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Frontal Zones as Boundaries of Areas
with Different Range of Sea Surface Temperature
Seasonal Variability in the North Atlantic
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Abstract

The paper analyses the position of the oceanic temperature frontal zones in comparison
with the spatial distribution of the amplitude of the seasonal variability of water tempera-
ture and gradients of amplitude in the North Atlantic. The paper also considers the change
in the amplitude of the water temperature seasonal variability along meridional surface
transects through the Gulf Stream front, Subtropical and Arctic Fronts. The authors use data
on the potential water temperature at 0.5 m depth of the ORAS5 ocean reanalysis (1958-
2021). The position of frontal zones is determined based on the calculation of horizontal
water temperature gradients. The amplitude of the water temperature seasonal variability
is calculated as half of the difference between the maximum and minimum temperature
in the mean annual cycle. It is noted that high values of the amplitude of water temperature
seasonal variations are observed in the mid-latitudes, decreasing in the northern and south-
ern directions. In the equatorial zone, Tropical Atlantic and Arctic, the range of water tem-
perature seasonal variability is minimal. The extended areas with a sharp change in the am-
plitude of the water temperature seasonal variations were found to coincide with the posi-
tion of temperature frontal zones. The correlation coefficient between the spatial distribu-
tion of temperature gradients and gradients of its seasonal variation amplitude was 0.93.
The Gulf Stream front bordering the waters of the Labrador Current separates the regions
with the largest difference in the water temperature seasonal variability. The difference
in the amplitude of the water temperature seasonal variations in the areas located on both
sides of the Gulf Stream, Subtropical and Arctic fronts was mainly due to the winter tem-
perature difference. The obtained results show that the frontal zones in the ocean separate
regions not only with different thermohaline characteristics, but also with different ampli-
tudes of the seasonal variability of surface water temperature.

Keywords: water temperature, frontal zones, amplitude of water temperature annual varia-
tions, temperature gradient, seasonal variability, North Atlantic
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AHHOTAIHUSA

AHanm3upyeTcs TMOJOKCHUE CPETHEMHOTOICTHHX OKCAaHWYCCKHX TEMIIEPAaTYpPHBIX (PpOH-
TaJbHBIX 30H B CPABHECHUM C MPOCTPAHCTBEHHBIM PACIPEACICHUEM aMILTUTYIBI CE30HHON
M3MEHYHMBOCTU TEMIIEPATYPHI BOJABI M TPATUCHTOB aMIDIUTYIbl B CeBepHOW ATIIAHTHKE.
PaccmatpuBaeTcss M3MEHEHUE aMIUTUTYJbl CE30HHOI'O XO/Aa TeMIepaTypbl BOIbI BJIOJb
MEpHUIHOHAEHBIX MOBEPXHOCTHBIX pa3pe3oB depe3 (poHT [ombderpuma, CyOoTpomuue-
CKUi U ApKTHueckuii (poHTHL. lcnone3yroTcsi JaHHBIE O MOTEHIMAIBHON TeMIIepaType
BobI Ha riyouHe 0.5 M okeannueckoro peananuza ORASS5 (1958-2021 rr.). ITonokenue
(pOHTATBHBIX 30H ONMPENCNIICTCS HA OCHOBE pacueTa TOPU30HTAIbHBIX TPaJJEHTOB TEMIIC-
paTypsl BOJBI. AMIUTUTY/Ia CE30HHOW M3MEHYHBOCTH TEMIIEPATYPhI BOJBI BRIUYUCIISCTCS KaK
MTOJIOBHHA PA3HUIIBI MY MAKCUMAJILHOW M MUHUMAJIBHON TEMIIEPaTypod B KIIMMaTHUC-
CKOM rojijoBoM xojie. OTMeuaeTcsi, 4TO BBICOKME 3HAYEHUs] aMIUIMTYIbl CE30HHOTO XOia
TEeMIepaTyphbl BOJBI HAONIOMAIOTCS B CPSIHUX IIMPOTAX, YMCHBIIASCH B CCBEPHOM U FOXK-
HOM HarmpaBjeHusx. B skBatopuanbHOil 30He, B Tponuueckoil ATIaHTHKE U B APKTHKE
JIMANa3oH Ce30HHOH M3MCHYMBOCTH TEMIICPATyphbl BOJIbI MHHUMANBHBINA. [lonydeHo, 4To
MIPOTSHKEHHBIC 00JIACTH, HA KOTOPBIX MPOUCXOTUT PE3KOC H3MEHEHUE AMILIUTY bl CE30HHO-
ro XoJa TeMIIEpaTyphl BOBI, COBNAJAIOT C MOJIOKEHUEM TEMICPATYPHBIX (PPOHTAIBHBIX
30H. KoaddurmenT koppemsimn MeK 1y MPOCTPAHCTBEHHBIM PACIIPEACICHHEM TPaJUCHTOB
TIOBEPXHOCTHON TEMIIEPATYphl BOJIbI U TPaTUEHTOB aMIUIUTY/bl €€ CE30HHOTO XO/a PaBeH
0.93. ®ponr INonbderpuma, rpanuyarmii ¢ Bogamu Jlabpamgopckoro TeYCHUs, paszieiseT
001acTH ¢ HAaUOOJIBIIICH PA3HUIICH B CE30HHON M3MEHUMBOCTH TEMIIEPATyphl BOIbI. Pa3iu-
YHe aMIUIMTYJ] CE30HHOI'O XOJa TeMIIepaTyphl BOIBI B 00JACTSAX, PACIONIOKEHHBIX C JIBYX
cropoH (ponta ['onmbherpuma, CyoOTpONMUIECKOro U APKTHUECKOr0 ()POHTOB, B OCHOBHOM
00yCIOBIMBACTCS 3MMHEH pasHHIleH TemmepaTypbl. [lodydeHHbIC pe3yibTaThl MMOKa3biBa-
0T, YTO (DPOHTAJIBHBIC 30HBI B OKEAHE PA3JIEISIOT 00JIACTH HE TOJIBKO C Pa3HBIMH TepMOXa-
JIMHHBIMU XapaKTepUCTUKAMHU, HO U C Pa3HOM aMIUIMTYIOH CE30HHOM HM3MEHYMBOCTH
ITOBEPXHOCTHOM TeMIIepaTyphl BOJIBL.

KnroueBble ciioBa: TemiepaTypa BOAbI, ()pOHTaNIbHBIE 30HBI, aMIUIUTYa TOJOBOTO XOAA
TeMIlepaTyphl BOJbI, TPAJAUEHT TEMIIEPATyphl, CE30HHAs U3MEHUNBOCTh, CeBepHas ATiaH-
THKA

BaarogapHocT: paboTa BBIIONHEHA B paMKax TEMBI TOCYZapCTBEHHOTO 3aJaHMs
OTI'BYH OUILL MI'M FNNN-2024-0014 «®DyHnameHTalbHbIE HCCIEIOBAHUS IPOIECCOB
B3aMMOJICHCTBUSI B CUCTEME OKeaH-atMocdepa, (GOpMUPYIOMINX U3MEHYHBOCTh (PH3HIECKO-
'O COCTOSIHHSI MOPCKOM CPE/Ibl Ha Pa3IMYHBIX IPOCTPAHCTBCHHO-BPEMEHHBIX MacIITa0ax».
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Introduction

Extended areas of high temperature and salinity gradients at the ocean surface
indicate the presence of ocean fronts, i. e. boundaries of water masses with differ-
ent thermohaline characteristics [1]. The areas within which the front position
changes on daily, seasonal and interannual time scales are defined as frontal zones.
The study of processes in frontal zones is connected with many branches of ocean-
ological science such as physical, biological, climate, etc. Fronts play an important
role in the processes of vertical mixing in the ocean and eddy formation [1, 2],
atmosphere and ocean interaction [3]. Marine frontal zones are areas of high
bioproductivity. They are important for both fisheries and nature conservation,
which determines the applied importance of their study [4-8]. Long-term changes
in the characteristics of frontal zones can be used to monitor and predict climatic
changes in the ocean [9].

Presently, the study of fronts is the most intensive research domain, with in-
vestigations being conducted in various scientific disciplines and on different spa-
tial and temporal scales. This is due to the emergence of multi-year series of satel-
lite data and reanalyses on a regular grid with high spatial resolution. In our study,
we address general issues related to ocean fronts, such as the position of large-scale
temperature frontal zones, gradient values, and consider the distinctive properties
of areas separated by frontal zones in the North Atlantic.

Large-scale fronts of various types are present in this region. They include
fronts at the boundaries of the Gulf Stream, North Atlantic, Labrador, East Green-
land and Norwegian currents carrying water with characteristics different from
those of the surrounding waters; fronts in the areas of equatorial and coastal
upwelling near West Africa. The subtropical front is that characterised by the in-
teraction of colder waters transported from the north by Ekman transport and in-
fluenced by westerly winds, and warmer waters transported from the south by
trade winds. The Arctic Front, located in the Atlantic sector of the Arctic, serves
to delineate the boundary between the Atlantic and Arctic waters. The polar front
of the ice zone boundary, otherwise known as the East Greenland Polar Front,
and estuarine saline fronts, such as the Amazon River outflow front, are also of
significance [2].

The position of the temperature fronts in the North Atlantic, as determined by
calculations of surface temperature gradients, is outlined in [2, 10-13]. In the At-
lantic sector of the Arctic, temperature fronts have been the focus in [14-16] and
numerous other works. The highest recorded horizontal gradients of surface tem-
perature are observed in the frontal zone of the Gulf Stream. A significant seasonal
variability of temperature gradients is also noted here [13]. It has been observed
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that the area under discussion also exhibits the highest amplitude of seasonal varia-
bility in surface water temperature [17, 18]. The question of interest is whether the
spatial variation in the amplitude of the seasonal cycle is related to the position of
frontal zones. Temperature fronts along large-scale currents are present throughout
the year, and the difference in the characteristics of the annual temperature varia-
tions in the surrounding waters is not obvious.

The aim of this work is to compare the spatial distribution of the amplitude
of the seasonal temperature cycle with the position of frontal zones, and to analyse
the change in amplitude at the crossing of frontal zones in the North Atlantic.

Research data and methods

Monthly averaged data from the ocean reanalysis ORAS5 on potential temper-
ature 0 (°C) at 0.5 m depth with a spatial resolution of about 0.25° (decreasing to
9 km in polar regions) for 1958-2021 were used in the work [19].

To determine the position of frontal zones, the absolute values of potential

80 90\ . _
L a—y) (°C/100 km) were calculated:

00\>  (00\
(8)6) <8y>

Gradient vector components were calculated using the central difference
scheme. When calculating gradients, the latitude of the place was taken into account.

The amplitude of water temperature seasonal variability (AMP) was calculated
as half of the difference between the maximum and minimum temperature values
in the long-term mean annual variations for each grid node. In order to analyse
changes in amplitude by space quantitatively, its horizontal gradients were calcu-
lated. Areas with high values of gradients were defined as boundaries between are-
as with different amplitudes of seasonal variability.

The spatial variability of the amplitude of the annual variations of water tem-
perature and temperature gradients was considered on the examples of meridional
surface transects crossing the frontal zones of the Subtropical Front, the Gulf
Stream Front and the Arctic Front.

temperature horizontal gradients VO = (

[VOI=

Results

Temperature gradients in large-scale temperature fronts in the North
Atlantic. Large-scale temperature fronts are located in areas with extreme changes
in water temperature (Fig. 1, a) which is manifested in high values of horizontal
gradients (Fig. 1, b). According to long-term mean data, the highest temperature
gradients exceeding 1°C/100 km are observed in the frontal zones of large-scale
currents, e.g., the current systems of the Gulf Stream, the North Atlantic and
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Fig. 1. Long-term mean potential temperature 6 at a depth of 0.5 m (a), its
gradients (b), amplitude of the seasonal variations AMP (c) and its gradients (d).
Notations: GSF — Gulf Stream Front, LF — Labrador Current Front, EGF —
East-Greenland Current Front, AF — Arctic Front, PF — Polar Front, STF — Sub-
tropical Front

the Norwegian currents, transporting warm water from more southern latitudes to
northern ones, and northern — the East Greenland, West Greenland and Labrador —
currents which carry cold water from the Arctic Ocean to the Atlantic Ocean.
Fronts along these currents are present throughout the year. The maximum values
of gradients are observed in the Gulf Stream front [13]. Here, the average annual
gradient values range from 4 to 10°C/100 km (Fig. 1, b).
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In the areas of coastal upwelling along the African coast and equatorial
upwelling in the eastern part of the equator, the mean annual gradients in the frontal
zones are about 1°C/100 km. In the subtropical front, the gradients do not exceed
1°C/100 km. In the Atlantic sector of the Arctic, in the Polar Front mainly mani-
fested in summer during the period of ice melting, the mean annual gradient values
are 1-2°C/100 km and in the Arctic Front (Jan Mayen — Mohns Ridge), they are
2-2.5°C/100 km. It should be taken into account that the real values may be higher
than those obtained from the reanalysis data, which are rather smooth.

Amplitude of water temperature seasonal variability. The spatial distribu-
tion of the amplitude of seasonal variations in surface water temperature exhibits
distinct zonality (Fig. 1, ¢). High values of the amplitude of the seasonal tempera-
ture variations are observed in the middle latitudes, decreasing in the northern and
southern directions. The amplitude of the annual temperature variations is minimal
in the equatorial zone, Tropical Atlantic and Arctic.

At the same time, the zonal direction shows pronounced features in the ampli-
tude distribution. The region with the highest amplitude of seasonal temperature
changes exceeding 3°C is located in the western part of the ocean between 25° and
55° N, narrowing to the east to 30°-50° N (Fig. 1, ¢). The largest amplitude reach-
ing 10°C is located in the area of the Labrador Current branch spreading southward
along the coast of Canada and the USA and bordering the Gulf Stream.

An extensive area with an amplitude of seasonal temperature variability
exceeding 3°C is located in the Atlantic sector of the Arctic. The Polar and Arctic
fronts are adjacent to this area. A high range of seasonal temperature variations is
also observed off the coast of Africa in the area of the Canary upwelling and
the equatorial upwelling. The results obtained correspond to the data given in [18].

Spatial gradients of the amplitude of water temperature seasonal varia-
bility. In order to determine the position of the areas of sharp changes in the ampli-
tude of the annual variation of water temperature more precisely, the amplitude
gradients were calculated (Fig. 1, d). The delineation of areas exhibiting divergent
ranges of seasonal variability is facilitated by elevated gradient values. A compari-
son of the position of the gradients of the seasonal variability amplitude with
the distribution of temperature gradients demonstrates that the areas with a sharp
change in the amplitude of seasonal variability correspond to the position of large-
scale temperature fronts. The spatial correlation was found to be 0.93.

