the Weddell-Scotia Confluence and the Scotia Front: Master's Thesis
in Oceanography. Texas A&M University, 85 p. Available at: https:hdl.handle.net/1969.1/ETD-
TAMU-1989-THESIS-S661 [Accessed: 24 November 2025].
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According to existing concepts > ® [15, 18-20], the northern boundary of
the WSC, which separates it from the waters of the southern Scotia Sea, is the Sco-
tia Sea Front (SSF). The southern boundary, which separates the WSC from the wa-
ters of the northern Weddell Sea, is the Weddell Sea Front (WSF). In accordance
with [15, 22—-24], the SSF and WSF can be observed on the surface. Note that
on the surface, they divide the modifications of the same body of water, the Ant-
arctic Surface Water. At the same time, in the subsurface layer, they delineate
the northern and southern limits of the transformed CDW layer [19, 20]. The SSF
extends the continental water boundary east of Mordvinov (Elephant) Island and
coincides with a relatively weak deep stream identified in the southern Scotia Sea,
south of the Antarctic Circumpolar Current system [15, 22]. The branches of the WSF
correspond to deep streams that form the north-western periphery of the Weddell
Sea Gyre [15, 22, 24].

Most studies analysing the water structure of the WSC and the variability of its
boundaries are based on data from contact measurements performed in different
years and seasons on individual synoptic sections located relatively far from each
other® [10-13, 16, 18] or on outdated hydrological databases with low spatial and
temporal coverage [17, 19, 20]. Due to high heterogeneity of contact measurement
data and almost complete absence of information during the cold season, contra-
dictions in the description of the WSC water structure persist to this day. Thus,
according to ¥ [10], the temperature of the WSC waters is low from the surface to
the bottom, whereas study [12] shows that a temperature maximum is observed
at the surface of the WSC. It is claimed in® [10—13] that the WSC surface salinity
is elevated, while data from® [10] show that high salinity is present at the bottom.
Furthermore, the results of studies [13, 17] suggest that the salinity of the WSC
waters is lower at depths of 200 m and below.

Based on archival climatic data from works [19, 20], the manifestations of
the WSC boundaries (SSF and WSF) in the long-term average thermohaline fields
were evaluated. The SSF is most clearly manifested in the temperature field
at depths greater than 200 m and in the salinity field in the upper 250 m layer.
The WSF is manifested deeper than 100 m in the temperature field and deeper than
300 m in the salinity field. These works also analysed the seasonal variability of
the SSF. It was demonstrated that the front is located between 58° and 60° S at the sur-
face throughout the year and reaches maximum intensity in March. However, due
to the limited availability of hydrological data in the Weddell Sea and their com-
plete absence in winter, the seasonal variations of the WSF could not be evaluated
[19, 20].

Some studies have analysed the features of the water structure in the WSC area
based on relatively short series of drifter and satellite measurements [4, 14, 15, 21, 23].
Higher spatio-temporal resolution satellite temperature measurements allowed
the SSF to be detected in the sea surface temperature (SST) field and the features

% Bogdanov, M.A., Oradovsky, S.G., Solyankin, E.V. and Khvatsky, N.V., 1969. [On the Frontal
Zone of the Scotia Sea]. Okeanologiya, 9(6), pp. 966-974 (in Russian).
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of the average long-term seasonal and interannual variability of this front's char-
acteristics to be refined [23]. Using AVHRR Ocean Pathfinder data from JPL
NOAA/NASA for the period 1985-2001, it was demonstrated that during the cli-
matic seasonal cycle, an increase in SSF intensity at the surface was observed
during the warm season. Meanwhile, interannual variations in the characteristics of
the front manifest as changes in its intensity and latitudinal displacement. A signif-
icant relationship was identified between interannual anomalies in the characteris-
tics of the front and anomalies in the areas of warm tropical waters in the Pacific
Ocean caused by El Niflo events. At the same time, the characteristics of the front
responded weakly to changes in the Southern Oscillation index [23].

In recent years, high-resolution hydrological datasets have emerged that as-
similate continuously updated SST data from contact and satellite measurements,
optimally interpolated onto regular grids (e.g. NOAA OISST). This has enabled
features in the climatic structure and seasonal variability of the WSF at the ocean
surface to be refined [24]. It has been demonstrated that, to the west of the South
Orkney Islands, the WSF is characterised by two branches in the average long-term
SST field, intensifying during the summer period of the Southern Hemisphere
(February—April) [24]. However, the structure and climatic variability of the SSF
and WSF in the ocean subsurface layers, which form the boundaries of the WSC,
remain largely unexplored.

The study aims to refine the characteristics of WSC manifestations in average
long-term thermohaline fields, based on modern oceanic reanalysis data (ECMWF
ORA-S5 xypcuB HaBepHOE He HyXkeH), to analyse the climatic variability of SSF
and WSF boundaries as well as to evaluate the influence of large-scale atmospheric
circulation modes (Southern Annular Mode and Southern Oscillation) on interan-
nual front characteristics.

Materials and methods

The study considers the region of the Southern Ocean located east of
Mordvinov (Elephant) Island, between 55° and 40°W, and 59° and 62.5°S
(Fig. 1, a, b). To construct the bottom relief scheme, data from General Bathymet-
ric Chart of the Oceans (GEBCO)” with a spatial resolution of 15” were used.
Monthly mean values of potential temperature (0, °C) and salinity S (PSU), as well
as zonal U and meridional  components of current velocities ¥/ (m/s), were uti-
lised for each year from 1958 to 2023. These data were obtained from the reanaly-
sis of the European Centre for Medium-Range Weather Forecasts OCEANS system
(ECMWF ORASS5) [27]. They were interpolated onto grid nodes with a resolution
of approximately 1/4° in longitude and 1/8° in latitude, distributed across 75 ver-
tical levels in ¢ coordinates ranging from 0.5 to 5500 m ®. The reanalysis used
the ocean model Nucleus for European Modelling of the Ocean (NEMO) and
the ocean assimilation system NEMOVAR, which incorporates surface and subsur-
face temperature, salinity, sea ice concentration and sea level anomalies [25].

” GEBCO. Gridded Bathymetry Data. [online] Available at:
http://www.gebco.net/data_and products/gridded bathymetry data/ [Accessed: 24 November 2025].

# Copernicus Climate Change Service, Climate Data Store. 2021. ORAS5 Global Ocean Reanalysis
Monthly Data from 1958 to Present. https://doi.org/10.24381/cds.67e8eeb7
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Based on the source data, the average long-term and monthly climatic mean
values of 0, S, the velocity modulus ¥ and the direction of current vectors were
calculated (Fig. 1, ¢). According to ?, the time series of the data used is sufficient
for determining statistically reliable climatic norms.

The boundaries of the WSC (SSF and WSF) were determined by locating
the extremes of the meridional temperature gradients (MTG) and meridional salini-
ty gradients (MSGQ) on sections spaced 0.25° apart along meridians. Positive (nega-
tive) MTG and MSG values indicate an increase (decrease) in temperature and
salinity values in the southern direction.

The interannual variability of the WSC boundaries was analysed in the tem-
perature field, because this parameter largely determines the course of large-scale
processes in the ocean—atmosphere system, serving as an indicator of the heat con-
tent of the active ocean layer [26, 27]. For this purpose, anomalies of the annual mean
values of MTG extremes (AnMTG), which characterise the SSF and WSF, were
calculated for each year relative to their average long-term values over the entire
analysed period of 66 years. When calculating the anomalies, the absolute values of
the MTG extremes were used. To assess the connections between the variability of
atmospheric circulation and interannual variations in the intensity of the SSF and
WSEF, cross-correlation functions with a 95% statistical significance level (o = 0.05)
were analysed between the time series of annual mean AnMTG values and the in-
dices of the Southern Oscillation (SO) and Antarctic Oscillation (AAO), which
characterise the Southern Annular Mode [1, 28, 29]. When calculating the cross-
correlation functions between the AnMTG values and the AAO index, the AnMTG
time series from 1979 to 2023 were used, corresponding to the period for which
AAO index data is available. SO and AAO index values were obtained from
the National Oceanic and Atmospheric Administration (NOAA) website ' '

Results and discussion

Figs. 2—4 show examples of the vertical distribution of the long-term mean
temperature and salinity values and their meridional gradients. Analysis of these
distributions revealed no clear signs of the WSC (the absence of sharp thermoha-
line extremes in the vertical structure due to the subsidence of colder, fresher wa-
ters) in the climatic fields of the upper 100—150 m layer, which is consistent with
earlier studies " ¥ ® [10-21]. The upper 100-150 m layer has the typical vertical
structure of the Antarctic zone characterised by a well-defined subsurface layer of
Antarctic Winter Water (AWW) with a minimum temperature and relatively low
salinity.

9 Monin, A.S., 1999. [Hydrodynamics of the Ocean Atmosphere and Earth’s Interior]. Saint Peters-
burg: Gidrometeoizdat, 523 p. (in Russian).

19 Climate Prediction Center. The Southern Oscillation Index (SOI). 2025. [online] Available at:
https://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensocycle/soi.shtml [Accessed: 24
November 2025].

D Climate Prediction Center. Antarctic Oscillation (AA0). 2025. [online] Available at:
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily ao_index/aao/aao.shtml [Accessed:
24 November 2025].
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The subsidence of colder, less saline water, which is characteristic of the WSC,
is clearly evident in the long-term average thermohaline fields below the AWW
layer. This disrupts the CDW layer (Figs. 2, a, ¢; 3, a, c; 4, a, ¢).

The transformation of the vertical water structure in the WSC is reflected
in the 6 and S curves (Fig. 5). The waters of the Scotia Sea to the north and
the Weddell Sea (Powell Basin) to the south of the WSC are characterised by well-
defined extremes corresponding to the AWW and CDW cores. In the WSC area,
however, only the AWW core manifests as an extremum, below which a quasi-
homogeneous layer is evident, with no clearly expressed extremum corresponding
to the CDW (Fig. 5).

The waters of the WSC are characterised by weak temperature and salinity
gradients. The northern boundary (SSF) has maximum negative MTG and MSG
values, while the southern boundary (WSF) has maximum positive MTG and MSG
values (Figs. 2, b, d; 3, b, d; 4, b, d).
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While the general features of the WSC are preserved (subsidence of cold, low-
salinity waters, and high MTG and MSG values at its boundaries), the position of
its boundaries and the depth of water subsidence in different areas of the body of
water differ. This is related to the features of water circulation caused by the bot-
tom relief. Current vector distribution at a depth of 200 m revealed a significant
presence of anticyclonic vortices and meanders over the South Scotia and Phillip
Ridges, and cyclonic vortices in the Scotia Sea, the Hesperides Trough, the Powell
Basin and the southern part of the South Orkney Shelf (Fig. 1, b, ¢). The vertical
distribution of the zonal velocity component U clearly shows oppositely directed
flows, which correspond to the northern and southern peripheries of these vortex
formations and extend to depths of 900—1500 m (Fig. 1, d).

Analysis of the vertical distribution of temperature, salinity, MTG and MSG
revealed that the WSC was most pronounced to the east of Mordvinov (Elephant)
Island. Here, subsidence of the waters occurs over the South Scotia and Phillip
Ridges. At 52.5°W, the WSC extends almost to the bottom over the Phillip Ridge,
completely disrupting the CDW layer and the cores of its upper (UCDW) and
lower (LCDW) modifications (Fig. 2, a, ¢). Within the latitudinal limits of
the WSC over the deep-water Hesperides Trough, a slight rise in isotherms and
isohalines is evident, which is associated with the topographic cyclonic meander
observed in this area (Fig. 1, ¢, d). Consequently, the northern boundary of the WSC
in the thermohaline fields exhibits a bimodal structure. One branch of the SSF is
located approximately at 60°S (over the South Scotia Ridge) and is most developed
in the 100400 m layer. The second branch of the SSF is located north of the Phillip
Ridge, approximately at 61°S, and is most developed in the 200-800 m layer (Fig. 2,
b, d). The distributions of the annual mean MTG and MSG at the 200 m horizon
along 52.5°W show two branches of the SSF (SSF-1 and SSF-2) in the temperature
and salinity fields (Fig. 6). The southern boundary of the WSC (WSF) is located
south of Phillip Ridge at 62°S, where it is most intense in the 100-700 m layer
(Figs. 2, b, d; 6).

In the central part of the water area (50° W), colder, less saline waters descend
over the Phillip Ridge spur in an anticyclonic meander area (Fig. 1, ¢) to depths of
approximately 1000 m in the temperature field and 1500 m in the salinity field.
This results in a significant transformation and deepening of the CDW layer as well
as the disruption of the UCDW and LCDW cores (Fig. 3, a, ¢). The SSF is clearly
visible in the temperature and salinity fields at approximately 60.5-60.75°S over
the southern slope of the South Scotia Ridge, while the WSF is visible at the north-
ern boundary of the Powell Basin at 61.375°S (Fig. 6). Both fronts are most intense
in the 100-600 m layer (Fig. 3, b, d).

Further east, at the western boundary of the South Orkney Shelf (47.5°W),
the main subsidence of waters also occurs in the area characterised by an anticy-
clonic meander (Fig. 4, a, c¢). The intensity and vertical extent of the SSF and WSF
decrease; both fronts are most developed in the 100400 m layer. The SSF is located
at approximately 60.85—61°S and the WSF at approximately 61.375°S (Fig. 4, b, d; 6).

Overall, closer to the South Orkney Shelf, the width of the WSC and the in-
tensity of its boundaries decrease noticeably (Fig. 6). At a depth of 200 m, the in-
tensity of the SSF decreases from 0.02 °C/km in the western part of the WSC to
0.01 °C/km at the western boundary of the South Orkney Shelf while the intensity
of the WSF decreases from 0.025 to 0.005 °C/km (Fig. 6, a).
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Scotia Confluence boundaries (Scotia Sea Front
(SSF) and Weddell Sea Front (WSF)) at a depth of
200 m along the 52.5°W, 50°W and 47.5°W

In the salinity field, the intensity of the SSF remains relatively consistent
across the landscape, whereas the intensity of the WSF decreases from west to east,
dropping from 0.003 to 0.001 PSU/km (Fig. 6, b). In the thermohaline fields,
the width of the WSC (the distance between the SSF and WSF axes) decreases
from west to east, dropping from approximately 223 km (2° latitude) at 52.5°W
to 42 km (0.375° latitude) at 47.5°W (Fig. 6). East of the South Orkney Islands,
the WSC does not manifest in the annual mean climatic thermohaline fields, and
the Scotia Sea and Weddell Sea fronts are almost indistinguishable.

Thus, examining distributions of thermohaline characteristics on vertical
sections showed that the WSC was not clearly expressed in the climatic fields
in the upper layer occupied by the Antarctic surface and Antarctic winter water
masses. The horizontal distributions of temperature and salinity in the WSC area
at the surface (Fig. 7, a, b) and below the AWW layer (Fig. 7, ¢, d) differ consider-
ably. Within the latitudinal limits of the WSC at the surface, a decrease in tempera-
ture and salinity is observed in the southern direction, with a fall of 0 to —1 °C and
33.95 to 33.8 PSU, respectively (Fig. 7, a, b). Between approximately 49.5° and
47.5°W, the quasi-zonality of isohalines in the WSC area is noticeably disrupted.
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Here, an elongated tongue of lower-salinity waters is present in the northwestern di-
rection (Fig. 7, b). In this area temperature field, a slight shift of isotherms to the north
is also observed (Fig. 7, a). Analysis of the distribution of current vectors in the up-
per 100 m layer revealed a large-scale anticyclonic meander, along the eastern edge
of which waters with reduced temperature and salinity from the Powell Basin enter
the WSC via the deep-water passage to the west of the South Orkney Shelf (Fig. 1, b).
The surface distributions of temperature and salinity (the absence of temperature
extremes and a salinity decrease in the central part of the WSC) refine the results of
previous studies which claim an increase in salinity in the surface layer of waters
in the WSC [10, 13], as well as extreme temperature values (maximum [12] or
minimum * [10]).
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In contrast to the surface, the temperature and salinity distribution maps below
the AWW layer at a depth of 200 m (puc. 7, ¢, d) reveal a distinct tongue of cooler,
less salty water. This tongue extends along Phillip Ridge toward the South Orkney
Shelf to the east. Clustering of isotherms and isohalines is observed at the bounda-
ries of this tongue, which characterises the manifestation of the WSC boundaries.
The configuration of the tongue of waters with reduced temperature and salinity, as
well as the current vectors at the 200 m horizon (Fig. 1, ¢), indicate the penetration
of colder and less saline shelf waters into the WSC area from the Powell Basin.
These waters are formed over the shallow shelf of the Antarctic Peninsula. This find-
ing is consistent with the results of the study [21].

When assessing the climatic variability of the WSC boundary characteristics
(SSF and WSF), the depth of penetration of the seasonal signal (H SDseason)
in the thermohaline fields was analysed. This depth was conventionally defined
as the point at which the intra-annual standard deviation of temperature and salinity
decreased by an order of magnitude (see Fig. 7, e, f). Within the WSC, the H SDseason
values did not exceed 70-90 m in the temperature field and 50-80 m in the salinity
field (Fig. 7, e, f). In other words, the layer of transformed CDW in the WSC area
is almost unaffected by seasonal changes. Since seasonal fluctuations in the ther-
mohaline fields do not penetrate to the upper depth at which the SSF and WSF
manifest (100—150 m), the climatic variability of the WSC boundaries was analysed
on the interannual scale using the annual mean values of the front characteristics.

Despite significant progress in creating and improving modern reanalyses,
their quality for Antarctica remains low due to a key limitation: the extremely
small amount of source data available for model assimilation. In the subsurface
layers, where there is significantly less source data than at the surface, any interan-
nual trends obtained should be considered estimates.

Some features of the interannual variability of the characteristics of the SSF
and WSF in the subsurface layer, which is deeper than the AWW, can be explained
by physical and geographical factors, as identified through the reanalysis data used.
Thus, analysing the time series of the latitudinal positions of the MTG extremes
that characterise the SSF and WSF in the temperature field revealed that, on the in-
terannual scale from 1958 to 2023, the latitudinal displacement of the fronts does
not exceed 0.5°. At the same time, the stable position of the WSC boundaries is
determined by the features of the bottom relief. For instance, at the 50° W meridi-
an, which passes through the centre of the WSC, the SSF is located over the south-
ern slope of the South Scotia Ridge within the latitudinal band 60.25-60.75° S
(Fig. 8, a) throughout all 66 years, while the WSF is situated south of Phillip Ridge
at the northern boundary of the Powell Basin within the latitudinal band 61.25—
61.75° S (Fig. 8, ¢).