Thus, frontal zones are located in places with a sharp transition from the area
with a high range of seasonal temperature variability to the area with a low range.
The obtained result can be defined as a property of frontal zones — they are
the boundaries of areas with different ranges of seasonal variability.
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The highest values of the gradients of the seasonal variation amplitude are ob-
served in the areas of frontal zones of narrow western currents, including the Gulf
Stream, the Labrador Current and the coastal branches of the West Greenland and
East Greenland Currents (Fig. 1, d). In the subtropical and tropical zones, the am-
plitude gradients are minimal, as are the amplitude values themselves (Fig. 1, c, d).

Changes in the amplitude of the annual variations of water temperature
along transects through the frontal zone of the Gulf Stream, Subtropical and
Arctic fronts. As examples, let us consider changes in the amplitude of seasonal
water temperature variability and temperature gradients on meridional tran-
sects through the subtropical frontal zone at 55° W, the Gulf Stream frontal
zone at 61° W, and the Arctic front at 0° W (Fig. 2, a — ¢). Temperature values
pre-averaged along the transect within +0.5° of the selected longitude were
used for the amplitude calculations.

Subtropical Front. The Subtropical Front (STF) or Subtropical Convergence
Zone (STCz) crosses the subtropical gyre in a broad band, shifting northwards in the
eastern part of the ocean (Fig. 1, b). The front occurs at the boundary between colder
waters transported from the north by Ekman transport under the influence of
westerly winds and warmer waters transported from the south under the influ-
ence of trade winds [11].

Temperature gradients in the front in the transect area are low and do not ex-
ceed 0.5°C/100 km on average (Fig. 1, a). From winter to spring, gradients in-
crease reaching a maximum in spring (Fig. 2, d). In summer, as a result of water
warming, the front weakens, narrows and the zone of increased gradients shifts
northwards (Fig. 2, d, g) [11, 13].

Across the front (along the meridional transect at 55° W), the amplitude of
the seasonal variations of surface water temperature changes insignificantly. North
of the front, the amplitude at point A (36°N) is 4.2°C, and south of the front, at
point B (22°N), it is 1.8°C (Fig. 3, a, d). Between points A and B, the change in
amplitude is small, about 0.2°C per 1° latitude.

Gulf Stream Front. The Gulf Stream Front (GSF) has the highest horizontal
temperature gradients in the North Atlantic due to high temperature difference
between the warm waters of the Gulf Stream and the cold waters of the Labrador
Current (Figs. 1, a, b; 2, b). In the region of the meridional transect at 61° W,
the temperature gradients in the front increase in winter (January — March) up to
6°C/100 km and decrease in summer (July — August) (Fig. 2, e) up to 3°C/100 km
due to summer warming (Fig. 2, h).

The amplitude of seasonal temperature variability along the transect decreases
southwards. At point A (44° N), located in the cold waters of the Labrador Current,
itis 8.0°C, and at point B (38.5° N) south of the front, the amplitude is 4.3°C (Fig. 3,
b, €). The change of the amplitude relative to the distance between the points is
0.7°C per 1° latitude.

Arctic Front. The Arctic Front (AF) is located between the deep-water
basins of the Norwegian and Greenland Seas (see Fig. 1, b), in the area of
the Jan Mayen, Mohns Ridge, Knipovich Ridge submarine ridges [15, 16, 20].
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Fig. 2. Position of surface meridional transects through the frontal zones of
the Subtropical Front (a), Gulf Stream (b), Arctic Front (c), seasonal variations of
horizontal gradients of water temperature (d — f) and temperature (g — i) along
the transects. Roman numerals denote months

This front is often divided into separate elements — frontal zones: the Jan Mayen
zone, the zones of Mohns Ridge, Greenland and Norwegian Seas [14]. The front
separates the warmer salty Atlantic waters of the Norwegian Atlantic Front Current
(one of the branches of the continuation of the North Atlantic Current) and colder,
fresher waters of the East Greenland Current mixed with the return Atlantic waters
carried by the West Spitsbergen Current [15, 21].
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Fig. 3. Amplitude of seasonal variability (green curves) and gradient (red curves)
of water temperature (a — c), annual variations of water temperature at points A
and B on the cold (dark blue curves) and warm (light blue curves) sides of the front
(d —f) along meridional transects through the frontal zones of the Subtropical Front
(a, d), Gulf Stream (b, €), and Arctic Front (c, f). The figures indicate the ampli-
tude at points A and B (see Fig. 2)

Water temperature gradients in the frontal zone in the area of the 0° W meridi-
onal transect increase to 3°C/100 km in winter and decrease to 1.5-2°C/100 km
by summer (see Fig. 2, f). The minimum value is reached in August with a maxi-
mum water temperature of 6°C (see Fig. 2, i).

When crossing this front, the amplitude of the annual variations of water tem-
perature decreases from 3.2°C at point A located on the cold side of the front
(74° N) to 2.7°C at point B (69° N) south of the front (Fig. 3, ¢, f). The change
in amplitude with respect to the distance between A and B is about 0.1°C per 1°
latitude.

The northern boundary of the front (73° N) is characterized by a local maxi-
mum of the seasonal temperature variations and the southern side — by a local
minimum (Fig. 3, ). In winter, water temperatures decrease on the northern side of
the front, while the warm Atlantic waters continue to arrive on the southern side of
the front, resulting in a strengthening of the front (see Fig. 2, f). In summer,
the water warms up and the front weakens. The higher difference in water tem-
perature between the cold and warm sides of the front in winter is accompanied
by a difference in the magnitude of the seasonal temperature variations.
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The analysed examples demonstrate that the most significant alterations in the
amplitude of the seasonal variability of water temperature are observed in the
frontal zone of the Gulf Stream at the boundary between warm water originating
from low latitudes and cold water arriving with the Labrador Current from the Arc-
tic. The highest water temperature gradients are also observed here (see Fig. 2). The
Subtropical and Arctic fronts separate waters with a smaller difference in seasonal
temperature variations compared to the Gulf Stream Front (Figs. 2, 3).

The greatest difference between water temperature on the cold and warm sides
of the front is achieved in winter when the temperature on the cold side of the front
decreases more than on the warm side, which, in turn, is accompanied by an in-
crease in gradients. In summer, due to seasonal warming, the difference between
the water temperature on both sides of the front decreases and contributes less to
the difference in the seasonal variations. In addition, summer warming is accompa-
nied by a decrease of gradients in the frontal zones. Thus, the cases under consider-
ation show that the difference in the amplitude of the seasonal variations on both
sides of the front is mainly related to the winter temperature difference between
the cold and warm sides of the front.

Discussion

It is known that the formation of ocean fronts is the result of complex interac-
tion of various physical and dynamic processes, such as wind forcing leading to
currents, vertical rise and fall of water, spatial and temporal variability of heat
fluxes on the ocean surface, ice melting, river runoff and ocean mixing processes
[1, 2, 22]. Different regions have their own predominant processes leading to the
emergence of temperature and salinity fronts.

Seasonal variability of these factors can lead to strengthening, weakening
or complete disappearance of fronts. Summer heating weakens all temperature
fronts, including those along the stationary large-scale currents. Weakening of
westerly winds and trade winds in summer leads to weakening of the Subtropical
Front, its narrowing and shift to the north.

These factors and their variability, heat reserve in the mixed layer [22] and
proximity of coasts influence the temperature conditions on each side of the front.
Thus, high seasonal range of water temperature on the cold side of the Gulf Stream
Front corresponds to high seasonal range of air temperature along the coast of No-
va Scotia [18]. It should be taken into account that the nearby continental regions
have continental climate with low temperatures in winter and high temperatures
in summer [23]. Moving away from temperate latitudes to the north and south,
the amplitude of the seasonal variations decreases [17, 18]. Furthermore, the differ-
ence between the amplitude on both sides of the front decreases, as can be ob-
served in the Arctic and Subtropical fronts.

Another aspect of the considered issue is the relative isolation of the areas sepa-
rated by frontal zones. Thus, it is noted in [1] that frontal partitions are elements
of the complex three-dimensional structure of ocean waters associated with local
closure of individual elements of the general circulation. The difference not only
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in temperature values but also in its seasonal variations emphasizes the isolation of
the areas on the cold and warm sides of the front.

An important manifestation of the isolation of the areas on both sides of the front
are different hydrological and hydrochemical conditions of marine organisms, spe-
cies composition and different indicators of water productivity [24-27]. An increase
in the amplitude of the seasonal variations generally indicates lower winter temper-
atures on the cold side of the ocean front (Fig. 3, d — f), which can be accompanied
by the predominance of cold-water marine species in this area [28].

Conclusion

Based on the ORAS5 ocean reanalysis data on the temperature at 0.5 m depth,
the spatial position of temperature fronts and the distribution of the amplitude of
the annual variations of surface water temperature were compared. It was obtained
that the mean annual temperature fronts, which by definition are bands with high
gradients of sea water temperature, were also the boundaries of areas with different
ranges of seasonal variability of water temperature. The division of the ocean into
areas with different amplitudes of seasonal variations can be characterised as one
of the properties of frontal zones. The difference in the ranges of seasonal tempera-
ture variability emphasizes the local closure of the areas in the ocean separated
by frontal zones.

The largest difference between the amplitudes of the seasonal variability of
surface water temperature is noted in the areas located on both sides of the Gulf
Stream frontal zone. In the subpolar, subtropical and tropical zones, the fronts sep-
arate areas with a smaller difference in the amplitudes of the annual temperature
variations.

The difference in the amplitudes of the seasonal variations of water tempera-
ture on both sides of the Gulf Stream, Subtropical and Arctic fronts is mainly stipu-
lated by the difference in temperature values on the cold and warm sides of the front
in winter. At this time, the difference between the water temperature on the north-
ern cold and southern warm sides of the front increases. In summer, due to seasonal
warming, the difference between the water temperature values on both sides of
the front decreases and contributes less to the magnitude of the annual variations.

The results obtained can be taken into account in climate studies, in marine bio-
logy, in the analysis of meteorological conditions in different regions of the ocean.
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Abstract

This study examines long-term changes in the Black Sea ecosystem, including the warming
of its waters amid anthropogenic pollution and eutrophication. The aim of the study is
to describe structural shifts in water masses and biotopes, as well as to assess alterations
in key ecosystem components. Through the analysis of multi-year hydrological datasets,
mathematical modelling, and hydrobiological studies, it has been demonstrated that a com-
prehensive understanding of the Black Sea’s ecosystem changes requires consideration not
only of climate warming, anthropogenic pollution, and eutrophication but also of choro-
logical changes in water mass structure and associated biotopes. Ongoing deoxygenation
is reducing the habitat layer for cold-water species, while warming has already caused
the disappearance of the cold intermediate layer — with which these species are associated —
dissolving it into surrounding waters at temperatures around 9 °C. Further warming of sur-
face waters may lead to the degradation of cold-water species assemblages that form
the trophic foundation of the Black Sea’s current ecosystem. A significant transformation is
expected due to the increasing dominance of warm-water and eurythermic species.
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AHHOTALUA

AHanM3MpYIOTCS MHOTOJICTHHE M3MEHEHUsI SKOCHCTEMBl UepHOTro MOps, BBIpaXaroIuecs,
KpOME MpoYero, B NOTEIUIEHHH BOA Ha ()OHE aHTPOIIOTEHHOTO 3arpsi3HEHHS M ABTPOQHKa-
. Llenb paboThl 3aKITI09aeTCsl B ONMCAHUY CTPYKTYPHBIX M3MEHEHHH BOAHBIX Macc, Ono-
TOTIOB, a TaK)KE€ B OLIEHKE M3MEHEHMH KIIOYEBBIX KOMIIOHEHTOB 3KocucTeMbl. Ha ocHoBe
aHaM3a MHOTOJIETHUX MAaCCHBOB JIAHHBIX O THAPOJOTHH, MATEMaTHIECKOTO MOJCTHUPOBa-
HUS ¥ THAPOOHMOIOTHIECKHX HCCIEI0BAHUI ITOKA3aHO, YTO IS TIOTHOTO TIOHUMAHUS H3Me-
HEHHUH SKOCHCTeMBI YepHOro Mops HEOOXOIMMO YYHUTHIBATH HE TOJBKO MOTEIJICHHUE KIIH-
MaTa, aHTPOIIOTEHHOE 3arpsI3HEHNE U 3BTPO(UKALINIO, HO M XOPUIECKNE M3MEHEHUS CTPYK-
TYpBl BOIHBIX MAacC WM CBSI3aHHBIX C HUMH OnortomoB. ITpomomkaromasicst JeOKCHUTCHAITHS
COKpallaeT cjIoii 0OMTaHUS XOJOAHOBOAHBIX BHJOB, a MOTEIUICHHUE YK€ MPUBEIIO K TOMY,
YTO XOJIOMHBIN MPOMEXYTOUHBIH CIIOH, C KOTOPBIM 3TH BHIbl aCCOLMHMPOBAHBI, MCYE3 U
pacTBOpHIiICA B OKpY’KalOIIUX BoJax mpu temneparype okono 9 °C. [lanpHelee noTemnie-
HUE TIOBEPXHOCTHBIX BOJ MOXET IPUBECTU K AETPaJallud KOMIIEKCA XOJOJHOBOJHBIX
BHJIOB, CO3/aIOMIMX TPO(HUUECKYI0 OCHOBY COBPEMEHHOI 3KocucTeMbl UepHOro Mops.
Crenyer 0XMIATh €€ CYyHIIECTBEHHON TpaHC(OpPMAIWHU BCIEACTBUE YBEINYEHHS POJIH Tell-
JIOBOJHBIX U 3BPUTEPMHBIX BHJIOB.

KiroueBble cioBa: YepHoe Mope, 3KOCHCTEMa, M3MCHEHHS KIMMara, ICOKCHICHAIIWS,
BOJIHBIE MacChI, OHOTOIIBI

BaarogapHocTu: paboTa BBIITOJIHEHA B paMKaX rocyaapcTBeHHBIX 3aaannii UL MabIOM
PAH mo Tteme 124030100137-6, ®I'BYH ©®UIl MIU mo Tteme FNNN-2025-0001
u OI'BYH UIITC Ne 124020100120-9.

Jos muTupoBanus: OCHOBHBIE 3aKOHOMEPHOCTH MHOTOJIETHUX M3MEHEHHMH YKOCHUCTEMBI
Yeproro mopst / B. B. MenpaukoB [u np.] // Dxomoruueckas 0€30MacHOCTh MPUOPEIKHON
n wenb(oBoi 30H Mopst. 2025. Ne 2. C. 19-35. EDN SUIYJB.