The distribution of annual mean MTG extremes (AnMTG) anomalies corre-
sponding to the SSF and WSF showed that these fronts intensified and weakened
in synchrony on the interannual scale (Fig. 8, a, ¢). From 1983 to 2010, a general
decrease in the intensity of the SSF and WSF was observed, with both fronts being
significantly weakened from 1987 to 1990. During this period, the width of
the WSC increased by almost one degree due to maximum displacement of the SSF
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northward to 60.25°S and the WSF southward to 61.75°S. From 1958 to 1982 and
after 2010, the intensity of the SSF and WSF increased. During periods of signif-
icant change in the intensity of the WSC boundaries, the southern boundary ex-
hibited the greatest change, with extreme interannual variations in WSF intensity
noticeably exceeding those in SSF intensity. The maximum positive values of
AnMTG are 0.008 °C/km for the SSF and 0.012 °C/km for the WSF. The maxi-
mum negative values of AnMTG for the SSF are —0.01 °C/km and for the WSF
they are —0.25 °C/km (Fig. 8, a, c).
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Fig. 8. Interannual variability of MTG annual mean anomalies and latitudinal
position (black dotted line) of the SSF (a) and WSF (c), spectra of AnMTG time
series of the SSF (b) and WSF (d) at a depth of 200 m at 50°W, distributions of an-
nual mean values of the South Oscillation (SO) (e) and Antarctic Oscillation (AAO)
(f) indices and their spectra (g, /)
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No significant trends characterising the general tendencies of long-period vari-
ability in the intensity of the SSF and WSF were identified in the time series of
annual mean AnMTG. The spectra of the AnMTG time series revealed periodici-
ties of four and six years in the interannual changes in the intensity of the SSF and
WSF (Fig. 8, b, d), similar to the variability periods of the Southern Oscillation
(SO) and Antarctic Oscillation (AAQO) indices (Fig. 8, e—%). Features similar to
those observed in the interannual variability of the WSC boundaries (absence of
a significant trend in the interannual anomaly time series and periodic alternation
of positive and negative anomalies every 2—5 years) were also observed in the sea
surface temperature field in the Atlantic sector of Antarctica [30].

Analysis of the cross-correlation functions revealed no significant relationship
between the interannual changes in the SSF and WSF intensity anomalies and
the changes in the SOI. A significant positive correlation was noted between
the intensity of the WSF and the AAO index, with a maximum value of R ~ 0.4
at zero phase shift at a depth of 100 m (Fig. 9, @) and at a shift of 3 years at a depth
of 200 m (Fig. 9, b).

A significant positive relationship is also observed between the SSF intensity
and the AAO index, with a maximum value of R ~ 0.35 at a phase shift of 5 years
at a depth of 100 m (Fig. 9, a) and at a phase shift of 3—5 years at a depth of 200 m
(Fig. 9, b). Thus, an increase (decrease) in AAO index values tends to be accompa-
nied by an increase (decrease) in WSC boundary intensity. This tendency has been
particularly evident over the last 10 years, when high positive values of the AAO
index (except in 2019) and maximum positive values of the WSC intensity anoma-
lies have been observed. As oceanic fronts act as “mixing barriers” [1, 4, 31],
strengthening the frontal boundaries of the WSC hinders the exchange of water
between the WSC and the Scotia and Weddell Seas. This contributes to the concen-
tration of biogenic elements
and krill juveniles within
the WSC, increasing the bio-
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component of wind stress.
At the same time, the band of
intense westerly winds shifts
southwards towards the WSC,
reaching approximately 60°S
[29, 32-34].
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Conclusion

Based on ECMWF ORA-S5 reanalysis data from 1958 to 2023, the character-
istics of WSC manifestation in average long-term thermohaline fields have been
refined. The WSC is most clearly manifested between Shishkov (Clarence) Island
and the western boundary of the South Orkney Shelf. Below the AWW layer here,
subsidence of colder, less saline water is observed, accompanied by transformation
of the CDW layer and disruption to the cores of its upper and lower modifications.
The northern boundary of the WSC (the Scotia Sea Front) is found to be situated
over the southern slope of the South Scotia Ridge, while the southern boundary
(the Weddell Sea Front) is found to pass south of the Phillip Ridge at the northern
boundary of the Powell Basin. Both fronts are most intense in the 150-500 m layer.
Closer to the South Orkney Shelf, the width of the WSC decreases by more than
fivefold (from 2° to 0.375° of latitude). The intensity of the SSF and WSF de-
creases towards the east, and east of the South Orkney Islands, these fronts become
indistinct.

On the interannual scale it is shown that the latitudinal displacements of
the WSC boundaries do not exceed 0.5°, while their stable latitudinal position is
determined by the bottom relief features. Throughout the entire analysed period,
the SSF is located over the southern slope of the South Scotia Ridge in the central
part of the WSC, between 60.25° and 60.75°S, while the WSF is located south of
the Phillip Ridge, between 61.25° and 61.75°S.

It is established that the boundaries of the WSC both intensify and weaken
in synchrony on the interannual scale. From 1983 to 2010, a decrease in the intensi-
ty of the SSF and WSF was observed, and both fronts were at their weakest from
1987 to 1990. The intensity of the SSF and WSF increased from 1958 to 1982 and
after 2010. During periods of significant intensification or weakening of the WSC
boundaries, the intensity anomalies of the WSF exceed those of the SSF by 1.5—
2.5 times.

No significant trends characterising the general tendencies of long-period vari-
ability in the intensity of the SSF and WSF temperature gradient values were iden-
tified in the time series of annual mean anomalies. However, periodicities of four
and six years were detected, which are close to the periodicities of the Southern
Oscillation and the Southern Annular Mode. A significant positive correlation
(R ~ 0.4) was identified between the intensity anomalies of the WSF and the AAO
index at zero phase shift at a depth of 100 m, and at a shift of three years at a depth
of 200 m. A significant positive relationship (R ~ 0.35) is also observed between
the intensity anomalies of the SSF and the AAO index at a phase shift of 5 years
at a depth of 100 m, and at a phase shift of 3—5 years at a depth of 200 m. This ten-
dency for the WSF boundaries to increase in intensity with rising AAO index val-
ues has been particularly evident over the last 10 years, when high positive AAO
index values and maximum positive WSF intensity anomaly values were observed.
However, no significant relationship was identified between interannual changes
in SSF and WSF intensity anomalies and changes in the SOI.
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and its Trophic Relationships in Plankton Community
During the Changing Hydrological Seasons (October 2022)
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Abstract

As a continuation of research on the adaptation of reproduction of natural fish populations
to regional changes of hydrological regime, ichthyoplankton studies were performed
in the Black Sea in the autumn of 2022. The paper provides data on species composition
and spatial distribution of ichthyo-, meso- and gelatinous macroplankton in coastal, shelf,
and deep-sea areas near the Crimean Peninsula, obtained within 2—19 October during cruise
124 of R/V Professor Vodyanitsky. We identified eggs and larvae of 12 warm-water fish spe-
cies and 4 temperate-water fish species. The average abundance of eggs was 2.34 ind-m2,
whereas the average abundance of larvae was 2.55 ind-m™2, with the maximum abundance
of 16 and 18 ind'm2 for eggs and larvae. A high number of species and low dominance
(dominance index was 0.17) favoured the development of ichthyoplankton complexes with
a high species diversity index (3.03), high richness index (20.31) and high evenness index
(0.77). Optimal temperature conditions induced the formation of zooplankton communities
dominated by small warm-water copepods, which are the primary food source for both
the fish larvae and the gelatinous macroplankton. In spite of their trophic competition, ge-
latinous macroplankton apparently did not influence the survival of fish larvae. The spatial
distribution of gelatinous macroplankton was mosaic and it was presumably caused by in-
terpopulational trophic relationships, such as predation and competition, inside the macro-
plankton community. The most probable cause of the regional differences in species
composition and abundance of ichthyo-, meso- and macroplankton were the conditions
for the formation of the thermodynamic water structure, coinciding with the gradual sea-
sonal cooling of the upper layer of the sea and the transition of surface circulation from
summer-type to winter-type. Within the study region, the shallow waters of the southeast-
ern coastal area experienced earlier cooling than the deeper areas near the South Coast of
Crimea, which were well-protected from the cold northerly wind.

Keywords: ichthyoplankton, mesoplankton, macroplankton, fish larva feeding, species
diversity, spatial distribution, hydrological regime, Black Sea
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AHHOTALMSA

HccnenoBanus nxTuoruiankTona B YepHoM Mope oceHbio 2022 1. ObUTH IPOBEACHBI B IIPO-
JOJDKCHUE paHee BBINMOJHEHHBIX PabOT B LENSAX U3YUCHUs afalTaldd BOCIPOH3BOACTBA
HMPUPOTHBIX TOMYJSIIUNA PBIO B YCJIOBHUSAX PETMOHAIBHBIX M3MEHEHMH T'HIPOJIOTHIECKOTO
pexrMa, 0o0yCIOBJICHHBIX MOTEINICHUEM KIMMaTa. B craTbe mpencTaBieHb! JaHHBIE O BU-
JIOBOM COCTaBE€ M MPOCTPAHCTBEHHOM PACIPEEIICHUN UXTHO-, ME30- U JKEJIETEIOT0 MaKpo-
TUIAHKTOHA B MPUOPEKHBIX, MIETb(OBBIX U TITyOOKOBOIHBIX paiioHax y KpeiMckoro mosmy-
ocrtpoBa, cobpannsie B 124-m peiice HUC «IIpodeccop Boasuuukuii» ¢ 2 no 19 oktsi6ps
2022 r. UnenTHdUIMpOBaHbl HKPA U JIMYMHKHU 12 BHIOB TEIUIOBOAHBIX U 4 BHIIOB yMe-
PEHHOBOHBIX pbI0. CPEHAA YMCIEHHOCTh UKPHI COCTABIAIA 2.34 3K3.'M 2, INYUHOK —
2.55 9K3.-M 2, a MakcUMaJbHas — 16 1 18 3K3.M 2 COOTBETCTBEHHO. boblloe KOIM4ecTBO
BUJIOB B MXTHOIUIAHKTOHE B OCEHHEE MEXCE30HBE M CJIab0 BHIPAKEHHOE JOMHHHPOBAHHE
(manexc nomuaMpoBanus 0.17) criocoOCTBOBAIM Pa3BUTHIO MXTHOIUIAHKTOHHBIX KOMILIECK-
COB C BBICOKHIM HHJEKCOM BHIOBOTO pazHoobpasus (3.03), 6orarctra (20.31) u BeIpaBHEH-
HoctH (0.77). bnaronpusTHBEIE TeMIepaTypHbIe YCIOBHS c()OPMUPOBAIIM 300IIAHKTOHHEIE
coobmiecTBa ¢ TpeoOaganieM MeNTKuX TermoBogHbIX Copepoda — OCHOBHBIX OOBEKTOB
MUTAHUsI, KaK JITYMHOK PBHIO, TaK M JKEJIETEJIOr0 MaKpOIUIaHKTOHA. JKeneTenblii MakporiaHK-
TOH, 6y}:[y‘-II/I MAIICBbIM KOHKYPEHTOM JIMYUHOK pI)I6, HC OKasbIBaJI CYIIECTBCHHOI'O BJIMAHUSA
Ha uX BbDKMBaHMe. [IpocTpaHCTBEHHOE paclpeleleHue KeJIeTeIoro MaKpOIUIAHKTOHA
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OBII0 MO3aWYHBIM M 3aBHUCEJO0 OT MEXIOIYIIUOHHBIX TPOPUIECKUX OTHOLICHHH — XHUII-
HUYECTBA U KOHKYPEHIIMU B CAMOM MAaKpOIUIAHKTOHHOM coobmiectse. Hanbosee BeposTHOM
MPUYMHON PETHOHAIBHBIX Pa3iM4YMil B BUOBOM COCTaBE U YHCIEHHOCTH MXTHO-, ME30- U MaK-
POIJIAHKTOHA SIBJSUIUCH YCIOBHS (POPMUPOBAHUSI TEPMOJANHAMUYECKONW CTPYKTYPBI BOJ
Ha (hOHE IJIABHOTO CE30HHOTO BBIXOJIAXKMBAHUSI BEPXHETO CIIOS MOPSI M MIEPECTPOIKH JIeT-
HETo THIA NMOBEPXHOCTHOW LUPKYJISIIMK Ha 3MMHIOI0. B paiioHe uccrienoBanuii Habmona-
JIOCh OIeperKarolliee BBIXOJaXUBaHUE BOJ MenkoBogHoro IOro-Boctounoro Kpeima
IO CPaBHEHHMIO C TITyOOKOBOHBIM, 3alUIICHHBIM OT XOJIOJTHBIX CEBEPHBIX BETPOB PaiOHOM
IOxHnO0TO G6epera Kppima.

Ki1roueBble €/10Ba: MXTHOIUIAHKTOH, ME30IUIAHKTOH, MaKpOIUIAHKTOH, MUTAaHWE JTHIMHOK
PBIO, BUIOBOE pa3zHOOOpa3ne, MPOCTPAHCTBEHHOE PACTIPEAEICHHE, THAPOIOTHIECKHI PEKHM,
YepHoe mope

BaaroanapHocTu: paboTa BeIMojHEeHa B pamkax roczafganus OUIL[ MHBIOM mo temam
roc3amanust Ne 124022400148-4 «buopa3sHooOpas3ume Kak OCHOBA YCTOHYHBOIO (PYHKIIHO-
HUPOBAHMUS MOPCKHX JKOCHCTEM, KPUTEPHUU U HAy4YHBIC IPUHLMIILEI €r0 COXPaHEHUI;
Ne 124030100137-6 «DyHKIMOHATIBHBIE, METAOOIUUECKHE U MOJIEKYJISIPHO-T€HETHYECKHE
MEXaHU3MBI aJalTalliuyd MOPCKUX OPraHn3MOB K YCJIOBUAM SKCTPEMAJIbHBIX 5KOTOIIOB LIep—
HOTO U A30BCKOro Mopei u Apyrux akatopuil Muposoro okeana»; Ne 124030100100-0
«M3yuenne (yHIaMEHTAIBHBIX XapaKTEPHCTHK MOPCKHUX THAPOOHMOHTOB, oOecrieunBaro-
mUX UX (QYHKIMOHMPOBAHHWE B 3KOCHCTEMAaX M CIy)KalllMX OCHOBOM MX palMOHAJILHOTO
WCTIONB30BaHUS U COXPAaHCHU».

Jasi uutupoBanusi: Mxtuoruiankton y 6eperoB Kpeima u ero tpoduueckue CBs3H
B IJIAHKTOHHOM COOOIIECTBE B MEPHUOJ CMEHBI THIPOJIOTHYECKUX CE30HOB (OKTAOPH
2022 roma) / T. H. KiiumoBsa [u ap.] // Dxonorndeckas 6€30mMacHOCTh MPUOPEKHON H
mrenb(hoBoit 30 Mopst. 2025. Ne 4, C. 97-116. EDN ZFXLJK.

Introduction

The relatively high biological productivity of the Black Sea shelf waters pro-
motes the formation of a diverse ichthyofauna, comprising around 200 species and
playing a key role in trophic relationships. In 2000-2016, eggs and larvae of
69 fish species were identified in the ichthyoplankton " [1].

By the end of the 1980s, the Black Sea shelf ecosystem had degraded at all
trophic levels due to increased anthropogenic load. The invasion and mass prolifer-
ation of the ctenophore Mnemiopsis leidyi A. Agassiz, 1865 altered the composi-
tion of the plankton community and depleted the food source for larval and adult
planktivorous fish. In the early 1990s, a catastrophic decline occurred in the species
diversity and abundance of ichthyoplankton, which is highly sensitive to changes
in biotic and abiotic environmental factors. Concurrently, catches of commercially
important fish species decreased. Recovery of the food base for planktivorous fish
did not begin until the end of the 1990s, due to the invasion of the ctenophore
Beroe ovata Bruguiére, 1789 which feeds exclusively on planktivorous cteno-
phores, including M. leidyi [2, 3].

D Rass, T.S., 2001. [The Black Sea Region and its Productivity]. Voprosy Ikhtiologii, 41(6), pp. 742-749
(in Russian).
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The increase in commercial fish catches, as well as the recovery of warm-
water ichthyoplankton complexes, began only in the 2000s. This occurred against
the backdrop of climate-related changes to the Black Sea's hydrological regime ?,
which have been observed since the mid-1990s [1, 3—6]. The most significant
consequences of climate changes in the hydrological regime of the Black Sea are
the steady increase in the mean annual temperature of its active layer, the transfor-
mation of its cold intermediate layer (CIL) and changes in the parameters of hydro-
logical seasons, particularly the winter (WHS) and summer (SHS) ones ? [7, 8].
The biological cycles of hydrobionts, including the phenology of spawning in tem-
perate-water and warm-water fish species, the periods of mass development of food
zooplankton, and ultimately the trophic relationships in the plankton community,
are determined by the timing of the onset and end of hydrological seasons " ** .

The autumn hydrological season (AHS) is characterized by maximum temper-
ature gradients in the upper sea layer and the transition from summer to winter
circulation patterns in the surface current system [7, 9, 10]. The survival success of
the spring generation of the scyphomedusa Aurelia aurita (Linnaeus, 1758) and
the degree to which individuals of the ctenophore M. leidyi are eliminated by pre-
dation from the ctenophore B. ovata are determined during the AHS. For several
mesoplankton species (Qithona davisae Ferrari F. D & Orsi, 1984; Paracalanus
parvus Claus, 1863, etc.), the AHS is a period of active growth and reproduction.
Interactions between different links in the trophic chain within epipelagic complex-
es influence the efficiency of spawning and the survival of fish at early develop-
mental stages. These factors determine the success of recruitment to future fish
generations [6, 11-14].

The purpose of the conducted research is to study the adaptation of ichthyo-
plankton to structural changes in the plankton community in relation to the hydro-
logical features of the Black Sea in the context of climate warming.

Materials and methods

Ichthyoplankton, mesoplankton and gelatinous macroplankton were collected
during cruise 124 of R/V Professor Vodyanitsky on 2—19 October 2022 at 56 stations
off the Crimean Peninsula (the Black Sea), at depths ranging from 21 to 2000 m.
The survey was conducted in a reverse mode, starting from the Century Transect
in the western part of the study area to Feodosiya Bay and back. The majority of
the stations (except those of the Century Transect) were located in two physiographic

2 Belokopytov, V.N., 2017. [Climate Changes of the Black Sea Hydrological Regime. Extended
Abstract of Doctoral Dissertation]. Sevastopol, 42 p. (in Russian).

3 Dekhnik, T.V., 1973. [Ichtyoplankton of the Black Sea]. Kiev: Naukova Dumka, 235 p. (in Russian).

4 Dekhnik, T.V. and Pavlovskaya, P.M., 1979. [Seasonal Variations of the Species Composition,
Distribution and Abundance of Ichthyoplankton]. In: V. N. Greze, 1979. Productivity of the Black
Sea. Kiev: Naukova Dumka, pp. 268-272 (in Russian).

3 Odum, E., 1983. Basic Ecology. Philadelphia: Saunders College Pub., 613 p.
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regions with distinct hydrological regimes characteristic of the coastal and shelf
zone of Crimea: the South Coast of Crimea (SCC) (from Laspi Bay to the Alushta
area) and Southeastern Crimea (from the Sudak area to Feodosiya Bay), both
characterized by a narrow shelf (shelf edge depth close to 100 m) [7, 15, 16, 19].
Additionally, on 1 and 13 October, 14 ichthyoplankton samples were collected
from the coastal waters of the Karadag Nature Reserve over depths from 3 to 20 m
using vertical and five-minute horizontal surface tows with an ichthyoplankton
conical net (ICN-80). When analyzing the state of ichthyoplankton complexes and
associated data, both regions were distinguished as western and eastern sectors.
Considering the sequence of the survey stages, the data array for the western sector
included stations performed from 2 to 7 October and from 14 to 19 October while
the eastern sector included stations from 9 to 13 October.

Ichthyoplankton and macroplankton were collected using a reverse-conical
BR-80/113 net and a conical IGN-80 net, both with an inlet area of 0.5 m? and
a mesh size of 400 um. Mesoplankton were collected using a standard Juday net
(inlet area 0.1 m? mesh size 112 pm) in the vertical towing mode. At deep-water
stations, sampling was conducted from the lower boundary of the oxygen layer
(o= 16.2 according to Sea-Bird 911plus probe data) to the surface. At shelf sta-
tions, sampling was conducted from the bottom to the surface. Ichthyoplankton were
identified to the species level using monographs®" ©. Diversity indices were calcu-
lated according to the monograph®. Primary processing of gelatinous macroplank-
ton samples (determination of taxonomic composition, abundance, and sizes of
individuals larger than 5 mm) was carried out on board the vessel. Body mass of
individuals was calculated using previously established length-weight relationships.
Data on early developmental stages of ctenophores (less than 5 mm), ephyrae of
A. aurita and hydromedusae were adjusted after microscopy of fixed net samples
in stationary laboratories. All net samples were fixed in 4% neutralized formalin
and processed using an MBS-9 stereomicroscope within two months after collec-
tion. The species and size-age composition of each sample were identified, and
the abundance of captured organisms was counted. The body mass of mesoplank-
ton and macroplankton was determined using length-weight relationships, and
the total biomass was calculated based on organism abundance. With the exception
of gelatinous forms and the heterotrophic dinoflagellate Noctiluca scintillans
(Macartney) Kofoid & Swezy, 1921, all planktonic organisms were classified as
food zooplankton. Species names of hydrobionts are given according to WoRMS 7.
Fish larvae feeding was studied using the method ®. The total length (TL) of fish
larvae was measured using an ocular micrometer. The body weight (W) of fish lar-
vae was measured using a torsion balance, while that of juveniles was measured
using an electronic balance (AXIS ADGS500C).

9 Russell, F.R.S., 1976. The Eggs and Planktonic Stages of British Marine Fishes. Family Gadidae.
London; New York; San Francisco: ACADEMIC PRESS, pp. 94-178.

7 Available: http://www.marinespecies.org [Accessed: 01 December 2023].

® Duka, L.A. and Sinyukova, V.I., 1976. [Guide to Studying the Nutrition of Marine Fish Larvae and
Juveniles in Natural and Experimental Conditions]. Kiev: Naukova Dumka, 134 p. (in Russian).
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We analyzed the hydrological regime using expeditionary data from vertical
profiling with a Sea-Bird 911plus CTD probe. Additional information came from
satellite observations of sea surface temperature (SST) 7.

Results and discussion

Hydrological regime. In 2022, the AHS began in the third decade of Sep-
tember in the study area, following a sharp decrease in SST from 24.5-25.0°C to
22.5-23.0°C during the second decade of the month, in the final phase of the SHS.
Progress on the study was complicated by brief periods of active cyclonic activity
across the entire Black Sea region. Most of the time, the sea state was 2, briefly
increasing to 3—4.

At the beginning of the survey, the SST spatial distribution was characterized
by higher values (22.0-22.5°C) in the coastal and shelf zone of the SCC and lower
values (21.0-21.5°C) in the Sudak and Feodosiya area (Fig. 1, a). By the end of
the survey, seasonal radiative cooling and wind-wave mixing had decreased
the SST to 19.5-20.0°C in the SCC area and 18.0-18.5°C in the southeastern
coastal and shelf zone (Fig. 1, b). The subsequent slow decrease in SST continued
until the end of October, reaching 17.5-17.0°C?. Thus, the survey period corre-
sponded to the initial phase of the AHS.

The circulation of surface waters in the northern part of the Black Sea, adjacent
to the Crimean Peninsula, was characterized by the instability of the Rim Current (RC).
This instability is typical of the transition from summer to winter circulation, which
occurs when the RC intensifies and penetrates the coastal and shelf zone. Through-
out September, strengthening winds from the north (shifting from northwesterly to
northeasterly directions) led to the blocking of the RC jet in the northeastern part

Fig. 1. Satellite maps of sea surface temperature distribution during the ichthyoplankton
sampling: 01.10.2022 (a); 18.10.2022 (b)

%) Available: http://dvs.net.ru/mp/index_ru.shtml [Accessed: 01 December 2023].
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of the Black Sea. This resulted in active meandering of the RC along the shelf
edge to the southwestern tip of the Crimean Peninsula. The distinctive features
of the current surface circulation structure were two RC cyclonic meanders:
one in the coastal and shelf zone southeast of the Kerch Strait and the second one
in the coastal and shelf zone from the Alushta area to the Heraclean Peninsula.
In the deep trough between these meanders, from the Kerch pre-strait zone to Su-
dak, an anticyclonic eddy was observed, which existed in this area from mid-
September to the end of October®. It should be noted that this dynamic feature
likely forms during the transition from one hydrological season to another (from
spring to summer and from summer to autumn) under conditions of strengthening
northerly and northeasterly winds over eastern Crimea and the northeastern part of
the Black Sea [17]. Analysis of satellite images from the previous period revealed
that this eddy originated from a vortex dipole forming in the coastal area between
Anapa and Gelendzhik, which then transformed onto the Kerch shelf” [18].
Elevated SST values were observed within the RC cyclonic meanders, whereas
lowered values were observed within the anticyclonic eddy, which was largely
maintained by the inflow of cold Azov Sea waters along the coast of Southeastern
Crimea (Fig. 1, a, D).

The thickness of the upper quasi-homogeneous layer (UQHL) generally corre-
sponded to values typical for this season [19] and varied depending on the degree
of wind-induced wave agitation and the position of stations relative to the corre-
sponding thermodynamic structures during the survey [9]. In the first decade
of October, under sea state 2 conditions, the UQHL thickness on the shelf and over
the continental slope ranged from 13-22 m in the warmest waters of the RC
to 23—-27 m in the narrow coastal zone from Cape Sarych to Alushta. Following
the storm on 7 October, the UQHL thickness in the RC waters increased to 26-31 m.
In the eastern sector, within the anticyclonic eddy, the UQHL thickness varied
from 27-35 m at the periphery to 35—43 m in the central part. By the end of the sur-
vey, after strengthening of wind-wave activity (15-16 October) to 3—4 points,
the UQHL thickness in the coastal and shelf zone of the SCC increased to 37-57 m.
During the survey period, the CIL in its classical form, bounded by the §°C iso-
therm, was not observed. Throughout the entire area, minimum water temperature
values in the water column varied within a narrow range of 8.16—8.30°C, with re-
gional variability in the depth of the CIL core ranging from 53 to 92 m.

The spatial distribution of surface water salinity was characterized by elevated
values (18.74—18.84%o) in the open waters at the stations along the Century Tran-
sect and in the RC waters in the western sector as well as by lowered values
(18.56-18.66%0) in the narrow coastal zone off the SCC and in the Feodosiya Bay
waters.

Ichthyoplankton studies. In recent years, the steady trend of extending the SHS
until the end of September has resulted in the effective spawning of warm-water
fish] continuing into the first and second decades of October [13, 20]. The species
composition and abundance of ichthyoplankton depended on the cooling rate of
the upper mixed layer during the transition from the final phase of the SHS to
the developed AHS temperature regime.
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A total of 16 fish species from 12 families were identified in the coastal, shelf,
and deep-sea areas off the Crimean Peninsula in October 2022 (12 species from
9 families of warm-water fish and 4 species from 3 families of temperate-water
fish).

The coastal waters of Karadag were located in the zone of anticyclonic eddy,
characterized by lowered SST values due to advanced radiative cooling and the in-
flow of cold Azov Sea waters along the southeastern coast of Crimea. In October
2022, SST did not exceed 18°C. Spawning was unsuccessful, and larvae were absent
from the samples. In the ichthyoplankton, only eggs of one temperate-water fish
species, Gaidropsarus mediterraneus (Linnaeus, 1758), and of six warm-water
fish species, Engraulis encrasicolus Linnaeus, 1758; Chelon saliens (Risso, 1810);
Callionymus sp.; Trachinus draco Linnaeus, 1758; Uranoscopus scaber Linnaeus,
1758; Pegusa nasuta (Pallas, 1814), were encountered. All species except P. nasuta
were also recorded in the open waters off the Crimean Peninsula. In the first de-
cade of October, eggs of all seven species were identified in horizontal surface
tows. However, in vertical tows, only the eggs of the warm-water E. encrasicolus
and the temperate-water G. mediterraneus were recorded. Eggs of these two spe-
cies were also encountered in the second decade of October, when spawning of
the remaining species had already ceased in this area. The average abundance of eggs
in the first decade of October was 0.9 ind-m, decreasing to 0.5 ind-m? in the sec-
ond decade.

In contrast to the coastal waters of Karadag, elevated SST values were ob-
served in the open waters in October 2022, ranging from 21.0-22.5°C at the be-
ginning of the survey to 18.5-20.5°C at the end. Eggs and larvae of 11 warm-
water fish species from 8 families were identified in the ichthyoplankton, as well
as 4 temperate-water fish species from 3 families below the thermocline layer.
Due to the relatively large number of ichthyoplankton species for the autumn sea-
son and the weak dominance of individual species (dominance index was 0.17),
the ichthyoplankton community exhibited high diversity indices. The species diver-
sity index was 3.03, the richness index was 20.31, the evenness index was 0.77 .

In the deep-sea zone, eggs and larvae of nine species were identified, with their
average abundances being 1.43 and 4.56 ind.-m ™, respectively. In the shelf waters,
eggs and larvae were represented by 14 species, with their average abundances be-
ing 2.64 and 2.01 ind.-m?, respectively. On the shelf, over depths from 78 to 92 m,
the maximum abundance (from 10 to 16 ind.-m?) of eggs was recorded only for
temperate-water species (Sprattus sprattus (Linnaeus, 1758), Merlangius merlangus
Linnaeus, 1758 and G. mediterraneus). The maximum abundance of larvae (16
to 18 ind.-m?) was recorded over depths exceeding 200 m, where the larvae were
represented exclusively by warm-water species E. encrasicolus and Syngnathus
schmidti Popov, 1927 (Fig. 2).

The average abundances of eggs and larvae were 2.34 and 2.55 ind.-m 2,
respectively. Eggs of 3 temperate-water species (S. sprattus, M. merlangus, G. mediter-
raneus) dominated the samples, accounting for 81.2% of the total egg abundance,
with S. sprattus being predominant (51.7%). The proportion of larvae of tem-
perate-water species was 18.5%, with the Mediterranean invader Trisopterus luscus
(Linnaeus 1758) prevailing (13.3 %). Usually, spawning of warm-water fish ended
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Fig. 2. Spatial distribution of ichthyoplankton (ind.-m)
in October 2022

in September, and in October, only larvae of the older age group were encoun-
tered . In October 2022, SST was still favorable for spawning of 3 warm-water
fish species, with successful spawning of E. encrasicolus and C. saliens. Larvae
of 10 warm-water fish species dominated the samples, accounting for 81.6% of
the total abundance, with larvae of E. encrasicolus prevailing (38%) (Table 1).

The ichthyoplankton species composition was quite similar between the west-
ern and eastern sectors, with 13 species of fish eggs and larvae in each (Table 1).
However, larvae of Pomatoschistus marmoratus (Risso, 1810) and T. draco were
absent from the western sector, and larvae of Ophidion rochei Miiller, 1845 and
Gobius bucchichi Steindachner, 1870 were absent from the eastern sector. Temper-
ate-water species S. sprattus, M. merlangus and G. mediterraneus dominated
among the eggs. They accounted for 78.2% and 82.2% of the total abundance of
eggs of all identified species in the western and eastern sectors, respectively.
Warm-water species dominated among the larvae, accounting for 81.4% in the west-
ern sector and 81.8% in the eastern sector. In the western sector, where the SST
was higher, the average abundances of eggs and larvae were 4.53 and 4.75 ind.-m 2,
respectively, whereas in the eastern sector, they were only 1.35 and 1.65 ind.-m7,
respectively (Table 1).

Due to the limited number of observations on the state of ichthyoplankton
during the transition from the SHS to the AHS, it is interesting to compare these
data with those obtained in cruise 89 of R/V Professor Vodyanitsky, which was
conducted during the first and second decades of October 2016. During the first
decade of October 2022, high sea surface temperature (SST) values (22.0-22.5°C)
were observed in open waters in the western sector. Fifteen species of fish eggs
and larvae were recorded in the ichthyoplankton (11 warm-water and 4 temper-
ate-water species). The average abundances of eggs and larvae were 4.46 and
4.62 ind.-m2, respectively. Temperate-water species dominated with 69.5% of
the eggs, while warm-water species accounted for 84.4% of the larvae. In October
2016, the SST in the open waters of the western sector off the Crimean Penin-
sula, from Cape Tarkhankut to Alupka, was lower than in 2022 (19.0-21.5°C).
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Table 1. Species composition of ichthyoplankton off the coast of Crimea in the western
and eastern research areas, number of species and the average abundances of eggs and
larvae of fish in October 2022

Study area
Taxonomic groups Total
western eastern
Share in species composition, %
Temperate water fish species
Family: Clupeidae 51.7* 58.7 40.8
Sprattus sprattus (Linnaeus, 1758) 1.2 23 0
Family: Gadidae 17.5 12.2 25.9
Merlangius merlangus Linnaeus, 1758 .8 4.6 0
Trisopt l (Linnaeus, 1758) 0 0 0
risopterus luscus us, 133 117 150
Family: Lotidae 12.0 73 18.5
Gaidropsarus mediterraneus (Linnaeus, 1758) 1. 0 3.0
Warm water fish species
Family: Engraulididae 14.5 17.0 11.1
Engraulis encrasicolus Linnaeus, 1758 38.0 46.8 27.3
Family: Ophidiidae 0 0 _
Ophidion rochei Muller, 1845 1.2 2.3
Family: Syngnathidae 0 0 0
Syngnathus schmidti Popov, 1927 20.4 16.2 24.2
Family: Callionymidae 0 0 0
Callionymus sp. 3.9 2.3 6.1
Family: Gobiidae 0 0 B
Gobius bucchichi Steindachner 1870 1.2 23
Pomatoschistus marmoratus (Risso, 1810) 399 - 991
: 0 0 0
P. minutus (Pallas, 1770) 39 23 6.1
Kni jitschia | data (Berg, 1916) 0 0 0
nipowitschia longecaudata g, 39 46 30
Family: Mugilidae 13 24 0
Chelon saliens (Risso, 1810) 3.9 4.6 3.0
Family: Trachinidae 0 B 0
Trachinus draco Linnaeus, 1758 1.2 3.0
Family: Uranoscopidae 3.0 24 3.7
Uranoscopus scaber Linnaeus, 1758 0 0 0

106 Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2025



Continued

Study area
Taxonomic groups Total
western eastern
Community parameters
Number of species 15 13 13
. _ 2.34 4.53 1.35
m2 4.0
Average abundance, ind.-m 555 475 165
_ 3.71 5.26 2.19
Standard deviation 382 570 211

* The numerator — values for eggs, the denominator — those for larvae.

However, the surface water circulation system corresponded to the summer type.
Eggs and larvae of 10 fish species were identified. The average abundances (eggs
3.4 ind.-m™, larvae 4.7 ind.-m~?) and the species composition (eggs of temperate-
water fish species dominated, accounting for 61.8%, and larvae of warm-water
species, dominated accounting for 85.1%) were quite comparable with the data
from the first decade of October 2022 [13].