Introduction

Around 130 years ago, N. I. Andrusov ) was the first to demonstrate that
the Black Sea (BS) was a two-layered system consisting of a thin (80-200 m) “liv-
ing” oxygen layer and a hydrogen sulphide zone. Until the end of the 20" century,
it was believed that a layer of co-existing oxygen and hydrogen sulphide waters,
or a C-layer, existed between these two layers. The first publications about the ab-
sence of this layer were met with scepticism [1]. However, new techniques intro-
duced at the end of the 20" century revealed that ideas about the C-layer were

) Andrusov, N.1., 1890. [Preliminary Report on Participation in a Black Sea Deep-Water Expedition].
Izvestiya Russkogo Geografocheskogo Obshchestva, 26(5), pp. 398—409 (in Russian).
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erroneous [1-3]. A water mass measuring between 30 and 50 m deep composed
of transformed Mediterranean water (O, < 10 uM, H>S <3 pM), or the Suboxic
Layer (SOL), was found to exist between the oxygen zone and the hydrogen sul-
phide layer [1, 2]. The position of this layer within the water column is determined
by the intensity of vertical water exchange and the concentration of dissolved or-
ganic matter. The Danube, Dnieper and Don rivers experienced a tenfold increase
in nutrient inputs between the 1960s and 1990s, leading to anthropogenic eutrophi-
cation and the formation of large amounts of sinking organic matter [2]. The verti-
cal water exchange did not provide sufficient aeration to compensate for the aera-
tion needed to oxidise the large amount of organic matter, and the oxygen layer of
the sea began to “shrink” [2, 4]. The depth to which oxygen penetrated the upper
boundary of the SOL decreased from 130 m in 1955 to 90 m in 2013 [5]. Although
eutrophication of the sea decreased by the beginning of the 21* century [6], deoxy-
genation of the depths continued due to the increase in surface water temperature [7].

Consequently, there have been significant changes in the composition of bio-
topes in the BS deep-water zone in recent years, which have had a considerable
impact on the living conditions of plankton and fish. It is important to recognise
that understanding the contemporary shifts within the BS ecosystem necessitates
a comprehensive approach encompassing not only the impact of climate change,
anthropogenic pollution and eutrophication but also the substantial alterations
in the hydrological-hydrochemical and chorological characteristics of water masses
and biotopes. (Chorological changes of water masses (from Greek chora — “place”)
are observed when a water mass changes its spatial position and acquires different
ecological properties under the influence of a different combination of external fac-
tors in a new location [8].)

The existing hydrological-hydrochemical understanding of the structure of sur-
face water masses in the BS deep waters can be described as follows:

1. Upper Black Sea Water Mass (UBSWM): T >20°C, S=18.0...18.4 PSU,
o< 1423,

2. Cold Intermediate Layer (CIL): T<8°C, S=18.0...19.0 PSU,
ot=14.0...14.82-3.

3. Suboxic Layer (SOL): T > 8°C, o= 15.8...16.2 [2, 3].

4. Intermediate Black Sea Water Mass (IBSWM): T > 8°C, S > 20 PSU,
ot = 16.2...17.92-3. (The coastal and deep-water masses are not discussed in this
paper as only the surface water of the deep-water zone is discussed.)

The biotope structure in the BS deep waters can be presented as follows:

1. Surface film biotope (aerocontour): community of aerobic organisms of
the surface film — neuston. Composition — permanent or temporary inhabitants of
0-5 cm layer: bacteria and protozoa, phytoplankton, zooplankton, eggs and larvae
of invertebrates and fish [9, 10].

2 Beznosov, V.N., 2000. [Environmental Effect of Marine Destratification. Extended Abstract of
DSc Thesis, Biological Sciences]. Moscow: MSU, 42 p. (in Russian).

3 Belokopytov, V.N., 2017. [Climate Changes of the Black Sea Hydrological Regime. DSc Thesis,
Geographical Sciences]. Sevastopol: MHI RAS, 377 p. (in Russian).
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2. UBSWM biotope (aerobic zone): a community of aerobic organisms above
a seasonal thermocline, epibiota. (We used the terms “epibiota” and “bathybiota”
following T. S. Petipa® who first described epi- and bathyplankton.) Composition —
thermophilic and eurythermal species inhabiting the upper water mass: phytoplank-
ton, epiplankton, macroplankton and the main mass of fish (Engraulis encrasicolus
Linnaeus, 1758, etc.)¥ [6, 11].

3. CIL biotope (aerobic zone): community of aerobic organisms under a sea-
sonal thermocline, bathybiota ¥. Composition: bathyplankton and cold-water fishes
(Sprattus sprattus (Linnaeus, 1758), etc.), eurythermal plankton species®"% [11-14].

4. SOL biotope (anaerocontour): community of aerobic and anaerobic micro-
organisms of the Suboxic Layer. (The term “anaerocontour” was first introduced
by V. V. Melnikov [14].) Composition: aerobic and anaerobic species of cyanobac-
teria, denitrifying bacteria, methanotrophs, methanogens, iron-reducing bacteria,
manganese-reducing bacteria [14].

5. IBSWM biotope (anaerobic zone): community of anaerobic microorganisms
of the hydrogen sulphide zone. Composition: thione bacteria (up to 40% of the bi-
omass of all bacterioplankton), purple and fermenting bacteria, methanotrophs,
methanogens, manganese-reducing bacteria, anammoxibacteria and various archaea ®
[14]. The coastal and deep-water masses are not discussed because only the surface
waters of the deep-water zone are discussed.

Recent studies indicate that the above-described ideas about the structure of
water masses and biotopes no longer correspond to the real situation due to pro-
longed warming of surface waters ”. To date, deoxygenation has reduced deep-sea
oxygen concentrations by 44% [5]. The CIL temperatures began to rise and by 2019
this water mass had disappeared [15]. Information about this catastrophic event for
the BS ecosystem, of course, requires verification using different data series. Con-
tinued warming of surface waters could cause cascading changes throughout
the BS ecosystem, since cold-water copepods form the bulk of the forage zoo-
plankton that constitutes the main part of the diet of small plankton-feeding fish
in the BS [12-16]. In addition, one of the fundamental questions remains unre-
solved as to how the reduction of the total oxygen layer thickness in the deep sea
has affected chorological changes in the structure of pelagial habitats. The present
study fills this gap to some extent.

The aim of the work is to analyse the basic processes of long-term changes
in the BS ecosystem under the influence of warming, anthropogenic pollution,

4 Petipa, T.S., 1967. [Life Forms of Pelagic Copepods and the Structure of Trophic Levels in the Struc-
ture and Dynamics of Aquatic Communities and Populations]. Kiev: Naukova Dumka, pp. 108-119
(in Russian).

3 Flint, M.V., 1989. Vertical Distribution of the mass Mesoplankton Species in Connection with
the Oxygen Field Structure. In: M. E. Vinogradov and M. V. Flint, eds., 1989. [Structure and Pro-
duction Characteristics of Plankton Communities of the Black Sea]. Moscow: Nauka, pp. 187-212
(in Russian).

9 Sorokin, Yu.l., 1982. [Black Sea. Nature. Resources]. Moscow: Nauka, 216 p. (in Russian).

7 Masevich, A.V., 2022. [Oxygen Dynamics in the Main Pycnocline of the Black Sea. Extended
Abstract of PhD Thesis. Geographical Sciences]. Sevastopol: MHI RAS, 24 p. (in Russian).
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eutrophication and changes in the structure of water masses and to assess changes
in key ecosystem components.

Materials and methods

The hydrodynamic analysis was derived from the NEMO ocean circulation
model version 3.6 ®. This model was implemented in the BS region with a hori-
zontal resolution of 0.037° x 0.028° and 31 irregularly spaced vertical levels.
The online model is linked to the OceanVar assimilation scheme [17, 18]. The BS-
REA includes observations of temperature/salinity (T/S) profiles derived in situ
from SeaDataNet and CMEMS INS TAC, as well as sea level anomalies. A sum-
mary of all available observations from ships (SYNOP SHIP), bathythermographs
(BATHY) and drifting buoys (DRIBU) as well as data sourced from the ECMWF
operational archive is provided.

In this paper, we examined the spatial and temporal variations in the tempera-
ture of the CIL and its surrounding waters over the past 30 years. Long-period and
spatial variations of sea surface temperature (SST) were calculated from daily sat-
ellite maps with a resolution of 0.05° x 0.05° covering a 40-year period from 1982
to 2021. All information was obtained from the Copernicus marine environmental
monitoring service (https://www.copernicus.eu)”. In addition, we used new data
obtained during the recent large-scale expeditions of the Collective Use Center
R/V Professor Vodyanitsky of the A. O. Kovalevsky Institute of Biology of the South-
ern Seas of RAS in 2017-2023 (using an Idronaut Ocean Seven 320Plus M CTD
probe).

Materials from the BS western central part were used to investigate long-term
changes in the vertical position of the SOL density boundaries. As the distribution
of hydrochemical parameters in the deep sea has quasi-permanent isopycnic distri-
butions, the assessment of long-term changes in the vertical position of the SOL
boundaries was carried out on the conditional density scale. On average, these
boundaries correspond to isopycnic surfaces: 6r = 15.8 to upper boundary and
ot = 16.2 to lower one [2, 3]. This approach solves two important methodological
problems:

1) deficit of hydrochemical data: data on the hydrochemistry of the western
deep-water zone are clearly insufficient to assess their long-term shifts (with al-
most an order of magnitude more hydrological stations);

2) influence of random factors on assessment accuracy: the use of density
characteristics makes it possible to minimise the impact of random processes and
obtain more reliable quantitative assessments of the evolution of the BS waters
ecological structure.

8 Gurvan, M., Bourdalle-Badie, R., Bouttier, P.-A., Bricaud, C., Bruciaferri, D., Calvert, D., Chanut, J.,
Clementi, E., Coward, A. [et al.], 2016. NEMO ocean engine. France: IPSL, 412 p. (Note du Pole
de modélisation de I'Institut Pierre-Simon Laplace; No. 27). https://doi.org/10.5281/zenodo.3248739

9 SST BS SST L4 REP_OBSERVATIONS 010 022/ E.U. Copernicus Marine Service Information
(CMEMS). Marine Data Store (MDS). https://doi.org/10.48670/moi-00160
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The western part of the sea was chosen because the seasonal dynamics of
the isopycnic vertical position in this circulation is insignificant (~5 m) compared
to the eastern circulation where it reaches 20 m. Considering that the interannual
variability is also greater in the eastern circulation, density characteristics for de-
termining long-term shifts in the western central part of the sea are more statistical-
ly reliable.

Data for calculations were collected in oceanographic cruises of research ves-
sels of the USSR, Russia, Ukraine, Turkey, Bulgaria and Romania. Data sets from
the databases of WOD18 !9 SeaDataNet, Coriolis Ocean Dataset, Marine Hydro-
physical Institute and Institute of Biology of the Southern Seas as well as from oth-
er sources were used for the reanalysis. The boundaries of the central and western
high salinity zones are taken as follows: 42.5-43.5°N, 30-32.5°E. A total of 1453 hy-
drological stations were sampled by research vessels in 154 cruises and seven Argo
buoys during the summer period from 1957 to 2021 (June—August). The highest an-
nual number of observations dates back to the 1980s, when up to 120 were recorded
in the summer. Recently, however, the number of summer observations in the west-
ern open Black Sea has not exceeded 20, similar to the situation in the 1960s. Data
from each expedition were checked for reliability and obviously false values (outli-
ers that did not correspond to similar features in the distribution of other environ-
mental parameters) were rejected.

Based on this, the average conditional density profiles were calculated. Aver-
aging was performed by the inverse distance method followed by additional
smoothing by low-pass filtering. Vertical density profiles (EOS-80 formulas) were
interpolated with 1 m depth resolution using the method described in [19], then
a search for a given isopycnic level was performed based on minimum deviation.
Quality control including filtration jumps and vertical density inversions is per-
formed before isopycnic levels are calculated. Further time series of calculated iso-
pycnic levels were filtered using the 3o statistical criterion and then averaged over
the summer periods of each year. The averaging procedure serves as a specific low-
pass filter to reduce the intra-seasonal variability that is inherent in this layer due to
the influence of mesoscale eddies. The vertical discretisation of the raw data has
increased significantly since the 1990s so this part of the time series has more reli-
able values of isopycnic levels and exhibits less mesoscale “noise”. The mesoscale
variability estimated as standard deviations calculated over summer periods over
the last 30 years is almost half the total interannual variability, which improves
estimates of the current linear trend.

Predictive analyses were conducted using MS Excel forecasting functions us-
ing the AAA version of the exponential smoothing algorithm (ETS), which in Ex-
cel is based on the AAA (additive error, additive trend and additive seasonality)

10) Mishonov, A.V., Boyer, T.P., Baranova, O.K., Bouchard, C.N., Cross, S., Garcia, H.E., Locarni-
ni, R.A., Paver, C.R., Reagan, J.R. [et al.], 2024. World Ocean Database 2023. NOAA Atlas
NESDIS 97, 207 p. Available at: https://www.ncei.noaa.gov/products/world-ocean-database
[Accessed: 16 August 2024].
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version of the exponential triple smoothing (ETS) algorithm which smooths out
small deviations in past data trends by identifying patterns of seasonality and con-
fidence intervals. This forecasting method is optimal for non-linear data models

with seasonal or other recurring patterns.

Results and discussion

Structural shifts in water masses

Fig. 1 presents averaged data on the long-term variability of the CIL vertical
structure in the whole deep-sea zone from June to October in 1993-2023. The data
reveal that in 2019, the upper and lower boundaries of the CIL merged at an aver-
age depth of about 70 m and this water mass, sustained the existence of the BS
relict boreal species of forage zooplankton and planktivorous fish, had disappeared.
This process did not occur overnight but as a result of a gradual warming of
the CIL core over the last 20 years. The water renewal of its core decreased due to
a succession of warm winters (Fig. 2) which recurring approximately every five
years: in 1996, 2000, 2005, 2010, 2015, 2020 (based on the winters by SST calcu-
lated as the average for December—February). This is strongly evidenced by the high
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Fig. 1. Long-term variability of the cold intermediate layer (CIL)
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Fig. 2. Average seasonal (winter) values of sea surface tempera-
ture, calculated as the average values for January, February and
December, and the base value of the CIL in August for 1993-2022

rank Spearman correlation coefficient [20] between annual SST and CIL values,
which is ~0.85 (Pearson correlation coefficient is ~0.89). The non-parametric rank
correlation method is applied here because SST and CIL are not normally distribut-
ed according to the Shapiro—Wilk test [20]. The convergence of the upper and low-
er CIL boundaries has also led to an increase in the salinity of the surface layer.
In 2023, at a depth of 50 m which usually corresponds to the position of the CIL
core, salinity reached a maximum value of 19 PSU, which was previously observed
only in the 60-70 m layer, i. e. at the average position of the lower boundary
in summer.