In the second decade of October 2022, the early seasonal cooling and wind-
wave mixing caused a decrease in SST values in the coastal and shelf zone of
Southeastern Crimea to 18.0-18.5°C, which corresponded to the initial phase of
the AHS. Ichthyoplankton in the open waters of the eastern sector off the Crimean
Peninsula was represented by 10 species (4 temperate-water and 6 warm-water fish
species). The average abundance of eggs was 1.06 ind.-m 2, and that of larvae was
1.4 ind.-m ™. Eggs of temperate-water species (94.3%) and larvae of warm-water
species (75.7%) dominated. In the second decade of October 2016, in the eastern
sector off the Crimean Peninsula from Alupka to the Kerch Peninsula, after a strong
storm, SST was on average 2°C lower than in 2022 and amounted to 16.0-16.5°C
only, which corresponded to the developed AHS. Eggs and larvae of 5 temperate-
water fish species and larvae of older age groups of 7 warm-water fish species were
identified. The average abundances of eggs (2.76 ind.-m™) and larvae (2.55 ind.-m?)
were twice as high as in October 2022, due to the dominance of temperate-water
species in the samples: their eggs accounted for 100% and larvae accounted for
54.5% [13].

Fish larvae and juvenile feeding. In the first decade of October 2022, in the west-
ern sector, larvae of E. encrasicolus predominated. Their proportions were 50%
yolk-sac feeding, 19% mixed feeding and 31% on exogenous feeding. The high
proportion of larvae on the yolk-sac feeding type indicated successful spawning of
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E. encrasicolus. According to studies®" !, in the Black Sea, eggs and early-stage
larvae of E. encrasicolus were extremely rare during this period. Spawning of other
warm-water fish species continued. The TL of a P. minutus goby larva caught over
a depth of 1336 m did not exceed 2.4 mm, which corresponded to an age of one
day. The remaining representatives of the family Gobiidae were large specimens
with TL 17-40 mm and W 1-240 mg. At deep-water stations, juvenile individuals
and juveniles of S. schmidti with TL 26-33 mm and W 2.5-58 mg, as well as
Callionymus sp. with TL 6 mm, were caught. Over a depth of 123 m, a single larva
of the mullet C. saliens with TL 4.2 mm was caught. Among temperate-water spe-
cies, prelarvae of the family Gadidae were recorded at the beginning of October.
A single juvenile specimen of S. sprattus with TL 26 mm and W 348 mg was
caught over a depth of 1773 m. In the eastern sector, collections were carried out
only over depths from 40 to 98 m. According to study '”, spawning of the warm-
water E. encrasicolus ended in the eastern sector earlier than in the western sector.
We also recorded mainly large specimens of larvae of thermophilic fish species.
The TL of E. encrasicolus larvae varied from 6.7 to 9.9 mm, and that of larvae of
the family Gobiidae from 6.3 to 39.0 mm. A larva of T. draco with TL 6.1 mm was
also found.

Analysis of data on the size-mass structure of ichthyoplankton in the second
decade of October revealed a steady decline in the spawning of warm-water species
and an increase in the proportion of temperate-water species. Only large speci-
mens of fish larvae and juveniles were caught: E. encrasicolus with TL 14.2 mm
in the eastern sector and TL 34 mm in the western sector. In both areas, juve-
nile and maturing individuals of S. schmidti with TL 26-34 mm were recorded.
In the eastern sector, at shallow-water stations, size-varied representatives of the fam-
ily Gobiidae with TL 3.8-6.3 mm and C. saliens with TL 4.8 mm were identified
in the samples. Temperate-water species in the ichthyoplankton were represented
by the family Gadidae, among which larvae of the Mediterranean invader T. luscus
with TL 6.5-7.6 mm dominated. In the food boluses of fish larvae and juveniles,
calanoid copepods (adults and juveniles) were identified. The number of food items
in their intestines varied from 1 to 56 specimens, indicating a good food base and
favorable conditions for their survival.

Mesoplankton. In the mesoplankton of the Black Sea in October 2022, adult
individuals and copepodites of copepod species typical for this period dominated:
Acartia clausi Giesbrecht, 1889; 4. tonsa Dana, 1849; Calanus euxinus Hulsemann,
1991; Pseudocalanus elongatus Boeck, 1865; Paracalanus parvus Claus, 1863;
Centropages ponticus Karavaev, 1895; Oithona davisae Ferrari F.D. & Orsi, 1984;
and Oithona similis Claus, 1866. In addition to them, chaetognaths Parasagitta
setosa J. Miiller, 1847 and appendicularians Oikopleura (Vexillaria) dioica Fol, 1872
were also encountered in significant quantities (Table 2).

The average abundances of mesoplankton were 626.3 + 79.2 thousand ind.-m™>
in the deep-sea part of the sea and 739.2 + 128.1 thousand ind.-m™ on the outer
shelf; the biomasses was 11.8 £ 0.5 g'-m 2 and 11.3 = 0.4 g-m >, respectively.

19 Dekhnik, T.V., 1954. [Reproduction of Anchovies and Mullet in the Black Sea). Trudy VNIRO, 27,
pp. 3448 (in Russian).
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Table 2. Abundance (thous. ind.-m2) and biomass (g'm?) of mass mesoplankton spe-
cies in the Black Sea in October 2022

Species composition Outer shelf Deep water part
of mesoplankton Abundance Biomass Abundance Biomass
Acartia sp. 49.5 0.54 39.4 0.5
Calanus euxinus 32 0.8 5.1 3.8
Pseudocalanus elongates 10.7 0.2 30.8 0.7
Paracalanus parvus 274.5 1.8 129.6 0.9
Centropages ponticus 23.2 0.5 51.0 0.7
Oithona similis 14.8 0.06 29.9 0.1
Oithona davisae 157.0 0.7 77.7 0.3
Noctiluca scintillans 3.5 0.4 54 0.6
Parasagitta setosa 219 35 14.5 2.0
Oikopleura dioica 39.5 1.2 38.8 1.0
Cladocera 40.0 1.3 28.0 0.8
Total zooplankton 739.2 11.3 626.3 11.8
Forage zooplankton 735.2 10.9 620.9 11.2

In terms of abundance, both on the shelf and in the deep-sea areas, the cope-
pods P. parvus and O. davisae dominated; these are the primary food objects for
fish larvae and juveniles. In terms of biomass, C. euxinus and P. setosa prevailed,
especially in the deep sea. The chaetognaths biomass increased from the western
sector to the eastern sector (Fig. 3).

Compared to the mesozooplankton biomass in the open sea during the corre-
sponding period of 2019 (cruise 110 of R/V Professor Vodyanitsky), the biomass of
most species increased 1.5-fold or more. In particular, the biomass of C. euxinus
increased from 2.8 to 3.8 g'm™, P. elongatus from 0.4 to 0.7 g'm >, O. davisae
from 0.1 to 0.3 g'm 2, and the chaetognath P. setosa from 0.2 to 2.0 g'-m 2. Among
Copepoda, the biomass of small warm-water species increased particularly strongly,
whereas that of cold-water species (C. euxinus, P. elongatus and O. similis) still did
not reach the long-term average level. Such interannual population dynamics of meso-
plankton species may be associated with the ongoing warming of the upper sea layer
and the CIL? [14]. Thus, zooplankton communities underwent radical changes.
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Fig. 3. Biomass B distribution of some mesozoo-
plankton species on the outer shelf and in deepwater
areas of the Black Sea near Southern Coast of Crimea
in October 2022

The biomass of mesozooplankton and all gelatinous forms decreased sharply, while
the total abundance of mesoplanktonic organisms increased due to a greater num-
ber of copepod nauplii, small cyclopoid crustaceans (O. davisae and O. similis),
and the appendicularian Oikopleura (Vexillaria) dioica in the plankton [14].
This increase in the abundance of small-sized food organisms contributed apparent-
ly to the prolongation of the periods of mass successful spawning of both warm-
water and temperate-water species into the initial phase of the AHS [13, 20].

During the study period, gelatinous macroplankton was mainly represented by
size- and age-varied individuals of the scyphomedusa 4. aurita and three cteno-
phore species: B. ovata, M. leidyi, and Pleurobrachia pileus (O. F. Miiller, 1776).
At the same time, A. aurita and P. pileus were encountered at 55 plankton stations,
B. ovata at 53 stations and M. leidyi at 35 stations (Table 3).

The quantitative distribution of all these species was, to a greater or lesser ex-
tent, mosaic (o> > M) and evidently depended on their own temperature tolerance,
regional thermodynamic structures and interpopulational trophic relationships (pre-
dation and competition) within the macroplankton community itself and in the epi-
pelagic biota as a whole (Fig. 4). No significant relationship was found between
the distribution of the jellyfish A. aurita and the specific features of the hydrologi-
cal regime of the sea. Abundance was noticeably higher in the area of the Western
Cyclonic Gyre northern periphery, while biomass was higher in the convergence
zone at the outer boundary of the cyclonic meander of the RC, where mesoplankton
aggregations are common. It is possible that food zooplankton was the determin-
ing factor in the distribution of 4. aurita, which was observed more frequently
on the outer shelf and in the deep-water epipelagic zone. The early planktonic stages
of the jellyfish, ephyrae (up to 9 mm in diameter), were observed singly at 9 shelf
stations (Table 3, Fig. 4, a).
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Table 3. Abundance (numerator), ind.-m 2, and biomass (denominator), g'm2, of gelat-
inous macroplankton near Southern coast of Crimea in October 2022

Shelf
. Deep water areas (> 200 m)
Species inner (< 50 m) outer (> 50 m) n=18
n=2_§ n=30
it 32+ 1.1 10.0 1.2 75412
- auria 293+168 178.3 + 28.2 177.1 £ 38.1
- 87433 545490 119.4 + 14.0
P 04+02 44414 209+3.1
o <0.1 44+1.1 88+ 15
M. leidyi <0.1 122449 182 +5.9
5 ovar 20.1 £43 17.7+£27 10.6+£2.5
- ovata 202+7.9 153+3.4 16.1 + 4.8

Note: n — number of determinations; the average + errors of the averages are given.

The ctenophore P. pileus was more confined to deep-water areas in its distri-
bution (Fig. 4, b). As the thermocline deepened, this species was encountered
in significantly lower quantities. Its abundance and biomass increased from the inner
shelf to the outer shelf and then to the deep sea. Individuals were distributed
in a mosaic pattern, approaching homogeneity only in deep-water areas.

The distribution of M. leidyi in the sea corresponded primarily to the features
of the spatial distribution of the upper layer sea temperature. This species was recor-
ded primarily within the warmest waters of the RC and to a lesser extent in the zone
of the anticyclonic eddy (Fig. 4, ¢). The abundance of the ctenophore was positive-
ly correlated with sea surface temperature (r = 0.62; p < 0.001), whereas the corre-
lation for biomass was significantly weaker (r = 0.22; p > 0.05). Such a pattern
in the distribution of M. leidyi is likely associated with predation by B. ovata,
which, when selecting prey, is guided by stronger chemical signals from larger in-
dividuals, while juveniles more often manage to avoid the predator’s attention.
Predation can also explain the minimal presence of M. leidyi on the inner shelf,
where B. ovata expands seasonally each year. The abundance and biomass of
M. leidyi increased from the inner shelf to the deep-water areas, where the average
abundance reached 8.8 = 1.5 ind.-m? and biomass reached 18.2 + 5.9 g-m 2.

Like M. leidyi, B. ovata was predominantly distributed in the warmer water col-
umn. Additionally, the abundance of B. ovata depended on the depth of the ther-
mocline (r = 0.27; p < 0.05) and decreased from the inner shelf (20.1 + 4.3 ind.-m?)
to the deep sea (10.6 + 2.5 ind.-m?) (Fig. 4, d). Nevertheless, the abundance and
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Fig. 4. Distribution of abundance and biomass of gelatinous macro-
plankton in October 2022: a — Aurelia aurita; b — Pleurobrachia pileus;
¢ — Mnemiopsis leidyi; d — Beroe ovata

biomass of B. ovata, which primarily feeds on planktivorous ctenophores, depend
on their spatial distribution. Compared to the 2019 data, the biomass of B. ovata
increased significantly (p < 0.001) in the deep-water areas of the sea, while the bio-
mass of its prey, planktivorous ctenophores, decreased significantly (p <0.01) [14].
In October 2022, plankton studies showed that the gelatinous macroplankton
of the Black Sea had maintained a constant species composition and a dynamically
equilibrium structure in recent years. This structure is determined by the responses
of its individual populations to climatic factors, changes in the hydrological regime
of the sea and trophic habitat conditions that develop as a result of interpopulation-
al relationships. Quantitatively, gelatinous macroplankton in 2022 was moderately
developed, with no clear dominance of any mass species. This is likely to be its
average or typical state, corresponding to the potential of the current development
of the A. aurita population and the degree of modern control exerted by the cteno-
phore B. ovata over planktivorous ctenophores. Due to the ongoing warming
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in the Black Sea basin and weakening of seawater convective mixing in winter,
the gelatinous community can further transform along the path of weakening of
the positions of cold-water species (4. aurita and P. pileus) and increasing of
the ecological valence of warm-water ctenophores (M. leidyi and B. ovata).

Extending the SHS to the end of September or the beginning of October shifts
the developmental phases of both warm- and cold-water species of gelatinous
macroplankton. This forms new relationships in the predator—prey chain that are
characteristic of the autumn interseason.

Conclusion

As SHS duration in the study area steadily increases into the second to third
decades of September, successful spawning of thermophilic fish species is pro-
longed into the first to second decades of October. This depends on the intensity
with which the upper sea layer cools during the transition of the temperature re-
gime from the final phase of the SHS to the developed AHS.

In October 2022, during the initial phase of the AHS, the gradual cooling of
the upper sea layer was the most probable cause of regional differences in the abun-
dance of ichthyoplankton, mesoplankton, and gelatinous macroplankton. This was
due to the conditions of thermal structure formation in both study areas. Specifical-
ly, the waters in shallow Southeastern Crimea cooled more quickly than the deep-
water area of the SCC, which is protected from cold northerly winds. Other factors
included the inflow of cold waters from the Azov Sea into the coastal zone of
the eastern sector and the determining influence of the warm waters of the RC
on the thermohaline structure of the coastal waters of the SCC.

In October 2022, off the Crimean Peninsula, 16 species of fish from 12 fami-
lies were recorded (12 species from 9 families of warm-water fish and 4 species
from 3 families of temperate-water fish). The average abundances of fish eggs and
larvae were 2.34 ind.-m? and 2.55 ind.-m 2, respectively. Eggs of temperate-water
species and larvae of warm-water fish species dominated. Due to the relatively
large number of species in October and low dominance index of 0.17, the ichthyo-
plankton complex off the Crimean Peninsula exhibited high diversity indices.
The species diversity index was 3.03, the richness index was 20.31 and the even-
ness index was 0.77.

In recent years, gelatinous macroplankton has grown moderately. Despite
an unchanged species composition and dynamically balanced structure determined
by the hydrological regime of the sea and trophic interpopulational relationships,
gelatinous macroplankton did not significantly impact the state of food mesoplank-
ton in October 2022. The predominance of small-sized fractions of warm-water
Copepoda, which are the main food source for the larvae of warm-water and tem-
perate-water fish, in the mesoplankton provided favorable feeding conditions for
their survival and growth. A high diversity of species with larvae of various sizes
and feeding types (from yolk to exogenous) was recorded in the ichthyoplankton.
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Abstract

Halamphora coffeiformis is a widespread benthic diatom. Despite being mentioned in the litera-
ture as a potential producer of the toxic domoic acid, it is of biotechnological interest, since
it contains triacylglycerides, polyunsaturated fatty acids, pigments, vitamins and others.
This work aims to summarize original data on the occurrence, quantitative distribution and
habitat conditions of H. coffeiformis in the coastal waters of Crimea to assess the prospects
for its isolation into a pure culture and evaluate its biotechnological potential. According to
long-term monitoring (2011-2023) of the microphytobenthos in the Crimean coastal zone,
the diatom was found in 16 areas of the Black Sea and the Sea of Azov. It was recorded
at depths from 0 to 38 m, within a temperature range of 3-36°C, salinity of 14-126 g-L™,
and occurred year-round. On hard substrates and macrophytes, the species abundance (N)
ranged from 100 to 24-10° cells'cm™, and the biomass (B) varied from 0.00001 to
0.02292 mg-cm™. In sediments, N varied from 100 to 253.6-10° cells-cm™, and B was from
0.0004 to 0.6612 mg-cm™3. The maximum abundance and biomass on hard substrates
and macrophytes (N = 5.5-10° cells-cm™2, B = 0.0196 mg-cm™2) were recorded in 2011
on the shells of the mussel Mytilus galloprovincialis near the village of Katsiveli at a depth of
4 m and a temperature of 24°C. In sediments, the maximum values (N = 253.6-10° cells-cm3,
B = 0.66116 mg-cm™) were observed in November 2018 in Sivash Bay of the Sea of Azov
at a depth of 0.2-0.6 m, temperature of 10-14°C and water salinity of 100 g-L'. The inte-
gration and analysis of long-term data on the occurrence of H. coffeiformis in the Crimean
coastal zone showed its wide distribution and tolerance to a broad range of temperatures
and salinity. This confirms the species potential for biotechnological application and
the need for further toxicological and genetic studies. The species can be recommended
for isolation into a pure culture for subsequent genetic analysis and study of its biochemi-
cal, toxicological and ecological properties.

Key words: diatoms, Halamphora coffeiformis, Sea of Azov, Black Sea, Crimean coastal
waters, algae bloom, microphytobenthos, biotechnological potential
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KoauuecTBeHHOE pacnpeaesieHne

NMOTEHUHAIBHO TOKCHYHOU TUATOMOBOM BOJAOPOCIH
Halamphora coffeiformis (C. Agardh) Levkov, 2009
B MUKPO(UTOOEHTOCE AKBATOPHII KPBIMCKOI0 MPUOPEKbS

. C. baabiyeBa

@I'FYH OUIL] « Hncmumym 0uonozuu 1oicHvix mopetl
umenu A. O. Kosanesckoeo PAHy», Cesacmononw, Poccus

e-mail: dashik8@gmail.com

AHHOTANMA

Halamphora coffeiformis — mmpoko pacnpoctpaseHHass GEHTOCHas TUATOMOBAs BOJOPOCIb,
XOTSI M YIIOMHHAETCS B JINTEPAType KaK BO3MOXKHBIH IPOIYHEHT TOKCHYHOM TOMOEBOH
KHCIIOTHI, MPEACTAaBIICT OMOTEXHOJIOTHUECKUH MHTEPEC, MOCKOJIBKY COICPXKUT TPHUALWII-
TJIMLEPU/IBL, TIOJIMHEHACHIIICHHBIE XMUPHbBIE KUCIIOTHI, TIMTMEHTHI, BUTAMUHBI U 1p. Llenbio
paboThI siBiIgETCS 0000IIeHHe COOCTBEHHBIX JaHHBIX O BCTPEYaeMOCTH U KOJMYECTBEHHOM
pacnpeznenennu Buna H. coffeiformis, ycnoBusax ero oburanust B mpuOpexHBIX aKBATOPHSX
KpbiMa /1151 BBISIBIICHUSI TIEPCIIEKTHB €T0 BBIJEIICHHS B YHCTYIO KYJIbTYPY M OLIEHKH ero OHo-
TEXHOJIOTMYECKOTO MoTeHIana. [1o JaHHBIM MOHUTOPHHTa MHUKPO(HUTOOEHTOCA KPHIMCKOTO
npuOpesxps, ¢ 2011 mo 2023 r. qEaToMoBasi BOJAOPOCIH BCTPEYAIach KPyrJIOTOMUYHO B 16 paii-
onax YepHoro m A3oBckoro Mopeii Ha riryonHax ot 0 mo 38 M B Iuama3oHe TeMIepaTyp
3-36 °C, conenoctu 14-126 r-*. Ha TBepabix cybeTparax ¥ Makpodurax YucieHHOCTh N
BHUIa Kojebanack ot 100 no 24-10° ki1.-cM 2, Guomacca B — ot 0.00001 1o 0.02292 Mr-cm 3
B puxabIX rpyHTax N Bapbupopana or 100 go 253.6-10° xn-em™3, B — or 0.0004 no
0.6612 mr-cm 3. MakcuManbHble KOJIMYECTBEHHbIE IIOKA3aTeld Ha TBEPABIX CyOcTpaTax
u makpodurax (N = 5.5-10% kn.-cm?, B = 0.0196 mr-cm™?) 3apeructpuposansl B 2011 T.
Ha noBepxHocTH pakoBuH muauu Mytilus galloprovincialis, oto6pannsix B paiione
noc. Kanmeenu Ha rimy6une 4 M npu temnepatype 24 °C. B peIXJbIX TpyHTax MaKCUMallb-
uple 3Hauenns (N =253.6-10% kn.-cMm 3 u B = 0.66116 mr-cm°) ormeuens! B Hosa6pe 2018 T.
B 3a1. CuBamr A3oBckoro Mops Ha riryoure 0.2—0.6 M mpu Temnepatype 10-14 °C u cone-
Hoctd Boabl 100 r-m . O6GoblieHHe U aHAIM3 MHOTOJNETHHX JAHHLIX O BCTPEYAEMOCTU
H. coffeiformis B xpsiMckoM mpHOpekbe TMOKa3ald NIUPOKOE PaCHpPOCTPAaHEHHE BHIA
Y TOJIEPAHTHOCTH K OOJIBIIIOMY JMAIa30HY TEMIIEpaTyphl U COJIEHOCTH BOJIBI, YTO MOJTBEP-
JKJIAeT €ro MEepCHEeKTUBHOCTh JUIsl OMOTEXHOJOTMYECKOTO NPUMEHEHHsT M He0OX0IMMOCTh
JATbHEHIINX TOKCHKOJIOTHYECKUX U TeHETHUECKHX HCCIeOBaHUH. By MOXXHO pekoMeH-
JIOBaTh JUIsl BBIJEJICHUS B aIbIOJIOTHUECKH YUCTYIO KYJIBTYPY JUIS JAJIbHEHIIEro reHeTHYe-
CKOT'0 aHAJIM3a ¥ U3YYCHUS] OMOXMMHUUYECKNX, TOKCHUKOJIOTMYECKUX U SKOJIOTHYECKUX CBOHCTB.

KaroueBble ciioBa: quatoMoBbie Bogopociu, Halamphora coffeiformis, Asosckoe mope,
YepHOe MOpPE, KPBIMCKOE TIPUOPEKDBE, KIBETEHHUE» BOJIBI, MUKPODUTOOEHTOC, OHOTEXHOJIO-
THYECKUH MOTEHIHAI
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BuaaronapHocTu: Beipakaro OnaromapHocTs 1. 0. H. JI. U. PsOymiko 3a neHHbIe 3aMedaHus
U pEIaKTUPOBaHNE pyKONHCH. PaboTa BBIOJIHEHAa B paMKax roCyAapCTBEHHOTO 3aJaHUs
OUIL UabIOM no teme «KoMImiekcHOE HCCIEIOBaHHNE MEXaHU3MOB (DYHKIIMOHHUPOBAHHUS
MOPCKHX OMOTEXHOJIOTHYECKHX KOMIUIEKCOB C LEJIbIO MOTy4YeHHs OMOJIOIMYeCKH aKTUBHBIX
BelIecTB u3 ruapoomoHToB» (No 124022400152-1). /lanHBIE O THIIEPCONICHBIX BOJOEMAaX
03epo XepcoHecckoe 1 3anuB CHBaI MOTyYeHBI TP MOAEpKKe POCCHICKOTO HAyYHOTO
¢donma (rpant Ne 18-16-00001).

s uurupoBanus: banviuesa /[. C. KonnuecTBeHHOE pacrpeelieHne MOTEHIIHAIBHO
TOKCMYHOU auaromoBoii Bomopocnu Halamphora coffeiformis (C. Agardh) Levkov, 2009
B MUKPO(HUTOOEHTOCE aKBAaTOPUI KPBIMCKOTO MPUOPExbs // DKojornieckas 0€30MacHOCTh
npuOpexHoi U menbhoBoii 301 Mopst. 2025. Ne 4. C. 117-132. EDN AIMHIF.

Introduction

Since the end of the 20th century, algologists have devoted considerable atten-
tion to studying harmful algal blooms, ‘red tides’, and potentially toxic algae > ?
[1-4]. Diatoms include both toxic species containing domoic acid (many planktonic
species of the genus Pseudo-nitzschia) and potentially dangerous species that cause
water blooms (abundance outbreaks). Several studies also mention the benthic small-
celled diatom Halamphora coffeiformis (C. Agardh) Levkov 2009 as a producer of
domoic acid?: ¥ [2, 5-7]. However, all of these sources refer to a single reported
case of mass poisoning from mussels cultivated in Cardigan Bay, Prince Edward
Island, Canada, in 1987 [8]. In the cited study, two people died. In [8], the authors
detected domoic acid in extracts of these mussels and, using NMR spectroscopy,
found the toxin in the culture of H. coffeiformis among the microorganisms isolated
from the epizoon of these mussels [5].

In 2021, the results of a toxicological analysis of an Argentine strain of
H. coffeiformis, which was isolated from the Blanca Bay waters at a salinity of
33 g-L%, were published. Domoic acid was absent at all growth stages of the cul-
ture [9]. Previously, in [10], the authors suggested that strains of H. coffeiformis
in which domoic acid had been detected could have been misidentified based solely
on morphological features. It is also known that toxin production by microalgae
can be influenced by symbiosis with bacteria. Thus, the dinoflagellate Alexandrium
tamarense (Lebour) Balech 1995 is capable of producing saxitoxin and its analogues,

D Garcés, E., Zingone, A., Montresor, M., Reguera, B. and Dale, B., eds., 2002. LIFEHAB: Life
Histories of Microalgal Species Causing Harmful Blooms. Report of a European Workshop. Calvia,
Majorca, Spain: Calvia Town Council, 208 p.

2 Lassus, P., Chomerat, N., Philipp, H. and Nézan, E., 2016. Toxic and Harmful Microalgae of
the World Ocean. Denmark: International Society for the Study of Harmful Algae, Intergovern-
mental Oceanographic Commission of UNESCO, 523 p.

% Hallegraeff, G.M., Anderson, D.M., Cembella, A.D. and Enevoldsen, H.O., eds., 2004. Manual
on Harmful Marine Microalgae. 2nd Revised Edition. Paris, France, UNESCO, 793 p. (Monographs
on Oceanographic Methodology, 11). https://doi.org/10.25607/OBP-1370
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and can form both toxic and non-toxic strains [11]. Therefore, clarifying the spe-
cies affiliation and toxicity of H. coffeiformis requires additional studies incorpo-
rating scanning electron microscopy data, as well as taxonomic, ecological, genetic
and toxicological analyses.

At the same time, substantial evidence of the biotechnological potential of
H. coffeiformis can be found in the literature [9, 12-17]. Biochemical analysis of its
biomass revealed high levels of triacylglycerols (up to 18 mg-L™?), as well as free
and esterified sterols, proteins and carbohydrates [15]. Essential polyunsaturated fatty
acids accounted for 17.5% of total fatty acids, including 9% omega-3, 5% omega-6
and 3% omega-9, giving an omega-3/omega-6 ratio of 1.64. Among the sterols,
sitosterol predominated, and 50% of the amino acids are essential for fish and other
aquatic animals. Lipid analysis of H. coffeiformis showed promising results for bio-
fuel production [18]. Furthermore, H. coffeiformis has been found to be a source of
numerous pharmacologically active secondary metabolites, including vitamins C
and E, alpha-tocopherol and flavonoids [13]. It also contains a variety of pigments,
such as carotenoids (fucoxanthin and B-carotene) and chlorophyll, which exhibit
antibacterial, antiviral, anti-inflammatory, anticancer and antioxidant properties,
making them widely used in medicine. Study [19] also demonstrates the pro-
nounced antioxidant activity of H. coffeiformis.

Thus, it remains unclear at present whether this species is capable of producing
toxins under certain conditions or if it is completely safe. Nevertheless, there is
substantial evidence in the literature of the biotechnological potential of H. cof-
feiformis. As identification of the species based solely on morphological features is
difficult, research must include taxonomic, ecological, genetic and toxicological
studies. In order to study this issue and assess the potential for using this species
in biotechnology, work with pure cultures is required. Therefore, an important ini-
tial step is to isolate strains of the species from the natural environment.

The aim of the study is to summarise our data on the occurrence, quantitative
distribution and ecological conditions of the benthic diatom Halamphora coffeiformis
in the coastal waters of Crimea. This will help us to determine the prospects of iso-
lating it as a pure culture and assess its bioresource potential and the possibility of
subsequent biotechnological use.

Materials and methods

The study material consisted of microphytobenthos samples collected from
various substrates at different depths and in different seasons between 2011 and 2023
in the coastal waters of the Crimean peninsula in the Black Sea and the Sea of Azov,
as well as in coastal hypersaline water bodies: Sivash Bay, Lake Dzharylgach and
Lake Chersonesskoye (Fig. 1, b). Samples were collected from the coastal waters of
Sevastopol and the southern and western shores of Crimea in the Black Sea, and
from the Gulf of Arabat and near capes Kazantip and Fonar in the Sea of Azov.
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Fig. 1. Sampling points (blue dots) in the study area, the red
rectangular highlights the Sevastopol coastal area (a); the enlarged
image of the highlighted area (letter Y stands for Yuzhnaya Bay,
letter | stands for Inkerman Bay) (b)

Macrophytes were used for the study of epiphytic microalgae: the red alga Lauren-
cia obtusa and the green algae Cladophora siwaschensis and Cladophora sp. (see
Appendix A).

Additionally, data on the seasonal abundance and biomass dynamics of
Halamphora coffeiformis in periphyton on experimental glass plates (December
2010-January 2012), in epizoon of cultivated Mytilus galloprovincialis Lam. mus-
sels and in sediments under mussel collectors (February 2015—February 2016) are
presented. Data on the occurrence of H. coffeiformis were obtained from studies of
cultivated mussel shells, faeces and pseudofaeces [20], as well as the intestines of
the ostracod Eucypris mareotica Fischer, which were collected from Lake Cher-
sonesskoye [21].
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Samples were collected and processed according to previously described
methodologies [22—-26]. When processing microphytobenthos from solid substrates
(experimental glass plates, mussel shells, stones) and from epiphyton of macro-
phytes, microalgae were scraped from the substrate surfaces with a synthetic brush.
Microalgae were separated from loose sediments by repeated washing with filtered
sea water followed by sedimentation. Processing of microalgae from mussel guts,
faeces and pseudofaeces is described in [20] and the oyster’s intestinal contentS
in [21]. The cells of H. coffeiformis were counted and their linear dimensions
measured in Goryaev’s chamber (volume 0.9 mm?) using a Carl Zeiss Axioskop 40
light microscope. The method of geometric similarity was used for biomass calcula-
tions. Species identification was refined using a Hitachi SU3500 scanning electron
microscope (Japan). When determining H. coffeiformis, the distinguishing features of
the species [27] and photographs from the study [28] were considered, the latter of
which also included a molecular phylogenetic analysis of the species.

Results

During the monitoring of the microphytobenthos in the Crimean coastal waters
between 2011 and 2023, the diatom Halamphora coffeiformis (Fig. 2) was found
in 16 study areas at depths ranging from 0 to 38 m year-round (see Appendix A).
The temperature range at which the species was observed was between 3 and 36°C,
with a salinity S range of 14 to 126 g-L 1. The alga H. coffeiformis was most fre-
quently observed in August, when the water temperature was within the range of
22-32°C, and in October, when the temperature was 19.3°C. Cell length varied
from 9.3 to 52.8 um and width from 3 to 20 um (in the girdle view). The abun-
dance (N) of the species in the microphytobenthos of solid substrates and the epi-
phyton of macrophytes ranged from 100 to 24-103 cells-cm ™2, and the biomass (B)
ranged from 0.00001 to 0.02292 mg-cm?; in sediments, N ranged from 100 to
253.6:10° cells-cm 3, B ranged from 0.0004 to 0.6612 mg-cm 3. The maximum quan-
titative values (N =5.5-10° cells-cm 2, B = 0.0196 mg-cm 2) were recorded in 2011
on the surface of M. galloprovincialis mussel shells collected from a mussel farm
near Katsiveli at a depth of 4 m in water with a temperature of 24°C. The maxi-
mum abundance for sediments (N =253.6-10° cells'cm™, B = 0.66116 mg-cm™)
was observed in November 2018 in Sivash Bay at a depth of 0.2-0.6 m, with
a temperature of 10-14°C and a water salinity of 100 g-L™™.

During the annual experimental study of microphytobenthos in the periphyton
on glass plates, which were exposed to the sea for one month at a depth of 2 m,
the alga H. coffeiformis was found only in August at 24°C and only singly. How-
ever, the species was observed year-round throughout the annual study of the epi-
zoon on mussel shells collected from a mussel farm. Conversely, it was not found
in sediments under the farm between April 2015 and February 2016. It should be
noted that the year-round study of the seasonal dynamics of the composition and
quantitative characteristics of microalgae in the periphyton and epizoon was con-
ducted in two water areas located near each other (about 500 m apart) at the exit
from Karantinnaya Bay (Fig. 1, b).
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Fig. 2. Halamphora coffeiformis: images taken with a light
(a—) and scanning electron microscopes (d): alive cell (a);
a frustule from the ventral side (b); a frustule from the valve
side (c, d). Scale bar: 10 um (a—c), 2 um (d)

When analysing the seasonal dynamics of the abundance and biomass of
H. coffeiformis in the epizoon of mussels, higher values were found in the first half
of 2015. N increased from February to July, peaking in February and July, while B
increased from February to June, peaking in April (Fig. 3).

The maximum abundance was 4.9-10° cells-cm 2, accounting for 26% of the to-
tal abundance of epiphytic diatoms, in February 2015, which is close to the maxi-
mum value recorded over the entire monitoring period, also noted for the epi-
zoon of mussels grown on a farm near Katsiveli. The maximum biomass was
0.0011 mg-cm 2, accounting for 5% of the total biomass of epiphytic diatoms
on the mussel epizoon, in April 2015. Additionally, H. coffeiformis was found
in the faeces of mussels cultivated on the mussel farm.

The maximal quantitative indicators of H. coffeiformis in hypersaline water
bodies were recorded in Sivash Bay: N = 3.2:10% cells-cm™?, B = 0.02292 mg-cm
at t = 19.5+26.0°C, S = 30+82 gLt in the the epiphyton of Cladophora; N =
253.6:10° cells'cm 3, B =0.66116 g-em ™ at t = 10+14°C, S = 100 g-L* for sediments.
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Fig. 3. Seasonal dynamics of abundance N and
biomass B of Halamphora coffeiformis in the mussel epi-
zoon in 2015-2016

This species was frequently found in the bay, and mass settlements on the thalli of
Cladophora were sometimes observed. In Lake Chersonesskoye, H. coffeiformis
was found in the intestines of ostracods.

In the coastal area of the Black Sea in Crimea, H. coffeiformis was found quite
often in samples; however, only empty shells were noted in the Sea of Azov.

Discussion

Analysis of the accumulated data on the occurrence of the diatom Halam-
phora coffeiformis along the Crimean coast confirmed its widespread distribu-
tion and identified the temperature and salinity ranges within which it inhabits
these areas. According to phytogeographical characterisation, the species be-
longs to the arctic-boreal-tropical climatic belts and has not yet been found only
in the Antarctic . In the Black Sea, H. coffeiformis is a dominant component
of the microphytobenthos. Thus, the maximum abundance of the species (N)
reached 14.8-10° cells-cm 2 in the Romanian coastal waters and ranged from 1.4
to 8.7-103 cells-cm™2 in the epizoon of mussels from Kazachya Bay on the Crimean
coast in March 1996, when the species dominated [22]. Notable, that according to
our own data and the literature [5, 20, 22], H. coffeiformis occurred frequently
in the epizoon of mussels, where this alga reached relatively high abundances (see
Appendix A).

4 Ryabushko, L.I. and Begun, A.A., 2016. [Diatoms of Microphytobenthos of the Sea of Japan
(Synopsis and Atlas)]. In two volumes. Sevastopol: PK “KIA”.Vol. 2, 324 p. (in Russian).

% Available at: https://www.algaebase.org [Accessed: 11 November 2025].
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In our study, live H. coffeiformis cells were not detected in the bottom sedi-
ments of the Sea of Azov, possibly due to lower water transparency compared to
the Black Sea. However, this species is mentioned by numerous authors in the check-
list of the benthos and plankton microalgae of the Sea of Azov [29]. For the Crime-
an coast of the Sea of Azov, H. coffeiformis is listed in the epiphyton of macroalgae
near Kazantip in July—August 2023 at a water salinity of 13.6 g-L™* at a depth of
0.1-1.0 m, though it was found to be of low abundance (N = 20 cells-cm2) [30].