Thus, a new stratification of water masses and associated biotopes had been
emerged throughout the deep sea by 2021. Analysis of data from 84 hydrological
profiles across the entire deep-water zone (0—150 m) revealed isothermia (~ 8.7 °C)
under the thermocline at all depths up to the hydrogen sulphide zone (Fig. 3, a).

The distribution of water density characteristics in the same layer revealed
the SOL and the associated anaerocontour biotope were located in the 85-115 m
layer. Its upper boundary corresponded to the middle of the main pycnocline
(or=15.8). The SOL average density boundaries are given in accordance with [2, 3].
Above it, the plankton and fish habitat was located in the oxygen zone (Fig. 3, b)
in the 0-85 m layer (UBSWM and CIL). The maximum depth of zooplankton with
a concentration ¥ of 10 uM, or 0.2 ml/L, coincided precisely with the upper bound-
ary of the anaerocontour at the 85 m isobath (Fig. 3, ). At a depth of 115 m (with
water density oy = 16.2), trace oxygen concentrations had disappeared completely
and the chemocline layer began with a concentration of H»S ~3 uM.
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regions of the Black Sea, according to data from the 117" cruise of R/V Professor
Vodyanitsky. Blue lines are SD, black lines are mean values

Structural shifts of biotopes

Fig. 3, b shows that the zone of daily accumulations of bathyplankton in 2021
aligned precisely with the upper boundary (at a depth of 85 m) of the biotope [12]
of the anaerocontour. The study of the multiyear vertical dynamics of the vertical
position of the anaerocontour from 1957 to 2021 was based on the fact that the av-
erage position of this contact zone corresponded to the upper boundary of the SOL
at conditional density oy = 15.8 [2, 3].

The results of the study (Fig. 4) confirm that the upper boundary of this bio-
tope (ot = 15.8) has moved 35 m closer to the surface over 60 years while its lower
boundary (or = 16.2) has risen from a depth of 165 to 115 m. This means that
in 1983, the upper anaerocontour boundary (Fig. 4, white circles) rose to the iso-
bath of 100 m which is the maximum depth of the Black Sea sprat S. sprattus habi-
tat. Since then, deep accumulations of cold-water (forage) zooplankton concentrat-
ed near the upper anaerocontour boundary have appeared in the zone of accumula-
tions of cold-water planktivorous fish. The lower anaerocontour boundary rise
(Fig. 4, black circles) indicates that the chemocline, i. e. the hydrogen sulphide
zone, has risen 50 m upwards.
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Knowledge of the dynamics and variability of SOL density boundaries makes
it possible to calculate the approximate position of anaerocontour boundaries over
the next 25 years. Analysis of hydrological data from the central part of the western
cyclonic circulation for 1957-2021 has shown that the upper boundary of the an-
aerocontour defined by isopycnic o; = 15.8 (O2 = 10 uM) was characterised by
a steady tendency to rise to the surface (Fig. 5). In 1959, the average position of
the upper boundary of the anaerocontour corresponded to a depth of 124 m.
In 1982, this contact zone rose to a depth of 91 m, i. e. almost 33 m higher (com-
pared to 1959), and at present, the upper SOL boundary in the center of the western
circulation is located at a depth of 79 m, which is almost 50 m higher than the level
observed in 1959. Calculations showed that the estimated shift of the upper SOL
boundary could be a further 9 m by 2050 (Fig. 5, dashed line).

Discussion

Trends in changes to the ecological properties of water masses

1. UBSWM. It has been established that at the end of the last century the winter
SST in the deep-sea zone was about 5.8°C, now its average value has risen almost
to 9°C (see Fig. 2). The SST growth rate in the BS is equal to about 0.6°C/10 years.
This is consistent with the data of the authors of [21] that the SST increase in 1982
and 2020 was 0.40 £ 0.21 and 0.71 + 0.19°C/10 years, respectively. Modelling [22]
showed that from 1980-1999 to 2080-2099, the SST would increase by a further
3.7°C. According to our calculations, in recent years, the salinity in the UBSWM
has started to increase: from 18.0-18.4 PSU? [8] to 18.61-18.8 PSU.

2. CIL. We confirm the information of E. V. Stanev et al. [15] that by 2019
warming caused the disappearance of the CIL. In the water layer between the mid-
dle of the seasonal thermocline and that of the pycnocline, main environmental pa-
rameters changed significantly (Figs. 1, 6). Between 1993 and 2023, temperature
changed from 6.0-7.8 to 9°C, salinity — from 18.0-19.0 to 18.8-20.4 PSU and
conditional density ot — from 14.0—14.8 to 14.3—15.8.

3. SOL. The rise of the Suboxic Layer to the surface has been a steady trend
over the last 60 years (Figs. 4, 6). Its upper boundary (c:= 15.8) in the deep sea
was at a depth of 115 m in 1957, rising to 85 m by 2021; its lower boundary
(o1 =16.2) was at a depth of 165 m in 1957, rising to 115 m by 2021.

4. IBSWM. The upper boundary of this water mass is the chemocline, from
which the hydrogen sulphide layer extends deep to the bottom. The results of
the present work (Fig. 6) indicate that during 60 years, the hydrogen sulphide layer
has risen approximately 50 m upwards.

Trends of major changes in the structure of biotopes

1. Surface film biotope (neuston [9]). Currently, the number of neuston cope-
pods of the family Pontellidae has decreased by 50-70%. Their occurrence has
decreased so much that they are listed in the Black Sea Red Book [10]. A further
increase in SST by almost 4°C [22] by the end of this century can not only lead to
a change in the taxonomic composition of traditional neuston species, but also af-
fect the biology of merohyponeuston organisms.
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Fig. 6. Changes in the structure of water masses, biotopes and vertical distri-
bution of zooplankton and fish aggregations at the lower boundary of the oxygen
layer in the central deep waters of the Black Sea in 1960-2020 (day-time, in sum-
mer) in the 30—160 m layer

2. UBSWM biotope (epibiota). The bulk of works on anthropogenic and
climatic changes in the BS ecosystem were published mainly on the basis of data
on changes in the biota of this layer [6, 11, 23, 24]. Therefore, we will only note
that under warming conditions over the last few decades, the UBSWM biota began
to change significantly due to the appearance of warm-water species and their in-
tentional or unintentional introduction. Now, more than 300 invasive species have
been recorded in the BS, the appearance of which has accelerated, especially
in recent years [25]. At first, 26 new invasive species were described [26], then
their number increased to 59. By 2009, 156 non-indigenous species had been de-
scribed, most of them from the Mediterranean [27]. In 2017, 261 invasive species
were described [28].

3. CIL biotope (bathybiota). An increase resulting in temperature values more
than 8°C leads to serious disturbances in the spawning phenology of moderately
cold-water fish species which start spawning in late September instead of Decem-
ber and finish in May. In recent years, the ontogenetic development cycle of
the sprat S. sprattus from egg to hatching has almost halved (from seven to two
to three days), and the average size of larvae at hatching and their transition to ex-
ternal feeding has decreased [29].

This is also obviously the case with other cold-water species. For example, it is
known that the development time of Calanus euxinus Hulsemann, 1991 is up to
66 days (from egg to adult) at 8°C, whereas at 18°C this period is almost halved
[30]. The compression of the habitat layer of this species due to deoxygenation of
the depths has resulted in the disruption of trophic relationships. In 1960-1970s,
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the habitat (volume of the environment occupied by the population [30]) of C. eux-
inus in summer occupied the entire thickness of the CIL water mass to a depth of
130 m, where 10 uM isooxygene was located [5], while the habitat of the Black
Sea sprat S. sprattus occupied only the upper CIL part to a depth of 100 m.
The Black Sea sprat feeds on copepods only during the day, either in the zone
where they migrate vertically or in the hypoxic zone where they gather near
the upper boundary of the Suboxic Layer.

The deeper the copepods concentration layer at the lower boundary of the an-
aerocontour, the fewer fish are able to descend into it to feed [12]. In the 1960—
1970s, the Black Sea sprat could intercept copepods only during their daily vertical
migrations (Fig. 6). In recent years, the entire population of C. euxinus (including
diapause individuals) throughout the deep-water zone of the BS is in the habitat
layer of the Black Sea sprat. The merger of their habitats 'V took place in 1985 (see
Fig. 4), which could cause a tenfold increase in sprat stocks at its maximum fat
content [31]. It was during these years that C. euxinus began to dominate the food
boli of these fish. In the near future, due to the disappearance of the CIL,
the amount of cold-water zooplankton in the central deep-water areas can decrease
significantly because such species as Oithona similis Claus, 1866 and Pseudo-
calanus elongatus (Brady, 1865) prefer temperatures below 8°C [31].

4. SOL biotope (anaerocontour). Shifts in the position of vertical boundaries of
this biotope are the main mediator of climatic changes in the BS ecosystem.
The results of the present study show that during the last decades, the upper
boundary of the anaerocontour with oxygen concentration of 0.2 ml/L and density
ot = 15.8 has risen by almost 40 m (see Fig. 4). It is estimated that the habitat of
plankton and fish can be reduced by a further 10 m in the deep sea by 2050 (see
Fig. 5).

5. IBSWM biotope. In the next 25 years, further rise of the hydrogen sulphide
zone to the surface by another 10 m can occur in the BS deep waters (see Fig. 5).
In the long term, this could lead to the release of anaerobic waters to the surface,
which could cause serious damage to the ecosystem, fisheries, recreational and
bioclimatic resources of the Black Sea coast.

Conclusion

Thus, the results of the present study have shown statistically significant shifts
in the structure of water masses and associated hydrobiont biotopes of the Black
Sea pelagic zone over the last decades. Habitat conditions for cold-water species
have become particularly complex in the CIL mixed with the surrounding warmer
waters under the influence of warming. It is likely that this water mass can reap-
pear under the influence of long-term hydrological cycles and cold-water organ-
isms will not disappear. The variability of the intensity of atmospheric circulation

D Beklemishev, K.V., 1969. [Ecology and Biogeography of the Pelagic Zone]. Moscow: Nauka,
291 p. (in Russian).
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over the North Atlantic, which affects the balance between the inflow of high-
salinity water masses from the Mediterranean Sea (averaging ~170 km® per year)
and river runoff into the sea (averaging ~370 km® per year), plays a huge role here.
This balance depends on the difference in levels between the seas, on currents, in-
cluding drift currents caused by wind action, and thus can also depend on atmos-
pheric circulation and climate change. Accordingly, the SOL represented by trans-
formed Mediterranean water is also related to climate change.

Changes in river runoff volumes are also one of the important consequences
of climatic change that determine the intensity of renewal of the CIL waters.
The number of baby fish, biomass and catches of the Black Sea sprat S. sprattus
were found to be in direct dependence on the dynamics of the runoff volumes of
the Danube and Dnieper rivers. Apparently, the increase in runoff leads to the re-
moval of large volumes of dissolved organic matter (especially in the area of
the north-western shelf), which ensures the development of phyto- and zooplank-
ton. This can create favourable conditions for feeding young pelagic fish species
or lead to hypereutrophication and extensive fish kill. It is shown that the increase
in the BS water temperature is likely to have an unfavourable effect on the repro-
duction and catches of cold-water predators, including sprat, whiting, horse macke-
rel and bottom benthophagous species such as halibut and mullet. The paper de-
scribes the process of the warming-induced disappearance of the CIL, which is
the habitat of the BS cold-water pelagic species. This process can serve as a pre-
cursor of large-scale ecological shifts in other regions of the World Ocean.
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Abstract

The paper uses oceanographic observations and climatic values at the grid 10’ x 15’ for
1950-2023 to investigate spatial distribution and seasonal course of the thermohaline
structure of Western Crimea shelf waters. In the cold season, the regional spatial thermal
structure had a pronounced zonal distribution with cold northern and warm southern parts.
During the spring—summer period, the relative location of warm/cold zones changed to
the meridional one. The regional haline structure was characterized by a saltier tongue
spreading from the open sea and separating brackish waters of the north-western shelf and
coastal waters. Over the greater part of the year, the coastal zone was colder and less saline
than the outer shelf part. The opposite distribution, when the coastal zone was warmer than
the outer shelf part, was observed in the surface layer in April-May and below the seasonal
thermocline in the summer—autumn period. Due to frequent upwelling events in summer,
salinity in the subsurface layers of the coastal zone from May to September becomes higher
than in the outer shelf part. In general, in terms of the thermohaline water structure,
the Western Crimea shelf is an intermediate zone between the north-western shelf and
the deep part of the Black Sea, the water exchange with which depends of the intensity of
the Rim Current and the Sevastopol anticyclonic eddy. Regional water masses or sub-types
of main Black Sea water masses were not identified in the study area.

Keywords: thermohaline structure, sea temperature, salinity, climate, shelf, coastal zone,
Western Crimea

Acknowledgments: The work was performed under state assignment of MHI RAS on topic
FNNN-2024-0014 “Fundamental studies of interaction processes in the sea-air system that
form the physical state variability of the marine environment at various spatial and temporal
scales”.

For citation: Lukashova, O.A. and Belokopytov, V.N., 2025. Thermohaline Structure of
Western Crimea Shelf Waters. Ecological Safety of Coastal and Shelf Zones of Sea, (2),
pp. 36-52.