In the literature, H. coffeiformis is characterised as a marine and brackish wa-
ter species® . However, its presence is noted also in freshwater bodies [31-33].
Thus, A. 1. Proshkina-Lavrenko ® described it as “a brackish water and marine spe-
cies that is widely distributed along the shores of depurated regions of the sea and
in continental brackish waters” as well as “along the shores of the northwestern
part of the Black Sea, especially near the Dnieper-Bug Liman”.

L. N. Bukhtiyarova detected H. coffeiformis in ephemeral freshwater bodies
in the forest-steppe of Crimea, in mountain streams and freshwater springs near
Serdolikovaya Bay in eastern Crimea [32].

This species is also found in hypersaline waters and has been detected in 16
out of 29 studied bodies of water with salinity ranging from 20 to 320 g-L™* [34].
In Crimea, it is particularly abundant in two hypersaline bodies of water: Lake
Chersonesskoye and Sivash Bay [24, 25, 35]. Furthermore, H. coffeiformis has
been found in soda lakes [36] and in algal-bacterial mats in Kraternaya Bay of
the Ushishir sea volcano (the Kuril Islands), at depths of 3—15 m and temperatures
of 4-25°C [37].

Thus, the high ecological plasticity of H. coffeiformis and its wide distribution
across the World Ocean make this species a promising candidate for experimental
studies and biotechnological developments.

Conclusion

Analysis of the generalised long-term data on the occurrence of H. coffeiformis
along the Crimean coast revealed its widespread distribution and high tolerance to
a broad range of temperatures and salinities. A study of the seasonal dynamics of
H. coffeiformis in the epizoon of cultivated mussels showed that during periods of
maximum abundance and biomass, the contribution of the species to total commu-
nity abundance exceeded its contribution to biomass due to the small size of its
cells. Such species usually play an important ecological role, helping to maintain
homeostasis in communities and colonise new substrates under extreme conditions.

A review of the literature revealed only one instance of domoic acid produc-
tion by the species H. coffeiformis. Meanwhile, most authors who have not detect-
ed the toxin in its biomass point to the valuable biotechnological properties of
the species.

®) Proshkina-Lavrenko, A.l., 1963. [Diatoms of the Black Sea Benthos]. Moscow, Leningrad: Nauka,
243 p. (in Russian).
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Due to the widespread distribution of H. coffeiformis in the coastal waters of
Crimea, its potential biotechnological significance and the challenges associated
with taxonomic identification, it is recommended to isolate this species into an al-
gologically pure culture. This would facilitate subsequent genetic analysis, as well
as the study of its biochemical, toxicological and ecological properties. It would
also enable the assessment of its biotechnological potential.

Appendix A

Quantitative indicators of Halamphora coffeiformis and characteristics of sampling points

Study area Date Substrate h t | S d N B

Black Sea

Artificial .
rlificial water area |, 48 | Experimental

K i 2 | 22|24 - - -
near Karantinnaya 2011 glass plates
Bay
Mussel farm, 04.08. Mussel
village of Katsiveli | 2011 shells 4 |24 - |264x176] 55 10.019
01.08. Abun-

Dzharylgach Lake Cladophorasp.| 0.2 | 26 |125| 26.4 x 13 -

2011 dant

27.02.1  Mussel 6 |9.7]17.9/235x 10.3| 4.9 |0.0007

2015 shells
Mussel
19.03. shells 6 |84(7.9(|249x%x13.2| 2.3 |0.0009
2015
Mussel farm Sediments 17 |8.4(17.9|30.8x17.6| 3.5 |0.0010
at the mouth of
Korantinnaya Bay | 1504 Mussel 6 |10.3|17.9|33.4 x15.0| 2.5 |0.0011
2015 shells
Mussel
20.05. shells 6 |15.8/17.9/26.4 x13.2| 2.0 |0.0004
2015

Sediments 17 9.9 |17.9| 44.0x8.8 | 6.4 |0.0013
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Continued

Study area Date Substrate h t | S d N B
Mussel
17 06. shells 6 |19.2{17.9|33.7 x13.2| 2.7 | 0.0007
2015
Sediments 17 |16.2|17.9/52.8 x 13.2| 6.9 | 0.0025
Mussel
15.07. shells 6 |21.4|17.9|32.3x13.2| 4.2 |0.00007
2015
Sediments 17 [12.3|17.9/30.8 x 13.2| 9.4 | 0.0020
Mussel
12.08.|  shells 6 255179 - -
2015
Sediments 17 |25.5(17.9|/35.2 x17.6| 1.8 | 0.0006
Mussel
10.00. shells 6 |23.7|17.9|31.9x13.2| 0.4 |0.0002
2015
Mussel farm Sediments 17 (23.4|117.9|35.2 x13.2| 3.1 | 0.0008
at the mouth of
Karantinnaya Bay Mussel 6 [19.3[17.9/ 19.8x8.8 | 2.7 [0.00003
16.10. shells
2015
Sediments 17 |19.3|17.9/39.6 x 13.2| 1.6 | 0.0004
18.11. Mussel
2015 shells 6 |12.9|17.9/19.8 x 11.0| 0.1 |0.00004
16.12. Mussel
2015 shells 6 |10.3|17.9/28.6 x 13.2| 0.3 |0.00015
13.01. Mussel
2016 shells 6 |9.5(17.9/28.6 x13.2| 0.2 |0.00015
'\S/':eslslz' 6 |8.9/17.9/19.8x11.0| 0.2 |0.00007
15.02.
2016
Mussel 6 l95l179 B B B
faeces
Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2025 127



Continued

Study area Date Substrate h t | S d N B
Artificial water area 26.08
near Karantinnaya ... | Cladophorasp.| 0 |26.0| - - - -
2016
Bay
12.08. Mussel
Cape Feofan 2015 shells 4 1254| — - - -
30.10.
2015 Rocks 05| — |20.9| 26.4 x8.8 | 0.8 |0.00009
27.10.
Sary-Bulatsky 2015
Lagoon 19.11. _ 19.8
2015 Silt 05| - | - - - -
21.4
06.10.
2016
20.05.
2016
Lebyazhi Islands Sediments 0.5 |17.9| - - - -
06.10.
2016
- 29.03. . 18
Karkinit Bay Sediments 6.2 18.4| 41 x 14 EF -
2017
38
. 28.03. Mussel
Kalamita Bay 2017 shells 20 | 8.3 (184 - EF -
Martynova Bay - 3.3 -
1-2
02.09. 16—
Inkerman Bay 2019 Rocks 22 18 163x74 | 7.1 -
Yuzhnaya Bay 6.0 31.1x95| 0.1 -
Intestines of
Lake 30.03. Eucyprls mo | |35 16.8 x 3 Sp B
Chersonesskoye 2018 mareotica 0.3 120
(Ostracoda)
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Finished

Study area Date Substrate h t | S d N B
29.05. Sediments 0.3 — 11.2 | 0.006
2018
Lake 20.06.
Chersonesskoye 2018 | Cladophora | 0- 17.6-39.6 x| 0.12—|0.00001
13.09. spp. 0.3 x 8.8-17.6 | 2.5 |-0.0007
2018
. 27.06. Laurencia
Laspi Bay 2023 obtusa 05 (17| - - 0.8 -
Sea of Azov
Gulf of Arabat
. 02.04. . 14—
Cape Kazantip 2017 Sediments |9-12|6-7 145 - Sp EF
Cape Fonar
Cladophora 12.5-35 x
May- | siwaschensis 195 30 x 5-20 3.2 002292
June - 82_
2018 . 26.0 30-37.5 x
Sediments % 12515 3.5 |0.06988
09.11. . 0.2_|10- 16-27.5 x
2018 Sediments o6 | 14 100 616 253.6 |0.66116
16.0-37.0 x
s(l:vlvzzds?:ﬁzﬁgis 8514 0.37 10.00131
: 19.12. 30—| * O~
Sivash Bay 2020 3-5 112
. 11.0-23.0 x
Sediments <7711 38.5 |0.03129
16.07. | Cladophora | 0- |25-|60-|16.0-32.0 x
2020 | siwaschensis | 0.3 | 36 |126 | x 6.0-16.0 | %-12 [0-00024
Cladophora | 0- 16.0-32.9 x
siwaschensis | 0.6 [25.4(33.9| x 6.0-15.8 0.1 10.00002
03.08. T
2021
. 0.2—132.3(88.2| 9.3-29.0 x
Sediments 06 x 95137 94.1 | 0.0147

Note: N — abundance, cells-cm™2 (cells-cm ™2 in sediments); B — biomass, mg-cm ™2 (cells-cm 2 in sedi-
ments); h — depth, m; d — dimensions, pm, S — salinity, g-L!; t — temperature, °C. The dash denotes
that no measurements were taken. Sp — sporadically, EF — empty frustules.
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Abstract

The photosynthetic rate of macroalgae is well described by a logistic PE-curve, character-
ized by species-specific parameters (maximum photosynthetic rate, dark respiration rate,
initial slope of the curve), which are primarily dependent on water temperature. The study
is aimed to estimate these parameters for dominant macroalgal species under experimental
conditions and to analyse their seasonal dynamics. In March and September 2024, several
dominant species of brown, red and green macroalgae were sampled in the coastal waters of
Sevastopol. The photosynthetic rates of the selected species were determined by the amount
of released oxygen. A comparison of our results with previously published data showed that
the obtained photosynthetic parameters for green algae of the genus Ulva fall within
the ranges of intrageneric variability. The influence of water temperature on the photosyn-
thetic rate was significant, with these species exhibiting considerable seasonal variation.
The daily oxygen production resulting from photosynthesis in the species G. barbata and
E. crinita was found to be higher than that in species from the more saline waters of
the Mediterranean Sea and the North Atlantic. The obtained data provide additional infor-
mation for quantitative assessments of carbon, oxygen, and nutrient fluxes in coastal eco-
systems, where benthic phytocenoses play a significant role in biogeochemical processes.
The results of this study can be applied in simulation models for biomass dynamics of ben-
thic phytocenoses in the coastal zone of the Crimean Peninsula.
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AHHOTAINA

CkopocTh (OTOCHHTE3a MAaKpPOBOJOPOCICH XOpOIIO OMUCHIBACTCS JIOTHCTHUECKOW PE-
KPHMBOM, KOTOpas XapaKTepu3yercsl BHIOCIEHU(UYHBIMH IapameTrpamy (MakcCHMallbHas
CKOpOCTh (hOTOCHHTE3a, 3aTpaThl KUCIOPOJa Ha JbIXaHHE B TEMHOTE, HaYaJlbHbIH HAKIIOH
KPHBOI1), 3aBUCSIIMMH TTaBHBIM 00pa30M OT TeMIiepaTypsl BoJbl. Llenbio paboTs! sBisieTcs
OLICHKa 3THX NapaMeTpOB y MAacCOBBIX BHIOB MaKpOBOZOpPOCIEH B IKCIEPHMEHTAIBHBIX
YCIIOBUSIX W aHajM3 MX Ce30HHOI aAuHaMuku. B mapre u cenrsiope 2024 r. B akBaTopuu
r. CeBacromons ObUIM cCOOpaHBI 00pa3Ibl HECKOJIBKUX MAaCCOBBIX BHIOB OYpBIX, KPacHBIX
¥ 3eJIeHBIX MakpoBosopocieil. CkopocTh (OTOCHHTE3a 0TOOPaHHBIX Makpo(UTOB ompere-
JISUTH TI0 KOJIMYECTBY BBLACIAEMOro Kuciaopoaa. CpaBHEHHE HAIIMX PE3YJIBTATOB C OITyOIIH-
KOBaHHBIMH paHEe JaHHBIMH IOKA3aJI0, YTO IOIy4EHHbIC 3HAYECHUS (DPOTOCHHTECTHIECKUX
rapaMeTpoB JUIS 3eJIeHBIX BUOB Ulva Jiexar B Npesenax HHTEPBaJIOB BHYTPHPOIOBOM M3~
MEHYHMBOCTH. BimsHHe Temmeparypbl BOJAbI Ha CKOPOCTh (POTOCHHTE3a CYIIECTBEHHO,
y 3TUX BHJIOB BBIIBJICHA 3HaYMMasi CE30HHAs] U3MEHYMBOCTb. Y CTAHOBJIEHO, YTO CyTOUYHas
MPOJXYKIMs KUCIIoposa B pe3yibrare porocunresa y Bunos G. barbata v E. crinita Boie,
4yeM y BHJIOB U3 Oosee coiieHsix Boa Cpeanzemuoro mopsi U CeBepHoit Arnantuku. [lomy-
YeHHbIE JJaHHbBIC JAI0T JOIOIHHUTENIbHYI0 HH(POPMALMIO I KOINYECTBEHHBIX OLEHOK MO-
TOKOB YTJIEpOJa, KHUCIOpOJa, OMOTEHHBIX 3JEMEHTOB B MPHOPEKHBIX 3KOCHCTEMax, TIC
(YHKIIMOHMPOBaHUE JIOHHBIX (PUTOIIEHO30B UrpaeT OOJIBLIYI0 POJb B OMOT€OXUMHUYECKUX
mporueccax B CHUCTeMe. Pe3ynbTaTsl aHHOTO HCCIIEAOBAHUSI MOTYT OBbITh NPHMEHEHBI
B UIMHTAMOHHBIX MOJEISIX JWHAMHUKH OHMOMAacChl JOHHBIX (PHTOIIEHO30B B MPUOPEKHOU

3oHe KpbIMckoro nmomryocTposa.

KaioueBsie cioBa: Qorocunres, orocuHTeTHYECKHE NapaMeTpbl, TEMHOBOE JbIXaHUE,
MOpPCKHE Makpo(UThI, TOHHBIH (uToIeH03, UepHoe Mope, KpbiMckoe mobepekne

Baarogapuoctu: pabota BHIIOJHEHAa B paMKaX rocynapctBeHHoro 3amanus ®I'BYH
OUI MI' no reme FNNN-2024-0016 «HccnenoBanue npocTpaHCTBEHHO-BPEMEHHOM
M3MEHYMBOCTH OKEaHOJOTHUECKUX MPOIIECCOB B OeperoBoi, MpHOpEKHON H IIenb(poBOit
30Hax YepHOro Mops IMoJ BO3/AEHCTBHEM NPHPOIHBIX W aHTPOIIOTCHHBIX (hAKTOPOB HA OC-
HOBE KOHTAKTHBIX M3MEPEHUH 1 MaTEMaTH4YeCKOT0 MOJICITUPOBAHMS.

Juist uutupoBanus: OnpezeneHue napamerpoB (pOTOCHHTETHYECKOW aKTUBHOCTH MacCOBBIX
BHUJIOB MakpoBojopocieil B mabopatopueix ycnoBusx / E. @. Baceukuna [u np.] //
Okoorndeckas 6e301acHOCTb MPHOpeXxHO 1 mrenb(oBoii 30H Mopst. 2025. Ne 4. C. 133-146.
EDN EZUNRP.
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Introduction

One of the key components of marine coastal ecosystems is macroalgae, which
play an important role in the synthesis and transformation of organic matter and
in the production of dissolved oxygen by absorbing solar energy and carbon diox-
ide during photosynthesis.

The photosynthetic rate of algae depends on light intensity and is well de-
scribed by a logistic PE-curve. The shape of the curve is determined by photosyn-
thetic parameters, which include the maximum photosynthetic rate, dark respiration
rate, and the initial slope of the curve. A significant feature of these parameters is
that they are species-specific and depend on external factors, primarily water tem-
perature. Several parameterizations of the PE-curve are known [1-5]. Approxima-
tion of PE-curves for dominant macroalgal species of the Black Sea showed that
the parameterization proposed by A. Jassby and T. Platt in 1976 [4] is the most
suitable for the studied macrophytes.

Studies on oxygen production and consumption by macroalgae began as early
as the 1950s and continue to the present day. It has been noted that the photosyn-
thetic activity of aquatic plants is closely linked to their morphological characteris-
tics and the temperature of the marine environment. High intraspecific and inter-
specific variability of photosynthetic parameters has been recorded [6]. We have
compiled an archive of literature data on photosynthetic parameters of dominant
macroalgal species and seagrasses obtained under experimental conditions at dif-
ferent temperatures and light intensities across various geographical regions [6].
However, information on macroalgae and seagrasses of the Black Sea region is
absent from the literature.

In the present study, the photosynthetic rate as a light-response function was
investigated under laboratory experimental conditions for dominant marine algal
species collected in the coastal waters of Sevastopol. Regional estimates of photo-
synthetic parameters of macroalgae and seagrasses are necessary for adequate
mathematical modeling of algal biomass dynamics throughout the year depending
on environmental conditions.

One of the key components of Black Sea coastal ecosystems are phytocenoses
of the perennial brown alga, represented by the species Gongolaria barbata and
Ericaria crinita. These species with large bushy thalli grow on hard substrates
(rocks, stones) at depths from 0.5 to 20 m; the peak of their vegetative period oc-
curs in May — June. Scytosiphon lomentaria is a brown algal species with a tubular
thallus 1-2 mm thick. It inhabits stones, rocks, and boulders. It is a seasonal spe-
cies whose vegetative peak occurs in February — March.

The green algal species Ulva intestinalis, Ulva linza and Ulva rigida are wide-
ly distributed in the Black Sea. The species U. intestinalis has a tubular or laterally
compressed to plate-like narrow thallus up to 20 cm long and attaches to stones,
rocks, shells and hydraulic structures. The species U. linza has a flat plate-like or
ribbon-like thallus with smooth or curled margins. The thallus of U. rigida, unlike
the previous two species, appears as a broad plate with ruffled margins. All species
are tolerant to environments polluted with wastewater and rich in nutrients;
the peak of their vegetation occurs in spring and summer [7].
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The red, branched, finely structured alga Vertebrata subulifera grows on stones,
rocks and shells both in clean and polluted areas. It can occur from the water’s
edge down to a depth of 20 m and often settles on other algae, using them as a sub-
strate. The red alga Laurencia obtusa has a thick, bushy, amber-yellow thallus and
inhabits stones in clean areas at depths of 0.5—15 m. The widely distributed season-
al brown alga Padina pavonica, with a fan-shaped, whitish, calcified thallus, grows
on rocky substrates at depths of 0.5-5 m, preferring unpolluted sites with intense
water exchange. The perennial seagrass Nanozostera noltei, with flat leaves, forms
extensive meadows in the shallow waters of bays, lagoons, and river estuaries [7].

Materials and methods

Samples of macroalgae were collected in the coastal zone of Sevastopol
(Fig. 1) in the areas of Victory Park and Omega beaches at depths of 0.5-1 m and
near the Aquamarine Complex at depths of up to 3 m.

The seawater temperature during sample collection was 12—13 °C in March
and 25-26 °C in September. Algal samples were transported to the laboratory
in plastic containers with seawater, where they were rinsed in fresh seawater and
cleaned of epiphytes.

The photosynthetic rate was determined by measuring changes in the amount
of dissolved oxygen in a hermetically sealed glass vessel filled with seawater and
containing the algal sample. One of the factors capable of inhibiting plant photo-
synthesis is excess oxygen [8—10]. Oxygen inhibition occurs rapidly and is reversi-
ble [8]. In addition, excess oxygen forms small bubbles on the thalli and vessel
walls, resulting in underestimated measurements of dissolved oxygen in the water.
Since the water taken from the sea surface for the experiments was supersaturated
with oxygen, it was preliminarily deaerated with sodium sulfite:

2Nast3 + 02—>2Na2804. (1)

Black Sea

Akvamarin
Beach

Park Pobedy

Beach

Kruglayva Bay

Streletskaya Bay

Omega
Beach

Fig. 1. Sampling area
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Seawater was supplemented with 80 and 53 mg/L of sodium sulfite in March
and September, respectively, thoroughly mixed and then left for 24 hours. As a re-
sult, the initial oxygen concentrations in the experiments were 2—3 mg/L. Sodium
sulfite is an oxygen scavenger that, when exceeding certain thresholds, can inhibit
the growth of living organisms, including photosynthetic ones, and is used in ex-
periments on biohydrogen production from algae [11]. In aqueous solutions, sodi-
um sulfite fully dissociates into sodium cations and sulfite anions. Sulfite is rapidly
oxidized to sulfate, with the reaction accompanied by the consumption of dissolved
oxygen (formula (1)). The reaction produces sodium sulfate, which is highly solu-
ble in water and fully dissociates.

The average sulfate concentrations in the surface layer of the Black Sea are
1445-1451 mg/L (15 mM) [12, 13]. The addition of sodium sulfite increases
the sulfate concentration by 4%. Given the short-term nature of the experiments,
we consider that the introduction of this additional sulfate source had no significant
impact on the study objects.

Algal samples (apical plant parts 5 cm long and weighing 2—4 g wet weight)
were placed in hermetically sealed 1 L glass flasks filled with deaerated seawater.
Mixing in the flasks was performed using TAGLER magnetic stirrers. The water
temperature in the flasks was maintained close to in situ values: 15 °C in March
and 23 °C in September. For this purpose, the flasks were placed in a 22 L trans-
parent glass aquarium with continuously cooled water. The water in the aquarium
was stirred using aquarium aerators, and the temperature was monitored with
a HANNA digital temperature thermometer for liquids.

The experiment was conducted at irradiances of 0, 44, 248 and 285 pmol pho-
tons m2-s7!. At each irradiance level, the experiment lasted 20-25 minutes, with
instrument readings taken every five minutes. The vessels containing algal samples
were illuminated by five 40-W LED panels with a colour temperature of 4000 K
(white light). During measurements of dark respiration, the aquarium was covered
with black opaque plastic. Irradiance control was performed using a TKA-LUX
luxmeter. Dissolved oxygen concentrations were determined with Expert-001 lig-
uid analysers equipped with DKTP-02 dissolved oxygen sensors with thermoelec-
tric converters, and the photosynthetic rate P (mgO:/(g DW-h)) was calculated us-
ing the formula

([02]2 - [02]1)- /60
(-t)yWy 2)

where [O:]: and [O:]. are the initial and final O. concentrations, respectively,
mg/L; V is the volume of water in the flask, L; Wy is the dry weight of the algal
sample, g; #1 and % are the start and end times of exposure at the given irradiance,
min. Control experiments measuring oxygen concentration in seawater in the ab-
sence of algae showed no significant changes.

After completion of the experiments, excess liquid was removed from the
samples, and wet weight 7, was determined on VLTE-150S electronic laboratory
scales, as well as volume in a 100 mL graduated cylinder. The samples were then
dried at room temperature and subsequently in a drying oven at 60 °C to constant
weight. For each algal sample, dry weight W, and the dry-to-wet weight ratio were
determined. The obtained ratios for each algal species were averaged.

P=
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The measured photosynthetic rates Pi(E;) (formula (2)) at the irradiance levels
specified above were used to construct the PE-curve of photosynthetic rate versus
irradiance by the least-squares method. The parameterization proposed in [4,
p. 541] was applied:

P(E) = (Punax + Rg) tanh (——

max Rd) R 3)

where Pmax is the maximum photosynthetic rate, mgO:/(g DW-h); Ry is the dark
respiration rate, mgO: / (g DW-h); E is the irradiance, pmol photons m2:s7'; a is
the initial slope of the PE-curve, (mgO./(g DW-h))/(umol photons m2-s™).

From the fitted PE-curve, additional photosynthetic parameters can be
derived: the saturation onset irradiance Ex, at which the photosynthetic rate
reaches its maximum and the compensation irradiance E., at which respira-
tory oxygen consumption is exactly compensated by photosynthetic oxygen
production [14].

Results and discussion

The dry-to-wet weight ratio W,/ W,, of the studied macroalgal samples in March
was below 20%. The highest recorded value was for G. barbata (19%) and the lowest
for U. intestinalis (12%). Mean values for the investigated macrophyte species
are given in the table. These values are lower than those we obtained earlier [14].
Differences in dry-weight ratios may be seasonal in nature [15, 16]. The Wa/ W,
ratios reported by other authors for algae growing in different geographical regions
were close to ours: 17-18% for U. intestinalis [17, 18] and 18.3% for G. barbata [19].

Photosynthetic rates of marine plants is species-specific and strongly depends
on water temperature, irradiance and salinity [6]. They differ markedly among
macroalgal species and groups. They also exhibit pronounced seasonal variability
(table). In March, the highest maximum photosynthetic rates Pma.x were recorded
for the annual epiphytic green alga U. intestinalis, whereas the lowest were found
in the seasonal winter brown alga S. lomentaria. The species U. intestinalis also
showed the lowest respiratory costs, as well as the lowest saturation £; and com-
pensation E. irradiances. Consequently, the growth rate of this epiphyte in March
was the highest among the studied species. In September, the growth rates of Ulva
species decreased noticeably. The species G. barbata and E. crinita exhibited near-
ly constant growth rates in both spring and autumn. It is noteworthy that the initial
slope of the PE-curve a, which characterizes photosynthetic efficiency at low irra-
diance, was higher in March than in September, while the saturation parameters
were correspondingly lower. Higher dark respiration rates R; were also observed
in March (Fig. 2). In our previous study [6], we identified clusters of macroalgae
according to their photosynthetic performance. Notably, that in species belonging
to cluster 3 (Ulva), which is characterized by the highest photosynthetic rates, and
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Photosynthetic parameters of PE-curves of the studied macrophytes (mean) and dry to wet
weight ratios W,/ W,,

Species Phylum Prax Ry a E. | E. elj;:;ibrir?tz Wal Wi,
March 2024, Tyae~ 15 °C
G. barbata Brown 994 457 0230 63 20 5 0.180
S. lomentaria Brown 728 3.68 0.175 59 21 2 0.166
U. intestinalis Green 1794 329 054 39 6 6 0.148
V. subulifera Red 1863 394 0420 53 9 3 0.157
September 2024, Tyaer~ 23 °C

E. crinita Brown 7.69 1.14 0.058 151 19 7 0.260
U. linza Green 589 0.68 0093 70 7 3 0.254
U. rigida Green 791 082 0.107 8 8 3 0.259
L. obtusa Red 952 142 0.070 156 20 2 0.134
P. pavonica Brown 11.24  1.33 0.102 124 13 3 0.242
N. noltei Sea grasses 11.83 1.84 0.070 192 26 2 0.195

Note: Pmax — maximum photosynthesis rate, mgO2/(g DW-h); Rz — dark respiration rate in the absence
of light, mgO»/(g DW-h); E — irradiance, pmol photons m™ s™'; o — initial slope of the P-E curve,
(mgO: /(g DW-h)) / (umol photons m2:s™!); E. — compensation point — value of irradiance, at which
the costs of respiration are balanced by photosynthetic activity, pmol photons m 2s™!; Ej — saturated
irradiance — the point defined by the intersection of the initial slope of the P-E curve and the horizon-

tal line representing the maximum photosynthetic rate, pmol photons m2-s7!.
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Fig. 2. PE-curves of the studied ma-
rine macrophytes at 15 °C in March (a)
and 23 °C in September (b)

to cluster 2 (Scytosiphon), seasonal variability was recorded in our experiments.
In contrast, algae of cluster 1 (G. barbata, E. crinita) exhibited nearly constant
photosynthetic rates in both autumn and spring.

Further, we will analyze seasonal and intraspecific variability in two macro-
algal groups for which sufficient literature data are available for comparison:
the green Ulva species and the brown algae G. barbata, E. crinita and S. lomen-
taria (Fig. 2).

The photosynthetic parameters reported in the literature are highly heterogene-
ous (see Appendix A). Each geographical region has unique environmental condi-
tions that affect physiological differences even among individuals of the same spe-
cies or genus. Intraspecific variability is further compounded by temperature fluc-
tuations, making direct comparison of our data with published values rather diffi-
cult. For example, the oxygen consumption rates in darkness that we obtained for
U. intestinalis at 15 °C are higher than those reported by other authors. The Puax
and R, values measured in our experiments at 15 °C for G. barbata exceed those
reported for the same species along the French coast, whereas the £ and E. param-
eters are similar [20].
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Given the high variability of published photosynthetic parameters, daily oxy-
gen production and consumption graphs (Fig. 3) provide a convenient way to as-
sess interspecific differences in photosynthetic performance. These graphs were
constructed using the three key photosynthetic parameters Pmax, o and Ry A model
of daily irradiance variation (day/night = 14/10) available at a depth of 3—-5 m was
applied. Oxygen production during the light period and oxygen consumption during
the dark period were compared using daily curves constructed from our own data
(blue curves in the diagrams) and from data published by other authors (Fig. 3).
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Fig. 3. Daily oxygen production by dominant species of macroalgae
at different water temperatures according to literature data in comparison with
experimentally obtained values
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The daily oxygen production curve for the winter cold-tolerant brown alga
S. lomentaria (Fig. 3, a) lies below that obtained for the same species in the Baltic
Sea. However, given the 5 °C temperature difference, our data can confidently be
considered consistent with the values reported in [15]. The daily production curves
constructed from our results for different Ulva species (Fig. 3, b, ¢, d) fall within
the variability corridor defined by the numerous published data on photosynthetic
activity of Ulva; these green algae have been intensively studied since the 1980s.
As with all annual macroalgae, the photosynthetic rate of Ulva exhibits a clearly pro-
nounced seasonal pattern. It should be noted that the interspecific variability shown
in the graphs in Fig. 3 is also influenced by seasonal fluctuations driven by water
temperature. Further experiments are required to determine which Ulva species
in the Black Sea exhibits the highest photosynthetic activity. The maximum photo-
synthetic rate obtained for U. intestinalis at 15 °C is consistent with known data
indicating that the peak of vegetative growth of green algae, particularly of the ge-
nus Ulva, occurs in late spring and early summer [26].

Daily oxygen production by the community-forming macroalgae G. barbata
and E. crinita, which occur in mass in the coastal waters of Crimea, changed only
slightly when the temperature increased from 15 °C in March to 23 °C in Septem-
ber. Notably, compared with values reported for algae from the Mediterranean Sea
and the Atlantic, these species exhibit higher photosynthetic rates, at least during
the warm seasons of the year (Fig. 3, ¢, /).

Conclusion

For several dominant macrophyte species of the Sevastopol coastal zone,
the photosynthetic curve parameters (Pmax, R4, 0, E., Ex) were experimentally de-
termined at water temperatures of 15 and 23 °C. In addition, the dry-matter content
of the thalli was measured. Comparison of our results with published data showed
that the photosynthetic parameters obtained for green algae of the genus Ulva fall
within the ranges of intrageneric variability. The influence of water temperature
on photosynthetic rate is substantial, with these species exhibiting pronounced sea-
sonal variability.

In contrast to Ulva species, spring and autumn photosynthetic activity
in the species G. barbata and E. crinita differed only slightly. Their daily oxygen
production resulting from photosynthesis exceeds that of congeners inhabiting
the more saline waters of the Mediterranean Sea and the North Atlantic.

The obtained data complement existing information and enable more accurate
quantitative assessments of carbon, oxygen, and nutrient fluxes in coastal ecosys-
tems, where benthic phytocenoses play a key role in biogeochemical processes.
The regional estimates of photosynthetic parameters presented here are used
in mathematical models of biomass dynamics of benthic vegetation phytocenoses.
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Appendix A

Photosynthetic parameters of the studied macrophytes, published in the literature

Species T, °C| Pmax Ry o E; E. Location Source
E. crinita 15 96 09% 0036** 290%* 5+  MediterrancanSea, )4
Algeria
G. barbata |15 3.66 08 0091 57 12 Med“eF”anean Sea, 0
rance
G. nodicaulis |11 7.8  0.7%*% 0.054** 156 13 Bay of Biscay, o
G. nodicaulis |20  3.648 0.59** 0.018%* 242  33.7 Spain
E. mediterra- 20 415 083 0018 288%* 5] MedltenaqeanSea, [22]
nea Spain
S. lomentaria |10 12.96* 1*  0.1%*  [37%% 9g8* the Baltic [15]
Enteromorpha | 15 5 1 56 .78 - - -
Sp- North-eastern coast [27]
of New Zealand
Ulva sp. 17.5 15.78 1.25 - - -
Ulva sp. 14 1299 099 0029 465 344  AtlanticOcean, ),
USA
U. linza 15 222% 0.72% 0.068%* 338%* []* the Baltic [15]
U. compressa |20 2685 176  0.086 333+ 21~ MediterraneanSea, ),
Spain
U.prolifera |20  14.04* 3.51% 0.084%* 208%* 4].7*
the Baltic [15]
U. intestinalis |20 14.4* 1.9*  0.09%* 183** 21*
U. intestinalis |21  23.4**2.6*%* (.42 56 6 Pacific Ocean
’ [21]
U. rigida 21 208%3912%%0.416 503 9.4 USA
U. rigida 20 2643 195 0.083 341%* 24 Med‘teg;‘;ian Sea, 19

Note: Pmax and Rs (mg O2 /(g DW-h)) are maximum photosynthesis and respiration rates; o — initial
slope of the P-E curve, (mgO2 (g DW-h))/(umol photons m™2 :s™!); E. — compensation point — value
of irradiance, at which the costs of respiration are balanced by photosynthetic activity, pmol photons
m2:s7!; Ex — saturated irradiance — the point defined by the intersection of the initial slope of the P-E

curve and the horizontal line representing the maximum photosynthetic rate, umol photons m2-s71.

* Values read off the graphs of the dependence of photosynthetic rate on irradiance.

** Values calculated from the data given in the works.
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Density Dynamics of Mussel Larvae Mytilus galloprovincialis
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Abstract

In 2023, a comprehensive study was performed near the mussel and oyster farm in the outer
roadstead of Sevastopol to monitor the hydrological, hydrochemical and hydrobiological
characteristics of seawater. The study aims to investigate the seasonal dynamics of hydro-
logical and hydrochemical parameters of seawater and the density of Mytilus galloprovin-
cialis Lamarck, 1819 mussel larvae in the plankton. Meroplankton samples were collected
monthly from the 0—10 m layer using a Juday net. The live material was processed by
counting pelagic larvae of benthic invertebrates in a Bogorov chamber under MBS-9 and
Micmed-5 light microscopes. At the same time, water samples were taken in the surface
water layer to determine the temperature, salinity, dissolved oxygen concentration, BODS,
permanganate index in an alkaline medium, concentrations of nitrites, nitrates, phosphates
and ammonium. In 2023, the surface water temperature was minimum in February (8.1 °C)
and maximum in August (26.5 °C). The water salinity was 17.70-18.50%o with an average
value of 18.23%o. The oxygen saturation of the waters varied from 93 to 126.6%, and hy-
poxia was not observed throughout the year. During the study period, the maximum density
of mussel larvae (82 ind.-m>) was recorded in March at a water temperature of 9°C,
whereas the autumn peak was not observed. The results of the monitoring showed moderate
correlation (0.51) between water temperature and the number of bivalve larvae in the plank-
ton. The effect of nutrients on the density of Mytilus galloprovincialis larvae was not estab-
lished. The results confirm that the conditions in the farm’s waters are favourable for shell-
fish cultivation and underscore the need for continued monitoring.
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JIMHAMHUKA MJIOTHOCTH JHYHMHOK MUJIUM
Mpytilus galloprovincialis Lamarck, 1819
U THAPOJIOTO-THAPOXUMHYECKUX MOKAa3aTeleil
Ha MOpcKoii pepme B akBaTopun CeBacTomnoJisi
(YepHoe mope)