© Lukashova O. A., Belokopytov V. N., 2025

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

36 Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2025



TepmoxanuHHasi CTPyKTYypa BoA meab(pa 3anagnoro Kpsima

O. A. Jlykamosa, B. H. bejiokonbiToB *

Mopckoii euopogpusuneckuii uncmumym PAH, Cesacmonons, Poccus
* e-mail: belokopytov.vn@mhi-ras.ru

AHHOTANHUSA

Ha ocHOBe paccuWTaHHOTO 1O TaHHBIM HAONFOICHUN KITMMATHICCKOTO MacCHBa TeMIlepa-
Typbl U coneHocT Ha cetke 10" x 15" qust 1950-2023 rr. paccMOTpeHbI IPOCTPAHCTBEHHOE
pacrpefieicHie W Ce30HHas M3MEHYMBOCTh TCPMOXAIMHHON CTPYKTYPHI BOJA Ienb(da
3amagaoro Kpemva. [IpocTpaHcTBeHHAs TepMUYecKast CTPYKTypa paiioHa B XOJIOTHEBIN TIepH-
O]l TO/Ia UMEET SIBHO BHIPAKEHHOE 30HAJILHOE PACIIPEEieHUE C XOJIOAHONW CEBEPHOM U TEIUION
FO)KHOI JacTsMu. B BeceHHe-TIeTHUIA TIEpHO] OTHOCUTEIBHOE PACTIONIOKEHHIE TEIUTBIX/X OO -
HBIX 0O0JIacTel M3MEHsIeTCS Ha MEpHIMOHaIbHOE. [l XaIMHHON CTPYKTYpHI BOJ paiioHa
XapaKTepHO HaJU4YKEe KJIMHA COJIEHBIX BOJA OTKPBITOrO MOpS, Pa3/elfiolIero pacipecHeH-
HBIC BOJBI MPUOPEKHON 30HBI M CEBEpPO-3amaaHoro menbda. [IpudpexHas 30Ha Ha TPOTH-
JKCHUU OOJIBINICH YacTH rojia sIBIISICTCS OoJiee XOTOJHON U PacIpEeCHEHHOMW, YeM MOpPHUCTAS
gacTh menbga. OO0paTHOE pacnpeieTicHre, KOria NpruoOpeXHasi 30Ha TEIUIee MOPUCTOHN Ya-
CTH Ienb(a, HaOIII0JaeTCs B IIOBEPXHOCTHOM CJIOC B arpesic — Mae, a TakKe B CII0e TITy0xe
CE30HHOI'0 TEPMOKJIMHA B JIETHE-OCEHHUM mepuoi. YacTble anBeJUIMHTU B JIETHUH CE30H
CIIOCOOCTBYIOT TOMY, YTO COJICHOCTh B TIOATIOBEPXHOCTHBIX CJIOSX TMPUOPESIKHON 30HEI ¢ Mast
0 CEHTSAOPHh CTAHOBUTCS BBIIIE, YEM B MOPUCTON 4yacTu menbda. B mienom mo xapakrepu-
CTHKaM TEPMOXAIIMHHON CTPYKTYpHI BOA mienab( 3amamHoro Kpeima sBiseTcs mpoMexy-
TOYHOU 30HOW MEXKIy CEBEpO-3amaJHbIM MeTb(hoM M TIyOOKOBOMHOW YacThio YepHOro
MOpsi, BOTOOOMEH C KOTOPOI 3aBHCUT OT MHTEHCHUBHOCTH OCHOBHOTO UepHOMOPCKOro Te-
yeHusi 1 CeBacTOMONIbCKOrO aHTHIMKIOHA. PernoHanbHbie BOIHBIE MAacChl WM TOJATHUIIBI
OCHOBHBIX YEPHOMOPCKHUX BOJHBIX MAacC B HCCJIElyeMOM pailoHe HE BBIJIEJICHBI.

KiroueBble ci10Ba: TepMOXalMHHAS CTPYKTYpa, TEMIEpaTypa BOJBI, COJICHOCTh, KIIMMAT,
ienbQ, npuoOpexHas 30Ha, 3anaaaeiii Kpsim

BnarogapHocTu: paboTa BBINONHEHa B paMKax TrocymapcTtBeHHoOro 3amanus OI'BYH
OUIT MI' no teme FNNN-2024-0014 «®DyHnamMeHTabHBIC HCCICIOBAHUS IPOIIECCOB
B3aUMOJICHCTBUS B CUCTEME OKeaH-aTMochepa, HOpMUPYIONUX U3MEHUYUBOCTH (DU3UUICCKO-
IO COCTOSIHHSI MOPCKOM CpeJibl Ha Pa3IMYHbIX MPOCTPAHCTBEHHO-BPEMEHHBIX MacIITa0ax».

Jdast uurupoBanusi: Jhykawosa O. A., benoxonvimos B. H. TepmoxanuHHas CTPYKTypa BOJI
menbga 3anagHoro Kpeima // Dkonoruyeckast 6e30MacHOCTh NPUOPEKHON U 1IeNb(OBOIM
30H Mopst. 2025. Ne 2. C. 36-52. EDN JFOUEO.

Introduction

The sea area adjacent to the city of Sevastopol and the western districts of
the Republic of Crimea constitutes a natural component of the region, playing
an important role in its economic development. Regional reference books high-
lighting climatic conditions and the current state of the environment, including
the thermohaline structure of the waters, are needed to solve applied problems.

General features of the hydrology of the area adjacent to the western coast
of Crimea are presented in varying degrees of detail in generalized works describ-
ing all shelf areas or the Black Sea as a whole [1-4] as well as in works 2.

D Vinogradov, K.A., Rozengurt, M.Sh. and Tolmazin, D.M., 1966. [Atlas of Hydrological Charac-
teristics of the North-Western Black Sea (for Fishery Purposes)]. Kiev: Naukova Dumka, 94 p.
(in Russian).
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In the above studies, the Western Crimea shelf was not distinguished as a discrete
region; rather, it was considered part of the extensive north-western shelf. Its prox-
imity to the deep-water segment of the Black Sea is noteworthy with respect to
the similarity of conditions.

The characteristics of various oceanographic phenomena and processes spe-
cific to the area have been addressed in works ¥ % [6-12]. Much research is devot-
ed to the circulation of waters of the north-western shelf in general and the Sevas-
topol anticyclonic eddy in particular (e. g., works?'® as well as [2-4, 13-21]).
The advection of waters affects the thermohaline structure significantly, especially
at the boundaries of areas with different hydrological structure of waters.

The regional description of the seasonal variability of the thermohaline structure
of waters related to this area was published more than 20 years ago on the basis of
archival data available at that time and was limited to the Sevastopol seaside [12].

The aim of the work is to describe the seasonal variability of the thermohaline
structure of Western Crimea shelf waters based on the observation data for 1950
2023 with an assessment of the main differences between the open and coastal
parts of the study area.

Materials and methods of study

The shelf area adjacent to the western coast of Crimea is one of the areas of
the Black Sea with a fairly high availability of oceanographic data. In total, the data
bank of Marine Hydrophysical Institute of RAS includes 37,046 oceanographic sta-
tions (1460 sets/cruises) made in the study area (44° 20'-45° 30’ N, 32°-33° 35' E)
in 1910-2023% (Fig. 1). The 1950-2023 period covering two World Climate
Organization climate periods was chosen for the calculation of climate values
(10,673 stations) (Fig. 2).

Climatic estimates of temperature and salinity were calculated based on dec-
ade profiles from the thermohaline field reanalysis array, which are interpolated
values of primary measurements at the regular grid 10’ x 15’ using the methodolo-
gy described in [22]. The relative degree of coverage of the study area with inter-
polated values reached 90% in 1960-1980, 20% in 1995-2015 and 40% after 2016.
For 1950-2023, monthly temperature and salinity values at grid nodes were calcu-
lated and taken as climatic normals.

2 Nelepo, B.A., ed., 1984. [Variability of Hydrophysical Fields of the Black Sea]. Leningrad: Gidro-
meteoizdat, 240 p. (in Russian).

3 llyin, Yu.P. and Grishin, G.A., 1988. [The Summer Spreading of the North-Western Black Sea and
the Possibility of its Control by Satellite Video Data]. In: Vasiliev, L.N., 1988. [Geographic Inter-
pretation of Aerospace Data]. Moscow: Nauka, pp. 119-125 (in Russian).

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

% Bolshakov, V.S., 1970. [Transformation of River Waters in the Black Sea]. Kiev: Naukova Dumka,
328 p. (in Russian).

8 Godin, E.A., Belokopytov, V.N., Ingerov, A.V., Plastun, T.V., Galkovskaya, L.K., Kasianenko, T.E.,
Zhuk, E.V. and lsaeva, E.A., 2019. The Black Sea: Hydrology. 2018 [Database]. Moscow. State
Registration No. 2019621008 (in Russian).
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Fig. 1. Location of oceanographic casts in the shelf area near the Western
Crimea coast in 1910-2023 and number of stations in 20" x 30" squares
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Fig. 2. Time-series of monthly number of oceanographic stations in the study area
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Results and discussion

Water temperature

The seasonal course of the vertical thermal structure of the waters in the study
area is generally characteristic of the Black Sea. From January to March, the water
temperature remains consistent throughout the layer. From May to August, a sharp
thermocline develops, and the frequency of occurrence of the upper mixed layer
during this period of the year is minimal. A phase delay of the seasonal cycle is
observed with depth (Figs. 3, 4).

To separate the open and coastal segments of the shelf, an isobath of 50 m was
adopted. From January to April, the coastal zone in the entire layer is colder than
the rest of the shelf; the difference in temperature between the waters of the coastal
zone and the outer shelf part reaches 0.8°C and does not change sign with depth
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Fig. 3. Climatic monthly vertical temperature profiles in the South-
Western Crimea shelf area: in the outer shelf part (a), in the coastal
zone (b). Digits stand for month numbers

40 Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2025



20 —|
C)
O.., 15 —
. |
10 —
5 I \ \ I I I \ I T I \
1 3 4 5 6 7 8 9 10 M1 12
Months

Fig. 4. Climatic seasonal course of water temperature
in the Western Crimea shelf area at different depths.
Dashed lines denote temperature values in the coastal
zone (depth <50 m), solid lines are those in the outer
shelf

Fig. 5. Differences of climatic monthly temperature between the coastal
zone and the Western Crimea outer shelf. Dashed lines denote months when
the difference in values changes its sign with depth, solid lines are months
without changes. Digits stand for month numbers
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(Fig. 5). During the rest of the year, the temperature of coastal waters in the surface
layer is generally lower than in the outer shelf part (AT < 0.6°C) and it is higher
in the layer below the thermocline (AT < 0.9°C) (Fig. 5).

The spatial thermal structure of the area as a whole has a clearly pronounced
zonal distribution with cold northern and warm southern parts. With depth,
the southern direction of temperature growth changes to the south-eastern direction
due to the influence of cold bottom waters of the north-western shelf (Fig. 6).

During the annual cycle, the spatial ratio of warm and cold areas in the tem-
perature field changes (Fig. 7). The greatest deviation from the mean annual distri-
bution in the surface layer is observed in April and May, when the entire coastal
zone is on average 0.3-0.4°C warmer than the open part, and in summer, when
coastal waters, on the contrary, are 0.2°C colder. This is due to the fact that under
the conditions of spring warming and low winds, the coastal zone warms up faster
than the open shelf part, and in summer the influence of surges and upwelling
events in the coastal zone is most pronounced. From September to March, the ther-
mal field corresponds to the yearly distribution, with the zonal contrast in water
temperature being minimal in September.

The geographical position of the Western Crimea shelf between the deep sea
and the north-western shelf implies the possibility of advection of cold intermedi-
ate layer (CIL) waters from these areas. The results of individual oceanographic
measurements showed signs of penetration of the CIL waters into the study area
from both northern and southern directions. As for the climatic distribution of wa-
ter temperature and salinity, it can be concluded that the CIL near the Western

45.2°—

45°—

44.8°

44.6°—

I I I I I I
32.5° 33° 33.5°E 32.5° 332 33.5°E

Fig. 6. Climatic yearly water temperature fields in the Western Crimea shelf, °C,
at depths of 0 and 50 m
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Fig. 7. Generalized types of spatial water temperature distribu-
tion in the surface layer of the Western Crimea shelf by deviations
from the region area averaged value. Key: “+” — positive anoma-
lies, “~ negative anomalies

Crimea coast is formed mainly on the north-western shelf. Previously, high-
resolution winter—spring surveys near the continental slope of the north-western
shelf showed that advection of bottom waters into the deep sea occurred mainly
in the area between 30° and 32° E. The climatic monthly values of water temper-
ature on the central meridional section of the study area along 32° 45’ E (Fig. 8)
show clearly that the sliding of cooled waters towards the open sea also occurs
near the Crimean coast.
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Fig. 8. Climatic monthly water temperature in the Western Crimea shelf
along the 32° 45’ E section

Salinity

The annual course of the vertical structure of salinity in the study area (Fig. 9)
is conventionally divided into two seasons. From November to May, weak haline
stratification in the 0—70 m layer is almost the same as in the deep Black Sea.
In June-October, vertical salinity gradients increase and the stratification of the area
is intermediate between the north-western shelf with highly stratified waters and
the deep sea.

For most of the year, the coastal zone (up to 50 m depth) is more brackish
in the entire water column than the rest of the shelf (Fig. 10). From May to Sep-
tember, salinity in the subsurface layer of the coastal part is higher than in the outer
part, which is connected with intensification of vertical mixing during upwelling
events.

44 Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2025



S, psu

176 178 18 182 184 186  18.8 19 192 194
I L | L L L L 1 L L L L I L |
o 987 6 511 2
] 3
10 - ¥,
i QA

20 — \

30 | \
£ 40
i< T a
= 50 —
[0 4
0 60

70 |

80 |

90 |

100 -

17.6 17.8 18 18.2 18.4 18.6 18.8 19 S:Psu
L | 1 [ ! 1 1 1 |

0 _

10 -
€
‘é 20 4
o
O 30 b
o)

40

50 -

Fig. 9. Climatic monthly vertical salinity profiles in the Western
Crimea shelf area: in the outer shelf part (a), in the coastal zone
(b). Digits stand for calendar month numbers

The seasonal course of salinity at different horizons in the study area and in many
other areas of the Black Sea differs significantly (Fig. 11). The salinity minimum
in the surface layer of this area is shifted to early autumn, whereas in the rest of
the Black Sea, the minimum is observed in spring and summer. On the Western
Crimea shelf, in the 50-100 m layer, the salinity minimum is reached in April, with
its maximum in October, which is also not typical for the sea as a whole. This is
largely determined by the seasonal dynamics of the Sevastopol anticyclonic eddy
which affects water exchange of the study area with the Rim Current and the north-
western shelf.

The spatial haline structure of the area waters (Fig. 12) is characterized by
the presence of a saltier tongue coming from the open sea and separating the brack-
ish waters of the north-western shelf and the coastal zone. The spatial orientation of
the saline water area does not change much with depth.
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Fig. 11. Climatic seasonal course of salinity in the West-
ern Crimea shelf area at different depths. Dashed lines
denote values in the coastal zone (depth <50 m), solid lines
are those in the outer shelf
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The most significant deviations of salinity from the spatial pattern of yearly dis-
tribution (Fig. 13) occur in summer when salinity increases in the surface layer of
the coastal zone under low water conditions in small rivers of Crimea, surge and
upwelling events.

March - June,
October — February July — September

T
325° 33° 335°E

Fig. 13. Generalized types of spatial salinity distribution
in the surface layer of the Western Crimea shelf by deviations
from the region area averaged value. Key: “+” — positive anoma-
lies, “~ negative anomalies
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T,S indices

Monthly T,S curves are qualitatively consistent with the distribution of water
masses in most areas of the Black Sea (Fig. 14). Seasonal course of T,S indices
(Fig. 15) reflects patterns common to the basin. In the surface layer, during the
transition from winter-spring to summer-autumn period, the increase in water tem-
perature is accompanied by a decrease in salinity. In the CIL, seasonal changes are
characterized by a joint increase in water temperature and salinity from winter to
summer. In the main pycnocline, the seasonal cycle is qualitatively similar to that
of the surface layer but with a larger amplitude of salinity fluctuations and a much
smaller amplitude of temperature. Characteristic loops on T,S trajectories arising
from relative phase shifts between seasonal cycles of temperature and salinity are
related to different ratios of contributions of heat, water balance and intensity of
vertical mixing of waters.