. C. bopucosa, E. B. JIucunkas * B. U. Psa0ymko

@OI'BYH ®UL] « Uucmumym 6uonozuu 10icHbIX Mopeti

um. A. O. Kosanescxoco PAHy, Cesacmononw, Poccus

* e-mail: e.lisitskaya@gmail.com

AHHOTanus

KoMIIeKCHBI MOHUTOPHHT THAPOJIOI MYECKUX, THAPOXHUMUYECKUX U THAPOOUOIOTMYECKUX
nmokasareseit 0but mpoBezieH B 2023 1. B aKkBaTOPUM MUAMHHO-YCTPUYIHOHN (GepMbl, pacro-
JIO)KEHHOH Ha BHemHeM peizie T. CeBacromnons. L{ens paboThl — H3yueHne CE30HHOM JIMHA-
MUKH THUAPOJIOrO-THAPOXUMHUUYECKUX MOKa3aTelell MOPCKOW BOJBI U IJIOTHOCTH JINYMHOK
muaun Mytilus galloprovincialis Lamarck, 1819 B minankToHe. IIpoOsl MeporiaHKTOHa
otoupanu exxemecstaHo B cioe 0—10 M cerpto xkenn. MaTepuan oOpabaTeiBaIy B 5KHBOM
BHJE IyTEM TOTAJIBHOTO IOJCYETA IEJIATMYECKUX JIMYMHOK JIOHHBIX OECIIO3BOHOYHBIX
B kamepe boroposa non ceeroBeiMH MHKpockonamu MBC-9 u «Muxmen-5». OgHoBpe-
MEHHO OTOMpany MpoOb! BOJBI B MIOBEPXHOCTHOM CIIOE [UIS ONPENENIEHHUsS TEMIEpaTyphl,
COJIGHOCTH, COJIEPKAaHHsI PACTBOPEHHOTO KHCIOPO/a, OMOXMMUYECKOTO MOTPEOICHNS KHUC-
J0poJia 3a MATh CYTOK, IEPMAaHTaHATHON OKHCIIEMOCTH B IENOYHON Cpesie, KOHIEHTPALUH
HUTPUTOB, HUTPATOB, pocdaToB, aMMonus. B 2023 r. TemnepaTypa BOIbl Ha MOBEPXHO-
ctu Obuta MuHHManbHOU B (deBpane (8.1 °C) m makcumanbHoi — B aBrycre (26.5°C).
Conenocts Boabl coctaBisiia 17.70—-18.50 %o mpu cpegnem 3nauenuu 18.23 %o. Hachima-
€MOCTb BOJ| KUCIOPOAOM U3MeHsnack oT 93 no 126.6 %, rUIOKCHIO0 B TEUEHHE BCETO roja
He Habmonamm. B 2023 r. MakcuMasbHas IIOTHOCTh JIMYMHOK Muuii (82 oK3.-M ) 3aperu-
CTpUpOBaHa B MapTe Mpu TemnepaTtype BoAsl 9 °C, oceHHUI MUK He OTMeYeH. Pe3ynbraTsl
KOMIUIEKCHBIX MCCJICIOBAHUH MOKa3zanu ymMepeHHyto koppemsiauio (0.51) mexmy Temmepa-
TYpO# BOZIBI ¥ KOJIMYECTBOM JIMYMHOK JBYCTBOPUYATHIX MOJITIOCKOB B IUTaHKTOHE. [IpsiMoro
BIIMSTHASL OMOTEHHBIX AJIEMEHTOB Ha IUIOTHOCTHh MTUYMHOK Mummu Mytilus galloprovincialis
HE yCTaHOBIJICHO. Pe3ynbTaThl MOATBEPXKIAIOT, YTO YCIOBUS B aKBaTOpuH (epmbl Omaro-
HPUSTHBI T BBIPAIIMBAHUS MOJUIFOCKOB U ITOJYEPKHUBAIOT HEOOXOIUMOCTD IIPOJOIDKEHUS
MOHHUTOPHHTA.

KaoueBble ciioBa: MapHuKyJbTypa, OMOTCHHBIE 3JIEMEHTHI, MEpOILIaHKTOH, Bivalvia,
YepHoe mope

BaaronapuocTH: BblpakaeM OjarogapHocTh HayyHoMy coTpyanuky PUIL] UabBIOM
C. B. lllyposy 3a nomouip B cOope Marepuana. Pabora BINOJIHEHa B paMKax TOCYIapCTBEH-
Horo 3amanns OUL MEBIOM 1o teme «KomIuiekcHOE UCCIe[0BaHHE MEXaHU3MOB (DYHKIIH-
OHHPOBAHUSI MOPCKHX OMOTEXHOJOTMYECKUX KOMIUIEKCOB C LEJBIO MOITyYEHUs OMOJOTrHye-
CKH{ aKTHBHBIX BEIIECTB U3 THIPoOHOHTOBY (Ne roc. peructparmun 124022400152-1).
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Introduction

Artificial reproduction of aquatic biological resources (aquaculture) provides
food for millions of people worldwide [1]. To ensure the sustainable development
of aquaculture, it is important to assess the consequences of environmental changes.
In order to reduce the risk of shellfish mortality on farms and obtain high yields,
it is necessary to comprehensively study the factors affecting the functioning of
benthic and planktonic communities [1, 2]. Currently, mariculture of bivalves is
intensively developing in the coastal areas of Crimea and the Caucasus. One of
the main cultivated species is mussel Mytilus galloprovincialis Lamarck, 1819.
The biotechnology of mussel cultivation in the Black Sea is based on the natural
settlement of pelagic larvae onto artificial substrates. The foundation of the future
harvest has already been established at the initial stage, during spat collection [3],
which requires taking into account material and surface quality of collectors, depth
of their immersion, timing of their placement in the sea, water temperature and
turbulence to be successful.

Concentration of mussel larvae in the plankton at the veliconcha stage (“with
an eye spot”) is one of the main factors influencing the intensity of shellfish settle-
ment on collectors. Seasonal and interannual variations in many abiotic and biotic
factors, as well as food availability, affect shellfish spawning timing and larval
density dynamics [3, 4]. Thus, commercial shellfish cultivation is impossible
without monitoring water quality and state of biota in the waters of marine farms.
Comprehensive environmental monitoring enables tracking seasonal dynamics of
mussel larvae density as well as hydrological and hydrochemical parameters [5—7].

The present study aims to investigate the seasonal dynamics of the density of
Mytilus galloprovincialis mussel larvae and to analyse its relationship with hydro-
logical and hydrochemical parameters in the waters of a marine farm cultivating
bivalves.

Material and methods

Comprehensive studies were carried out monthly throughout 2023 in the wa-
ters of a mussel and oyster farm located in the outer roadstead of Sevastopol,
between Karantinnaya Bay and the south pier (Fig. 1). The 4-hectare farm is locat-
ed at depths of 10-16 m. Meroplankton samples were collected 1-2 times per month
on average in the 10—-0 m layer using a Juday net. A total of 69 samples were col-
lected. The live material was processed through a complete count of pelagic larvae
of benthic invertebrates using a Bogorov chamber under MBS-9 and Micmed-5 light
microscopes [5, 6, 8]. Mussel larvae and total benthic invertebrate larvae densities
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were counted separately. Literature data " were used to identify shellfish larvae [9].
Simultaneously, water samples were taken in the surface layer to determine

salinity, temperature, dissolved oxygen concentration, biochemical oxygen demand
over five days (BODS), permanganate index in an alkaline medium as well as con-
centrations of ammonium, nitrites, nitrates, phosphates and silicon using standard
techniques 2" ¥. Dissolved oxygen content was determined by the Winkler method,
and nutrients were measured photometrically. Phosphates were measured using
the Murphy—Riley method, nitrites using the Bendschneider—Robinson method
(with a “single” colour reagent), nitrates by reduction of nitrates to nitrites using
copper-coated cadmium, ammonium nitrogen using the Grasshoff-Johansen
method and silicon using the Korolev method. A total of 475 hydrological and
hydrochemical analyses were performed.

Results and discussion

Hydrological and hydrochemical characteristics

In 2023, new data on the hydrological and hydrochemical characteristics of
seawater in the mussel and oyster farm waters were obtained (Table 1). Surface water
temperature ranged from a minimum in February (8.1 °C) to a maximum in August
(26.5°C). Dissolved oxygen concentration varied from 7.51 mg/L in August
to 10.42 mg/L in June and oxygen saturation of the water ranged from 93 to 126.6%.
Hypoxia was not recorded throughout the year. High oxygen concentration in the farm
waters in March and April coincided with the spring phytoplankton bloom [10].

1) 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. Vol. 3, pp. 250-270 (in Russian).

2 Sapozhnikov, V.V., 1988. [Methods for Hydrochemical Studies of Main Nutrients]. Moscow:
VNIRO, 119 p. (in Russian).

3 On the Approval of Water Quality Standards for Water Bodies of Fishery Importance, Including
Standards for Maximum Permissible Concentrations of Harmful Substances in the Waters of Water
Bodies of Fishery Importance: Order of the Federal Agency for Fisheries (Rosrybolovstvo) No. 20
of January 18, 2010 (in Russian).

150 Ecological Safety of Coastal and Shelf Zones of Sea. No. 4. 2025



Table 1. Thermohaline and hydrochemical parameters in the surface layer of the water
area of the mussel and oyster farm in 2023

0, Content, pg/L Permanga-
T, | S, ind

Month o o nate index,
C %o . mgO/L

mg/L | % | NO; | NOs~ | NHs™ | PO# | Si

January 95 185 1014 992 29 16.1 59 42 838 3.62

February &1 185 971 930 22 215 31 7.0 435 3.19

March 90 183 10.14 983 0.8 0.4 87 24 341 2.64
April 11.8 183 1028 1072 0.9 16.6 94 27 762 3.61
May 152 182 971 1075 1.0 7.7 70 3.0 856 3.62
June 19.6 17.7 1042 1266 1.1 427 240 21 1744 443
July 240 182 871 103.7 14 560 31.0 64 1583 4.93

August 265 177 751 1012 05 226 105 3.8 351 4.13
September | 242 17.7 8.01 1059 24 2198 47 13 89.4 597
October 182 185 931 1104 04 42 6.8 13 60.9 277
November | 163 184 845 9653 22 &1 609 44 874 3.01

December |12.1 184 934 9757 3.0 879 205 63 1603 7.86

The water salinity throughout the year ranged from 17.70 to 18.50%o. The decrease
in salinity observed in summer was likely caused by the influence of municipal
wastewater due to increased anthropogenic load.

Concentrations of mineral nitrogen forms in the water were low. Nitrite con-
tent varied from 0.4 pg/L in October to 3.0 ug/L in December, and nitrate content
ranged from 0.4 pg/L in March to 219.8 pg/L in September. The reduced nitrate
concentrations in March were apparently due to their consumption during the spring
phytoplankton vegetation [11]. Elevated nitrate concentrations during the summer
were caused by seasonal intensification of anthropogenic load on the waters [4].
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Ammonium nitrogen concentration ranged from 3.1 ug/L in February to 60.9 pug/L
in November, which characterizes the studied waters as unpolluted. Mineral phos-
phorus content ranged from 1.3 to 7.0 ug/L. Maximum permissible concentrations
(MPC) of nutrients in water are as follows: NO>™ — 20 pg/L, NOs~ — 9000 pg/L,
NH4" — 390 pg/L, permanganate index shows 4.0 mgO/L. All the indicated nu-
trient concentrations were significantly below the MPC (Table 1). Exceedances
of the permanganate index standard were recorded during the summer and, unex-
pectedly, in December. Thus, all the thermohaline and hydrochemical parameters
of seawater presented in the table were typical for the area and close to long-term
seasonal average values [4].

Meroplankton

Pelagic larvae of benthic invertebrates constitute meroplankton, which is a tem-
porary component of zooplankton. In the waters of the marine farm, larvae of
bivalves (Bivalvia) are one of the permanent components of meroplankton. These
larvae are present in the plankton year-round though their species composition and
abundance vary seasonally. During the hydrological winter, larvae of bivalves ac-
counted for 25 to 69% of the total meroplankton density. When the water tempera-
ture reached 15.2 °C, the density of these larvae did not exceed 5 ind.-m ™ and they
accounted for 1% of the total meroplankton only. In the summer—autumn period,
the proportion of Bivalvia larvae was 20-30% of the total meroplankton, reaching
80% only in September at a water temperature of 24.2 °C. The most common bi-
valves in the plankton belong to the family Mytilidae, which includes the mussel
M. galloprovincialis. Since this mussel is one of the main species cultivated
on the marine farm, we investigated the density dynamics of its pelagic larvae
in relation to season and water temperature (Fig. 2). Mussel larvae dominated
the plankton from autumn to spring and were practically absent in summer.
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Fig. 2. Dynamics of the density of Mytilus

galloprovincialis mussel larvae depending
on the water temperature
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During the winter, the abundance of mussel larvae did not exceed 29 ind.-m;
all of them were at the veliconcha stage (“with an eye spot”). Since the eye spot
in veliconchas appears only on the 30th day [9] and that they remain in the plank-
ton for a long time, it is reasonable to assume that these were the autumn genera-
tion larvae. The maximum density of mussel larvae (82 ind.-m™) was recorded
in March at a water temperature of 9 °C. It was during this period that the minimum
content of nitrites and nitrates was noted (Table 1). In terms of hydrological char-
acteristics, March can be attributed to the winter season. At the veliconcha stage,
the larval density was 15 ind.-m~, while at the later veliconcha stage “with eye
spot” it reached 67 ind.-m™. In April, when the water temperature reached 11.8°C,
the larvae density did not exceed 41 ind.-m, and in May, at a water temperature of
15.2°C, it was only 4 ind.-m™. During the summer months, M. galloprovincialis
larvae were not found in the plankton. The autumn peak in mussel larval abun-
dance was not recorded, with a maximum of 6 ind.-m.

The density of mussel larvae varies by season and year. Thus, in January 2014,
the density of veliconchas reached 100 ind.-m™ at a water temperature of 8.9 °C.
An autumn peak in larval abundance was recorded at the end of September 2016
(more than 500 ind.-m™) [8]. However, our results in 2023 align well with long-
term research data, which show that the abundance of mussel larvae in the coastal
waters of Crimea is on average higher in spring than in autumn, with the maximum
density typically occurring in April [12]. Changes in water hydrological and hydro-
chemical conditions, as well as the state of the food base, can affect larval density
in the plankton significantly. Thus, monitoring the state of the ecosystem and
trends in its variability is necessary for the marine farm to function optimally [5, 7].

To identify the relationship between hydrological and hydrochemical param-
eters and the abundance of Bivalvia larvae at the mussel and oyster farm, we cal-
culated the Pearson’s pairwise correlation coefficient (Table 2). The results show
that water temperature influenced the density of bivalves larvae to a certain
extent (correlation coefficient 0.51). Water temperature is known to determine
the timing of shellfish reproduction and consequently the appearance of their lar-
vae in the plankton [3, 9]. In the waters of the marine farm, an increase in water
temperature was recorded from June to August (Table 1). At these temperatures,
M. galloprovincialis mussels do not reproduce [9], which explains the absence of
their larvae in the plankton.

Significant negative correlation coefficients were found for the abiotic parame-
ters of water temperature and salinity (—0.77), as well as for dissolved oxygen con-
tent (—0.73). These results reflect an inverse statistical relationship. As temperature
rises, the concentration of dissolved oxygen in water typically decreases. The rela-
tionship between water temperature and salinity is a rather complex process influ-
enced by numerous factors. In 2023, in the waters of the marine farm, the mini-
mum salinity values (less than 17.7%o) were recorded in June, August and Septem-
ber (Table 1). According to literature data, salinity values in the summer period
were also lower, which was explained by the inflow of less saline waters from
the north-western part of the Black Sea, as well as increased runoff from local rivers
due to higher precipitation [7]. The variability range of thermohaline parameters
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Table 2. Pearson’s pairwise correlation coefficient matrix

Content, pg/L Perman-
Parameter T, S, 0., Bivalvia, | ganate
°C %0 | mg/L ind-m™ | index,
NOf NO37 PO437 Si mgO/L
T,°C —0.77| —0.73|-0.31| 0.46|-0.28| 0.15] 0.51 0.25
S, %o -0.77 0.39] 0.30(—0.45(-0.45|-0.13| —0.51 -0.24
0O, mg/L -0.73| 0.39 —0.03|-0.43|-0.07| 0.15| —0.61 —-0.61
NO,, pg/L —0.31| 0.30| —0.03 0.44| 0.18| 0.32] —0.42 0.52
NOs, pg/L 0.46(—0.45| —0.45| 0.44 -0.29|-0.29| —0.07 0.71
PO;", pg/L —0.28| 0.65| —0.07| 0.18|-0.29 0.06| 0 0.04
Si, ug/L 0.15|-0.13| 0.15] 0.32|-0.29| 0.06 -0.29 0.65
Bivalvia, ind.-m= | 0.51|-0.51| —0.61|-0.42|-0.07| 0 |-0.29 0
Permanganate 0.25/-0.24| —0.61| 0.52| 0.71| 0.04| 0.65| 0
index, mgO/L

in the waters of the marine farm was optimal for bivalves cultivation for most of
the year [4, 7], which is also confirmed by our studies. High correlation between
permanganate index and nitrate content (0.71) can probably be explained by
anthropogenic influence: the higher the pollution of waters (e. g., from stormwater
runoff or emergency discharge of municipal wastewater), the higher the nitrate
content and oxidizability. According to the 2023 data, no direct relationship was
found between the shellfish larvae density and the content of nutrients; Pearson’s
correlation coefficients did not exceed —0.42 (Table 2). The minimum nitrate
content recorded in March (Table 1) can limit the growth of microalgae, which

serve as the food source for mussels, during the spring.
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Conclusion

The obtained data show that the meroplankton structure in the mussel and
oyster farm waters changed significantly throughout the year. In winter, Bivalvia
larvae accounted for up to 70% of the total meroplankton, while in summer and
autumn, their share reached up to 30%. Larvae Mytilus galloprovincialis dominated
during the winter and spring. The maximum density of mussel larvae was recorded
in March (82 ind.-m™), with no autumn peak observed. We analyzed the relation-
ship between the density of mussel larvae Mytilus galloprovincialis and the hydro-
logical and hydrochemical parameters in the waters of the marine farm. A moderate
positive correlation (0.51) was found between water temperature and the number of
larvae in the plankton. Based on the 2023 research results, no direct influence of
nutrients on the density of larvae Mytilus galloprovincialis was revealed. These
results confirm the optimal location for the mussel and oyster farm, since nutrient
concentrations never exceeded the maximum permissible concentrations (MPC)
during the study period. The minimum recorded nitrate content in March is not di-
rectly related to the density of mussel larvae. Because hydrological, hydrochemical
and hydrobiological conditions in the waters of the marine farm can vary by season
and year, comprehensive environmental monitoring of shellfish cultivation areas is
necessary.
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