Fig. 14. Climatic monthly T,S curves in the Western
Crimea shelf. Dotted lines denote values in the coastal
zone (depth <50 m), solid lines are those in the outer
shelf. Digits stand for calendar month numbers
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Conclusion

On the basis of oceanographic observations for 1950-2023, climatic monthly
values of temperature and salinity were calculated at the grid 10’ X 15" and the sea-
sonal variability of the thermohaline structure of the Western Crimean shelf waters
was analysed.

In the cold season, the regional spatial thermal structure of the area has a pro-
nounced zonal distribution with cold northern and warm southern parts. During
the spring—summer period, the relative location of warm/cold zones changes to
the meridional one. The CIL near the Western Crimea coast is formed in winter
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on the northwestern shelf. In summer, when the general water circulation weakens,
the CIL waters can also penetrate to the study area from the deep sea.

The regional haline structure was characterized by a saltier tongue spreading
from the open sea and separating brackish waters of the north-western shelf and
coastal waters. In the seasonal course of salinity on the Western Crimea shelf,
in contrast to its seasonal course in other areas of the Black Sea, the minimum of
salinity in the surface layer was observed in early autumn, which is associated with
regional water circulation.

Over the greater part of the year, the coastal zone is colder and less saline
than the outer shelf part. The surface layer in the coastal zone under intensive
heating and weak winds is warmer than in the outer part of the shelf in April and
May and below the seasonal thermocline in the summer—autumn period due to
less heat exchange with the CIL. Due to frequent upwelling events in summer, sa-
linity in the subsurface layers of the coastal zone from May to September becomes
higher than in the outer shelf part.

In general, in terms of the thermohaline water structure, the Western Crimea
shelf is an intermediate zone between the north-western shelf and the deep part of
the Black Sea, the water exchange with which depends of the intensity of the Rim
Current and the Sevastopol anticyclonic eddy. Regional water masses or sub-types
of main Black Sea water masses were not identified in the study area.
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Abstract

The study is aimed to identify the average for the 12-year monitoring period characteristics
of the wind field seasonal variability from measurements with high temporal discreteness.
This increased the accuracy of wind characteristic meters during synchronous studies
of near-water wind and coastal current variations near the Southern Coast of Crimea.
The mean annual characteristics of the coastal wind in the near-water layer of the atmo-
sphere and their seasonal variability were identified by analysing the materials of the data-
base of in situ measurements made in 2012—-2023 during a complex experiment from the sta-
tionary oceanographic platform offshore at Cape Kikineiz. The selected wind characteristics
near the coast were compared with the known climate wind characteristics in the region.
In the seasonal range of spectral characteristics variability, wind fluctuations at periods
of seasonal harmonics I-1V and VI were identified. The energy peak of fluctuations at sea-
sonal harmonic VI was statistically significant both in the wind spectra and coastal current.
In the other parts of the spectra, significant differences in the energy distributions of sea-
sonal atmospheric and hydrospheric variations were obvious. Synchronous time series of
vector characteristics of coastal wind and current variability were processed using identical
information technology. In the intra-annual range of wind variability, we revealed the con-
tribution of the monsoon component as well as seasonal fluctuations of the coastal wind
directed along the mountain ridge slope. The range of variability of the studied wind char-
acteristics at sea near Cape Kikineiz was obviously consistent with the characteristics of
the regional wind field on land, identified at meteorological stations of the Southern Coast
of Crimea. The presented results are necessary for comprehensive studies of the interannual
variability of the regional wind field in order to assess statistical relationships with certain
variability of the coastal current.
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OueHka XapaKTepHUCTHK Ce30HHOM U3MEHYUBOCTH
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AHHOTAIIUSA

Lenbro nccaenoBaHus SBISETCS BBIIENCHAE CPEIHUX 3a 12-JI€THUIT epro MOHUTOPHHTA
XapaKTePUCTUK CE30HHOM M3MEHUYMBOCTH ITOJISI BETPA IO JTAHHBIM W3MEPEHUI C BBHICOKOW
BPEMEHHOW JTUCKPETHOCTHIO, YTO 00ECIICUMIIO TIOBBIIIEHHE TOYHOCTH U3MEpHTENeil Xapak-
TEPUCTUK BETpa MPHU CHHXPOHHBIX MCCIEAOBAHUAX KoJieOaHWH MPUBOIHOIO BETpPa U NPH-
Opexxnoro teueHusi y FOxxHoro Oepera Kpwima. CpenHeMHOroneTHHE XapaKTEpUCTHUKU
MPUOPEXKHOT0 BETPa B MPHUBOIHOM ciioe aTMOC(ephl U UX CE30HHAsh M3MEHYMBOCTDH BBIZIE-
JICHBI ITyTEM aHallu3a MaTepHajoB 0a3bl JAHHBIX KOHTAKTHBIX M3MEPEHHM, BBITOJIHEHHBIX
B 20122023 rr. npu NpoBEAEHUH KOMILIEKCHOT'O SKCIIEPUMEHTa CO CTallMOHApHOM OKkea-
Horpaduueckoli mathopmsl B Mope y M. KuknHens. BeineneHHble XapaKTepUCTHKN BETpa
y OOEPEXbsl COMOCTABIICHbI C W3BECTHBIMH KIMMATHUECKHMHU XapaKTEPUCTHKaMHU BeTpa
B peruoHe. B ce30HHOM jnana3oHe U3MEHYHMBOCTH CIIEKTPAJIbHBIX XapaKTEPUCTUK BbIEIIC-
HbI KoyieOaHus BeTpa Ha nepuonax [-IV u VI ce30HHBIX rapMOHUK. DHEPreTHYEeCKUil MUK
kojebannii Ha VI ce30HHON rapMOHUKE CTATHCTHYECKH JIOCTOBEPHO BBIPAKEH OJTHOBpE-
MEHHO B CIIEKTPaxX BETpa U MPUOPEXKHOro TeueHus. Ha npyrux yyactkax CreKTpoB OYEBHIHBI
CYIIECTBEHHbIE PA3JIMUUsl B PACIPEACICHHUH YHEPIrHU CE30HHBIX aTMOC(EPHBIX U THIPO-
chepHbix konedanuii. CUHXPOHHbIE BPEMEHHBIE PSIbl BEKTOPHBIX XapaKTEPHUCTHK H3MEH-
YHBOCTH MPUOPEKHOIO BETpa U TeUCHUs] 00paboTaHbl B paMKax MICHTHYHOM MH(pOpMAIH-
OHHOM TexHonoruu. Bo BHYTpHUrogoBOM [IHana3oHe W3MEHYMBOCTH BETpa BBIACIECH BKIA[
MYCCOHHOM COCTaBIIAIOIIEH, a TaKKe CE30HHBIE KOJIeOaHNs MPUOPEKHOTO BETpa, HAIPaBICH-
HBIE BJOJb CKJIOHA TOpPHOro XpeOra. O4eBHIHO COOTBETCTBHE AMANa30Ha M3MEHYHUBOCTH
HCCIIelyeMbIX XapaKTepUCTUK BeTpa B Mope y M. KukuHen3 1 XapakTepUCTHK pPeruoHab-
HOTO IOJIs BeTpa Ha Cyllle, BBIAEICHHBIX Ha MeTeocTaHIuAX HOxHoro Gepera Kpeima.
IpencraBneHHble pe3yabTaThl HEOOXOMUMBI Il KOMIUIEKCHBIX HCCIICIOBAaHUM MEXIOm0-
BOH M3MEHYHMBOCTH PETMOHAIBHOrO IO BETpa B LEIAX OLECHKH CTATHCTUYECKHX CBS3eH
C OIpeAeNICHHON N3MEHYUBOCTHIO IPHOPEKHOIO TCUCHUS.

KnroueBble c10Ba: KOHTaKTHBIE H3MEPEHUS, MOJIE BETPa, CE30HHbIE KOIeOaHus, SHepreTH-
yeckuit criektp, FOxubIit 6eper Kpeima, UepHoe mope
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BuaaronapHocTu: paborta BBIIIONHEHA B paMKax rocyaapcrsenHoro 3aganust PI'bYH OUL]
MI'U no Temam FNNN-2024-0016 «VccnenoBanue mpoCTpaHCTBEHHO-BPEMEHHON H3MEH-
YMBOCTH OKEaHOJIOTMYECKUX TPOLIECCOB B OEperoBoil, mpuOpe:xHON U IIeNb(OBOH 30HAX
UepHOro Mopsi MOA BO3JICHCTBHEM INPHUPOIHBIX W AHTPOIOTEHHBIX (PaKTOPOB Ha OCHOBE
KOHTaKTHBIX M3MEPEHUI W MaTeMaTHdeckoro momenupoBanms u FNNN-2024-0014 «Dyn-
JaMEHTAJIbHBIC MCCIICIOBAHUS TPOIIECCOB B3aMMOACHCTBHS B CHCTEME OKeaH-aTMocdepa,
(opMHUpYIOIUX W3MEHYMBOCTh (PU3NYECKOI'O COCTOSIHHSI MOPCKOW Cpelbl Ha pPas3iIMIHbIX
MIPOCTPAHCTBEHHO-BPEMEHHBIX MacIITabax».

Mo uutupoBanus: Kysneyos A. C., apmawos A. B. OnieHKa XapakTepHCTHK CE30HHOM
M3MEHYMBOCTH 1oy BeTpa y HOxuoro Oepera KppiMa 1mo gaHHBIM M3MEpeHHi ¢ BHICOKOU
BPEMEHHOU JMCKPETHOCTHIO // DKoJormyeckas 0e30macHOCTh NPHOPEKHON U menb(oBoi
30H Mopst. 2025. Ne 2. C. 53-66. EDN EYFFWQ.

Introduction

Experimental studies of wind variability in the near-water layer of the atmos-
phere and its influence on the water circulation of the coastal water area near Cape
Kikineiz on the Southern Coast of Crimea (SCC) were initiated in 1929 [1-5]
and are ongoing to the present day [6-8]. Concurrently, a sophisticated array of
contributions from multi-scale variability to the configuration of the coastal wind
field is examined. This involves the conversion of regional baric conditions by
the orography of the adjacent mountain massif, the monsoon effect and local winds
of thermal origin.

Earlier, based on the analysis of experimental data, the contribution of breeze
circulation and slope winds was identified and quantitative estimations of the inter-
seasonal differences in the spectral characteristics of the wind daily variability
in the coastal zone of the SCC on land and at sea were presented [6, 7]. The varia-
bility of wind conditions near the coast causes rearrangement of the structure of
the coastal current [1, 4]. In case of obvious dominance of the contribution of
intensive hydrodynamic disturbances formed near the coast, the phenomenon of
bimodal modulation of the longshore water flow direction appears in the quasi-
stationary flow near the SCC [1, 5], the genesis of which was studied in [7, 8].
The present study investigates a set of multi-scale coastal wind fluctuations [7],
which form the wind field in the near-water layer of the atmosphere, on the basis of
experimental data.

The aim of the present study is to investigate the 12-year average characteris-
tics of seasonal variability of the wind field in the coastal zone near the SCC
as well as to identify regularities and structural features in the energy spectra of
seasonal fluctuations of the near-water wind and coastal current near Cape Kikineiz
in order to estimate statistical relationships.

Materials and methods of study

In situ measurements of wind field characteristics were carried out on the sta-
tionary oceanographic platform of the Black Sea Hydrophysical Subsatellite
Polygon (BSHSP) of Marine Hydrophysical Institute (MHI) of RAS in Blue Bay
near Cape Kikineiz at a distance of ~500 m from the shore [6, 7]. The region-adap-
ted system of MHI BSHSP hydrometeorological monitoring includes a hardware
complex of every-second measurements of wind field characteristics in the sea
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by three sets of meters simultaneously installed compactly on the mast of the ocean-
ographic platform at the height of the place 18 m above sea level. Two sets of
anemorumbometers M-63 as part of meteorological complex MHI-6503 [9] and
a set of wind speed and direction modulus meters SWS as part of the CSCD
complex [10] were used. The measurement results were recorded on autonomous
data storage devices and in the operational mode. They were also transmitted via
radio communication channel from the platform to the onshore working station.
The velocity values were adjusted to a standard observation height of 10 m [11]
for the conditions of a logarithmic sublayer of the near-water wind. According to
the results of [12], the values of the sea surface roughness parameter near the ocean-
ographic platform were determined within the range of 10-10° m. Wind speed
correction was performed at an average value of the sea surface roughness parame-
ter equal to 5-10°* m.

Based on the results of instrumental monitoring, annually updated database
of wind characteristics in the near-water layer of the atmosphere near Cape Kikineiz,
SCC, was formed. The initial database array generated for the period 20122023
contains 105,192 hourly average wind vector values, where each hourly average
value is calculated by vector averaging of the hourly wind vector component values.
Quality control of wind characteristics measurements is carried out regularly by
comparing a set of statistical and spectral indices of certified primary measuring
transducers that have passed metrological certification in accordance with the es-
tablished procedure, which, with a certain redundancy of information, made it pos-
sible to exclude the contribution of faulty values and significant systematic errors
of measurements from temporal realizations. From the initial array, 4 383 pairs of
daily average wind vector components were formed by vector averaging with ran-
dom error of the velocity modulus measurements not exceeding 0.1 m/s and wind
direction 3° [7].

Arrays of vector data of wind characteristics measurements are processed
according to the technique developed on the basis of standard methods of mathe-
matical statistics, spectral analysis and digital filtering including centering of vector
series. The centering algorithm contains the procedure of vector subtraction of
the average vector components from the current values of the vector series compo-
nents. The spectral analysis of wind circulation variability was performed within
the framework of the filter estimation of the full energy spectrum of fluctuations
through periodogram smoothing based on the software developed by MHI [6-8].
To minimize the contribution of distortions arising in calculations of the spectral
characteristics of the wind field seasonal variability, the contribution of intense
fluctuations with periods from one day to three weeks was excluded in the initial
vector data array by digital filtering. The structure of wind fluctuations in the speci-
fied range of variability was studied in [7].

1) Kuznetsov, A.S., Garmashov, A.V. and Zima, V.V., 2023. Database for Wind Characteristics
Monitoring for the Black Sea Coastal Ecotone at Cape Kikineiz of the Southern Coast of Crimea
for 2013-2022 [Database]. Moscow. State Registration No. 2023622482 (in Russian).
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The analysis of the structure of multi-scale variability of the wind field charac-
teristics presented in [7] made it possible to optimize the order of application of
the processing methodology in the formation of the corresponding arrays for the study
of the wind field seasonal variability. The monthly averages of the wind field char-
acteristics were used to estimate the 12-year average characteristics of the wind
field, from which the spectral characteristics of the seasonal harmonics of wind
fluctuations were also calculated 2.

The regularities of spatial and temporal variability of wind conditions are in-
vestigated on the basis of special processing of the generated data sets for the spec-
ified 12-year measurement period. For this purpose, the procedure of selective data
filtering is applied to the initial time series. The set of parameters of the data se-
quential filtering (smoothing) is determined by the choice of the range of the wind
field variability under study. After selecting the range of variability under study
and its corresponding filtering parameters, the energy spectrum and empirical
probability density functions of the wind direction distribution calculated after
the data filtering procedure are further calculated. Thus, in [7], the daily range of wind
variability was studied and its corresponding filtering parameters were selected.
After exclusion of intense wind fluctuations with a period of ~1 day from the initial
energy spectrum, the direction of ~355° actually disappears in the initial empirical
probability density function of wind direction distribution in the total wind contri-
bution. By excluding the contribution of daily wind fluctuations from the time
series, the general direction of local winds with a daily fluctuation period was de-
termined. Other ranges of coastal wind variability including the seasonal range are
sequentially investigated in the same way. The sequential filtering procedure used
earlier in [13] for investigations of large-scale characteristics of the current field is
applied in this processing.

Results and discussion

Within the framework of using a non-standard technique for processing vec-
tor-averaged series of wind variability, the following results of investigations of
the average wind characteristics for a 12-year period of measurements, spectral
characteristics of its seasonal variability as well as spatial and temporal structure of
fluctuations of the near-water wind field were obtained.

Average for the 12-year period characteristics of wind. The average charac-
teristics of the north-northeasterly wind (~25°) at a speed of ~1.5 m/s are high-
lighted for the 2012-2023 measurement period and coincide with the estimates
obtained earlier in [7]. The indicated average wind characteristics are compared
with the known regime (climatic) wind characteristics in the region. It is stated
in [3] that northeasterly winds prevail at Cape Kikineiz during the cold period
of the year. The characteristics of large-scale variability of the wind field were

2 Monin, A.S., Kamenkovich, V.M. and Kort, V.G., 1977. Variability of the Ocean. London: John
Wiley & Sons Ltd., 241 p.
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previously determined by analyzing the materials of standard meteorological ob-
servations, archival data and results of expedition studies. The identified estimates
of the indicated mean wind characteristics agree with the values of the direction of
the climatic wind field in the Black Sea region presented in work 2 where the prev-
alence of the northern quarter winds in the SCC during the entire annual cycle is
noted. Characteristics of the typical near-water wind field near the northern Black
Sea coast obtained by analyzing synoptic maps  as well as results of previously
published generalizations ® are consistent with the climatic characteristics of the
SCCwind field presented in work ®. The results obtained by the non-standard metho-
dology differ from the results obtained by the standard approach traditionally used
in meteorology. Thus, if the direction of the average for 12-year period of wind
measurements corresponds to the courses of the highest climatic wind frequency,
the wind speeds are significantly lower than the usual standard estimations for the
region. It is well-known that northerly winds make a particularly significant
contribution to the climate in the highlands adjacent to the coast, including Babugan-
Yayla and Ai-Petri, during the cold season ®. According to meteorological obser-
vations in Balaklava, Yalta, Gurzuf, Alushta and Sudak, winds of northern direc-
tion prevail clearly on the SCC at this time ®. During the cold period of the year, the
contribution of local winds to the total coastal wind field decreases, which helps to
refine the characteristics of the regional wind field. The results of modern
calculations of climatic and seasonal characteristics of wind field variability in the
Black Sea region obtained on the basis of numerical reanalyses of atmospheric
circulation [14-16] demonstrate that winds of northern directions are pronounced
near the SCC during the entire annual cycle. The results of multi-scale modelling
studies of circulation in the atmospheric boundary layer, including local winds,
mesoscale and synoptic processes [14-18], were used earlier for comparison in [6, 7].

Spectral characteristics of wind seasonal variability. In this study, the charac-
teristics of seasonal wind variability are investigated based on the results of sta-
tistical and spectral analyses of field data obtained from instrumental monitoring
of wind field variability for 2012-2023.

3 Prikhotko, G.F., Tkachenko, A.V. and Babichenko, V.N., 1967. [Climate of Ukraine]. Leningrad:
Gidrometeoizdat, 413 p. (in Russian).

4 Chernyakova, A.P., 1965. Typical Wind Fields of the Black Sea. In: MGMO ChAM, 1965. [Collec-
tion of Works of the Basin Hydrometeorological Observatory of the Black and Azov Seas]. Lenin-
grad: Gidrometeoizdat. Iss. 3, pp. 78-121 (in Russian).

% Penuygalov, A.V., 1930. [Climate of Crimea: A Record of Climate Zoning]. Simferopol: Krymgos-
izdat, 178 p. Materials on Water Sector of Crimea. Iss. 6. (in Russian).

8 Zats, V.I., Lukianenko, O.Ya. and Yatsevich, G.V., 1966. [Hydrometeorological Regime of the Southern
Coast of Crimea]. Leningrad: Gidrometeoizdat, 120 p. (in Russian).

) Logvinova, K.T. and Barabash, M.B., eds., 1982. [Climate and Dangerous Hydrometeorological
Events of Crimea]. Leningrad: Gidrometeoizdat, 318 p. (in Russian).

58 Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2025



As is known, the variability of atmospheric circulation in the Black Sea region
is partly connected with the peculiarities of the mechanism of intra-annual devel-
opment of the monsoon circulation. During the cold period of the year (Novem-
ber—April), local wind speeds near the SCC decrease significantly in the diurnal
range of variability compared to the period of intensive breeze circulation (May—
October) but at the same time, the intensity of wind fluctuations increases signif-
icantly in the range of periods from several days to three weeks [7]. The intensive
contribution of multi-scale atmospheric fluctuations distorts constantly the charac-
teristics of the regional wind field during the entire annual cycle. To obtain reliable
estimates of the seasonal wind variability, a set of vector-averaged time series was
formed, based on which the contribution of intense multi-scale winds was consist-
ently excluded.

The full energy spectrum of seasonal wind fluctuations was calculated from
the data of the monthly average series. In the energy density distribution spectrum,
reliable energy maxima of wind fluctuations at the annual period and seasonal
harmonics are highlighted. It is important to note that, at a certain stage of the spec-
tral processing, the total energy contribution of intense wind fluctuations at periods
Il and IV of seasonal harmonics is concentrated in the form of a single spectral
peak at a period of ~100 days, which is shown in Fig. 1, a with a red line.

During the integrated research on the MHI BSHSP stationary oceanographic
platform, instrumental measurements of the coastal current characteristics from
the surface to the bottom layer are carried out along with monitoring of the wind
field characteristics [7, 8]. To compare, Fig. 1, b shows average annual full energy
spectrum of seasonal fluctuations of surface flow at the hydrological horizon of
5 m. In the current spectrum, reliable energy maxima of fluctuations at the annual
(1) period, seasonal harmonics Il and VI are highlighted. When comparing syn-
chronously measured characteristics of seasonal wind and current variations, it was
found that the spectral peak of variations at seasonal harmonic VI at the period of
~64 days is statistically reliably expressed in the spectrum of wind and coastal cur-
rent. Other spectral sections revealed structural differences in the energy distribu-
tion of atmospheric and hydrospheric fluctuations. The spectral peak of the current
variations near seasonal harmonic Il is expressed weakly (Fig. 1, a) in contrast to
the corresponding peak of intense wind fluctuations (Fig. 1, b). The energy peak of
surface current variations near seasonal harmonic Il is weakly pronounced and is
highlighted in the area of the fluctuation energy decline with the main annual har-
monic. The results of the spectral analysis of the seasonal variability of wind and
current make it possible to further estimate statistical relationships and patterns of
energy interaction between wind and current in the coastal sea zone.

Regularities of intra-annual variability of the 12-year average wind characte-
ristic. The regularities of variability of the indicated wind characteristic were iden-
tified by processing monthly averages of wind field components averaged over
a 12-year period of measurements. To minimize the contribution of intensive sea-
sonal fluctuations in the range of periods of seasonal harmonics 111-VI, the proce-
dure of vector averaging (smoothing) of initial implementation was performed and
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Fig. 1. Average for the 12-year measurement period full
energy spectra of seasonal variability of: a — wind at the near-
water layer of atmosphere with an additional fragment of spec-
tral peak (red line); b — current in the near-surface sea layer
at corresponding 95% confidence intervals (I-V1 are the num-
bers of seasonal harmonics of fluctuations)

then procedure for centering a smoothed annual average series of monthly wind
variability data. The results of processing are presented below. In the process,
the monthly mean values of the wind speed and wind direction modulus for each
year were sequentially vector-averaged monthly over the entire 12-year measure-
ment cycle. Fig. 2, a shows the initial time series of monthly mean values of the wind
vector formed in such a way, where maximum values of the monthly average wind
speed modulus ~2.5 m/s are identified in October, and minimum values ~0.8 m/s —
in June. As it follows from Fig. 2, a, the intra-annual variability of mean wind
direction is dominated by northerly winds.

Fig. 2, b shows seasonal variation of the wind speed and direction modulus
when excluding from the initial realization the contribution of intensive wind fluc-
tuations in the range of periods of seasonal harmonics I11-VI. The variability of
the wind speed modulus time series (Fig. 2, b) shows the annual period of fluc-
tuation, where the 12-year average value of the wind speed modulus, equal to
~1.5 m/s, varies within £0.4 m/s, maximum values of wind speed modulus are
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Fig. 2. Average for the 12-year measurement period time sequences of intra-
annual variability of monthly mean wind vector components: a — original series;
b —smoothed series (red lines are vector-averaged for 12 years annual values of
corresponding vector components); ¢ — centered series (seasonal variability of
wind speed for each time series — top and directions — bottom); d — hodograph of
seasonal variability of centered wind vector (the numerals denote month number)

identified in November, minimum ones — in May. The value of the direction (~25°)
of the north-northeasterly wind varies within +5°. The maximum values of de-
viations of the wind direction to the east are identified in July — August and
to the west — in January — February.

Fig. 2, ¢ demonstrates specified time series of variability of mean monthly
variations of the modulus of speed and direction of the centered wind vector.
In the time series of variability of centered values of the wind speed modulus
(Fig. 2, c, top), the contribution of seasonal harmonic Il of the fluctuation is ex-
pressed, with the maximum values of the speed modulus of the centered wind
vector identified in May and November and the minimum values identified
in February and August. The time series of variability of the centered wind vector
direction (Fig. 2, ¢, bottom) shows the annual cycle of the vector reversal at 360°.
The regularities of monthly variability of the centered wind vector are clearly
demonstrated by the hodograph plotted in the right-hand orthogonal coordinate
system oriented to the north (Fig. 2, d). The hodograph is shaped like an ellipse,
with its major axis aligned with the mean annual wind direction, and a left-
handed reversal of the wind speed modulus during the annual cycle. The maxi-
mum value of the modulus of the centered wind vector velocity corresponds to
point 11 (November) and the minimum to point 5 (May). In both cases, the north-
northeasterly wind direction dominates.
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The relevance and physical meaning of in situ studies of energy-carrying fre-
guencies of seasonal fluctuations are defined in [19], where it is demonstrated,
on the basis of long-term remote satellite measurements of the Black Sea level var-
iability, that the main spectral maxima of sea level fluctuations at periods of sea-
sonal harmonics | and 1l are caused by corresponding seasonal changes of wind
characteristics in the region. The multi-year array of experimental data obtained
during the contact monitoring of wind characteristics makes it possible to continue
purposefully statistical studies of multi-year spatial and temporal patterns of inter-
annual wind variability in the coastal area of the sea near the SCC.

Regularities of spatial and temporal orientation of seasonal coastal wind fluc-
tuations near the SCC. The total wind field in the region is formed by the interac-
tion of the regional wind with local and local winds. The temporal scales of intense
variability of the total wind field in the near-water layer of the atmosphere near
Cape Kikineiz are known from the results of spectral analyses of long-term mete-
orological observations from the stationary oceanographic platform at the Black
Sea polygon [6, 7].

The composition of the empirical probability density function of the distribu-
tion of coastal wind directions (hereinafter referred to as the empirical function)
calculated in +5° angular segments on the basis of 105,192 hourly averaged data
was reliably investigated on the basis of a time series of data on the variability of
wind field directions near the coast® (Fig. 3, a). In the original empirical function,
the contribution of three main wind directions, east-northeasterly, west-southwes-
terly, and northerly, which have differences in their respective peak probability
density values, is evident.

To eliminate distortions introduced by the quasi-stationary average over
the 12-year measurement period of the north-northeasterly wind at a speed modu-
lus of 1.5 m/s, the initial series was centered. Fig. 3, b shows the results of the cen-
tering procedure, where the probability density of the contribution of the winds of
east-northeasterly (~75°) and west-southwesterly (~245°) directions has close
peaks. Then, following the processing algorithm, the contribution of wind fluctu-
ations at periods 1-3 days to the structure of the empirical function is investigat-
ed. Fig. 3, c demonstrates the results of this processing stage after digital filtering
of the centered time series, during which the contribution of wind fluctuations
at periods from 1 to 3 days was excluded. The probability density of the contribu-
tion of east-northeasterly and west-southwesterly winds has close peak values.

At the final stage of processing, after removing the contribution of intense
wind fluctuations at periods from 4 to 28 days by digital filtering, the contri-
bution of wind fluctuations only at periods of the specified seasonal harmon-
ics is present in the time series. Fig. 3, d demonstrates the final empirical
function calculated in this process where the value of the integral of the function
in the 75 + 90° range is ~49.6% and in the 245° + 90° range, it is ~50.4%.
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Fig. 3. Empirical probability density functions of the distribution of wind direc-
tions in the near-water atmosphere layer calculated for 2012-2023: a — from the initial
data; b — from centered data; ¢ — from centered data when excluding the contribution
of fluctuations in the range of periods up to three days; d — from centered data on
the fluctuations of seasonal harmonics

Based on the results of the presented processing, narrowly directed reciprocating
wind fluctuations of east-northeasterly and west-southwesterly directions oriented
along the southern slope of the Crimean Mountains ridge adjacent to the coast were
identified.

It was determined that in the vicinity of Cape Kikineiz, the spatial and
temporal configuration of longshore seasonal wind fluctuations was a permanent
feature of the near-water layer of the atmosphere. A comparable configuration of
longshore transport of air masses in the surface layer of the atmosphere on land
was identified at the meteorological stations of the Southern Coast of Crimea and
investigated in [6], in which discrepancies attributable to local features of the relief
were documented.

Based on the results of the studies of the seasonal variability of the coastal wind
near the SCC, it is possible to estimate the connection between the energy maxima
of seasonal wind fluctuations and certain physical processes in the Black Sea re-
gion. A significant contribution is made by the seasonal variability of the regional
wind field, which is related to seasonal changes in the large-scale atmospheric
circulation in the European region and the peculiarities of the mechanism of in-
tra-annual development of the monsoon circulation [4]. In [16], on the basis of
numerical modelling, the influence of the Crimean Mountains on the wind regime
of the region is noted and it is shown that under certain seasonal conditions,
the formation of longshore wind is possible and a mesoscale zone of its speed
perturbation is temporarily created. According to the presented empirical results
of the research, the quasi-stationary longshore air flow exists permanently, varying
in the ranges of mesoscale, synoptic and seasonal wind fluctuations. The excep-
tion is the range of daily wind fluctuations.
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The results obtained are necessary for investigations of statistical relations of
interannual variations of the Black Sea coastal current [20] with the corresponding
wind fluctuations in the near-water atmospheric boundary layer.

Conclusion

The information technology for long-term complex studies of variability of
wind conditions and water circulation in the sea near the coast with synchronous
measurements of vector characteristics with high temporal discreteness was
developed and applied. According to the results of analysis of data base materials
of instrumental monitoring carried out in 2012-2023 in the sea near Cape Kikineiz,
the regularities of seasonal variability of the coastal wind in the near-water layer of
the atmosphere near the SCC were identified. The empirical regularities of seasonal
fluctuations of the wind field highlighted in the present work permit us to draw the
following conclusion. The totality of seasonal, synoptic and mesoscale fluctuations
of the coastal wind in the near- water layer of the atmosphere has a pronounced
orientation of the air flow along the southern slope of the Crimean Mountains ridge
adjacent to the coast throughout the year. Intense local winds are oriented mainly
along the normal to the mountain slope adjacent to the coast. The new results of
studies of wind variability in the near-water layer of the atmosphere are of practical
importance for further studies of the contribution of the coastal wind to the
formation of the seasonal and interannual variability of the Black Sea coastal
current variations. Such studies are necessary for the development and verification
of model predictive systems of coastal water dynamics and ecological and
economic monitoring of the coastal water area for sustainable social and economic
development of the coastal region.
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Abstract

Based on numerical modeling methods (a generalized three-dimensional barotropic linear
model of Felsenbaum was used for the case of taking into account Rayleigh friction),
the paper considers features of the structure of the current vectors field depending
on wind conditions in an upwelling situation in the water area located along the northern
coast of the Sevastopol seaside, between Capes Lukull and Tolsty. A two-layer transverse
cell of water circulation, typical of upwelling, was identified. The currents were predo-
minantly oriented downwind in the upper layer and in the opposite direction in the bot-
tom layer. It is shown that in the analyzed water area upwelling was caused by northerly,
north-easterly, easterly and south-easterly winds. Upwellings caused by the above winds
differed in their location and area. Under a north-easterly wind, upwelling was most in-
tense and widespread throughout the water area under consideration. Under a south-
easterly wind, upwelling was formed in two small areas: in the bends of the coast,
between Capes Margopulo and Lukull and north of Cape Tolsty. The modeling result was
compared with data from expeditionary research. Their good agreement under a northerly
wind was found.
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AnBeJUIMHI B akBaTopuu YepHoro mops y mbica JIykyJn
HA OCHOBE YHCJICHHOI0 MOJCJTHPOBAHUS U JAHHBIX HA0II0AeHUI

I1. J1. Jlomakun *, FO. H. Paoues, A. . Yenbl:keHKO

Mopckoti euopogusuueckuut uncmumym PAH, Cesacmonons, Poccus
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AHHOTANNUA

Ha ocHOBe MeTOIOB YHCIIEHHOTO MO/IEIMPOBaHUs (MCHOIb30BaHa 0000IIEeHHAs Ha CiTyvaid
yueTa pa3JIeeBCKOTO TPEHMsl TpexMepHas OaporporHas JimHelHas Monenb denb3eHbayma)
paccMOTpPEHBI 0COOEHHOCTH CTPYKTYPHI IIOJIsI BEKTOPOB TEUECHHUH B 3aBHCHMOCTH OT BETPO-
BBIX YCIIOBUI B CHTyallUU alBEJUIMHIAa B aKBaTOPHH, PACHOJIOXKEHHOHM BIOIb CEBEPHOIO
6epera CeBacTONOILCKOTO B3MOpPHBs, Mexay M. JIykymr u Torcrteiil. Beissnena tunuynas
JUIS aliBEJUTMHTA JBYXCJIOHAs IonepedHast sueiika MUpKyIAIu BoJ. B BepxHeM cioe Te-
YEHUS] OPUEHTHPOBAHBI NPEUMYIECTBEHHO IO BETPY, B MPUIOHHOM CIO€ — B OOpaTHOM
HanpasieHnd. [lokazaHo, 9TO B aHATM3UPYEMOH aKBaTOPHH ATBEIUIMHI BBI3BIBAIOT CEBEP-
HBIE, CEBEPO-BOCTOUHBIE, BOCTOUHBIE 1 FOT0-BOCTOUHBIE BETPHI. ANBEIUINHIHY, 00YCIIOBIICH-
HBIC YKa3aHHBIMM BETpaMH, pa3lIMyaloTCs JIOKAMeH U MIoIaapio odara. B ycioBusx cese-
PO-BOCTOYHOT'O BETpa alBEJUIMHI HanboJiee MHTEHCUBHBIM U paclpoCTpaHEeH BO BCEH pac-
cMmarpuBaeMoii akBatopuu. [Ipu rOoro-BoCTOUHOM BeTpe aIrBeJUIMHT OPMHUPYETCS Ha ABYX
HEOOJIBIIMX 110 IUIOMIAN YYacTKax — B M3rudax oepera Mmexxay M. Mapromysio u JIlykyit u
ceBepHee M. Tosctoro. Pe3ynbrar MoAenupoBaHUsl CONOCTABIEH C JAHHBIMM JKCIIEAMIU-
OHHBIX HccienoBannil. OOHapyKEHO X XOpOIlee COOTBETCTBUE NIPU CEBEPHOM BETpE.

KitoueBble cnoBa: BeTep, TEUEHMs], ANBEUIMHI, YHCIEHHOE MOAEIMPOBAHUE, TEPMOXaA-
JIMHHAas CTPYKTypa, MbIc JIykyni, UepHoe Mope

BaarogapHocTu: padoTra BBIIOTHEHa B paMKax rocyaapctBeHHoro 3amanns OI'BYH
OUILl MI' mo Teme FNNN-2024-0016 «MccnemoBanne mpoCTpaHCTBEHHO-BPEMEHHOM
WU3MEHYHMBOCTH OKEaHOJIOTHUECKHX MPOLIECCOB B OEperoBoii, MpuOpexxHON U HIeTb(oBBIX
30HaX YepHOro Mops Mojx BO3AEHCTBHEM IPHPOAHBIX U aHTPOIOTCHHBIX (PaKTOPOB Ha OC-
HOBE KOHTAKTHBIX U3MEPEHUH U MAaTEMaTUIECKOTO MOJAEIUPOBAHU.

st muruposanus: Jlomaxun I1. /[, Pabyes FO. H., Yenviocenko A. M. AnsemnuHr
B akBaTopuu YepHoro Mops y Mbica JIyKy/ul Ha OCHOBE YHCICHHOTO MOJICIAPOBAHHUS
Y TaHHBIX HaOJto/IcHU // DKonorudeckas 0€30MacHOCTh MPUOPESIKHON U MICTb(POBOM 30H
Mopst. 2025. Ne 2. C. 67-79. EDN PRIZHP.

Introduction

Upwelling is a typical phenomenon in the oceans and seas. Its types on differ-
ent spatial and temporal scales are quite well studied, with the results reflected
in numerous publications. These include, for example, works [1-6] based on
the analysis of experimental contact and satellite data and studies [7, 8] using
numerical modeling methods. The results of the study of upwelling are important
in terms of application and are widely used in various branches of marine science.

According to [9], surge phenomena (wind upwelling and downwelling, respec-
tively) are typical for Sevastopol bays and open areas of the seaside. Upwelling
in the considered small coastal water area is investigated for the first time, it is in-
teresting and significant in fishery terms. According to the results of the Black Sea
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fishery monitoring [10], dense accumulations of sprat are formed in this area dur-
ing upwelling, which are successfully fished by trawlers of medium tonnage.

Objectives of the article are as follows:

— on the basis of numerical modeling, to reveal regularities of the structure of
the local current system under upwelling depending on wind conditions in the wa-
ter area located along the northern coast of the Sevastopol seaside between capes
Lukull and Tolsty;

— to estimate the intensity of upwelling;

— to compare the modeling result with data from expeditionary research.

The study area is a coastal zone of about 12 miles along the northern coast of
the Sevastopol seaside located between capes Lukull and Tolsty (Fig. 1).

The bold coast is one of the main morphometric features of the water area un-
der consideration, which determines water dynamics. The coastal shallow water
area is bounded by a rather pronounced shelf edge.

It is known that in areas with similar bottom relief, upwelling and down-
welling are formed both under the influence of winds having a normal component
relative to the coastline and under the influence of wind flows directed at an acute
angle to the coast.

1830

Kacha River|

;‘/{/\/

4429

Cape Tolsty

Fig. 1. Geographical location of the study area and survey station
map of the survey performed by Marine Hydrophysical Institute
in September 2019
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Background data and research methods

Problem statement

Wind currents prevail in Sevastopol bays and on the open seaside areas [11, 12].
Therefore, a generalized three-dimensional barotropic linear model " of Felsen-
baum was used for the case of taking into account Rayleigh friction to calculate
the characteristics of currents [12]. It should be noted that numerical modeling of
hydrological processes in such basins is traditionally used by domestic [13, 14]
and foreign [15—-17] authors to understand the regularities revealed on the basis of
in situ observation data.

Taking into account that the currents undergo the reorganization on the shelf
rather quickly taking into account the wind influence (approximately within a day),
we will calculate the average currents in the framework of the steady-state currents
theory. The proposed model takes into account the main factors influencing
the currents, such as Coriolis force, bottom relief, coast configuration, wind action
(direction, intensity and spatial irregularity), bottom and internal friction.

The following equations represent the linear theory of steady-state currents
in a homogeneous fluid, taking into account the internal friction proportional to
the current velocity

—fv=gS+ Au.. — ru, fu=g¢S,+Av.. — rv,
uy+ v, +w.=0.
Here, fis Coriolis parameter; u, v, w are current velocity components; g is gravity

acceleration; ¢ is downgrade; A is kinematic coefficient of vertical viscosity; 7 is
internal friction coefficient.

At the sea surface, which is defined as a current surface, the tangential wind
stress is balanced by turbulent friction in the seawater, so that

atz=0 Au, = —1y, Av. =—1,, w=0,

where 1y, T, are components of tangential wind stress related to seawater density.

On the bottom, the condition of adhesion is assumed, on the solid boundaries
of the basin (on the coast) — the condition of non-flow, on open liquid boundaries —
the condition of free flow.

The solution of the three-dimensional currents problem is reduced to the solu-
tion of the two-dimensional problem for the integral current function. The compo-
nents of the current velocity are calculated using analytical formulae, which makes
it possible to carry out calculations on a relatively fine grid and describe the fea-
tures of coastal and bay currents. The calculation is performed layer-by-layer
for eight main directions of moderate winds with a velocity of 7 m/s under real bot-
tom topography conditions. Details of the algorithm and the parameters used are
given in work V.

D Felsenbaum, A.L, 1960. [Theoretical Foundations and Methods of Calculating Steady-State Sea
Currents]. Moscow: 1zd-vo AN SSSR, 126 p. (in Russian).

70 Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2025



Observation data

To confirm the representativity of the results of the numerical experiment, we
used the data from the survey conducted by the Marine Hydrophysical Institute
(MHI) on 17 September 2019 in a northerly wind. Four other surveys of the Sevas-
topol seaside area under consideration, the data of which we have at our disposal,
were carried out in calm and low-wind weather.

According to the Wetterzentrale hydrometeorological center data (available
at: http://old.wetterzentrale.de/topkarten/fsreaeur.html), the synoptic situation over
the Black Sea during the first and second ten-day periods of September 2019 was
determined by the eastern periphery of the Azores High. A moderate northerly
wind with an average daily speed of 4-7 m/s was observed over the study water
area.

The survey was carried out according to a scheme that included 47 drift sta-
tions (Fig. 1). The sampling works were carried out from the board of small-sized
vessel Gladiator. The investigated depths ranged from 4 to 37 m. The array of
initial empirical information was formed with the help of a Condor sounding com-
plex 2. Temperature, salinity and other parameters of the aquatic environment were
measured in situ in the probing mode with a depth step of 0.1 m. The accuracy of
temperature determination is £0.01°C, that of salinity — £0.005 PSU. The ideas
about real water circulation under the action of a northerly wind were obtained
on the basis of an indirect method — analysis of the structure of temperature and
salinity fields.

Results and discussion

As shown by the results of the modeling experiment, upwelling was observed
in four of the eight calculation variants corresponding to the northerly, north-easterly,
easterly, south-easterly wind directions.

Under these winds, a two-layer transverse circulation cell characteristic of
upwelling was revealed, manifested by the outflow of water from the coast to
the sea in the upper layer and the compensatory flow in the bottom layer.
Upwelling zones (centers) were identified in the calculated field of current vectors
in the bottom layer by the position of flows directed along the normal to the coast-
line (Figs. 2-5).

Let us consider the structure of the local current system for each of the wind
directions indicated above.

In the upper water layer, the calculated vector fields had the same property
irrespective of the wind direction. The currents were oriented predominantly
downwind and had a velocity of 5-25 cm/s (Figs. 2-5).

Northerly wind (Fig. 2). A southward-directed flow along the coast is observed
in the upper water layer.

At the bottom in the seaward area, the current is directed north-eastwards.
With the approach to the coast, this flow turns clockwise, causing the bottom water

2 Available at: http://ecodevice.com.ru/ecodevice-catalogue/multiturbidimeter-kondor [Accessed:
29 April 2024].
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Fig. 2. Currents vectors in the surface (a) and bottom (b) layers under
a northerly wind. The upwelling area is contoured in green

to move to the shallower waters where the longshore jet of the southward current is
formed.

An upwelling zone of ~6 square miles (6 miles long and 1 mile wide) is locat-
ed along a straight stretch of the coastline, between capes Margopulo and Tolsty.
Two anticyclonic vortex cells are observed north and south of the upwelling area
in the bends of the coastline. One of them is in the coast bend between capes Mar-
gopulo and Lukull and the other — to the north of Cape Tolsty (Fig. 2, b).

North-easterly wind (Fig. 3). Under this wind in the upper layer in shallow wa-
ter, the current washes the coastline and is directed south-south-west. As it moves
away from the coast, it deflects to the west-south-west (Fig. 3, a).

In the bottom layer throughout the entire water area, the current is directed
along the normal to the coast, providing maximum transport, uplift and distribution
of bottom water in shallower waters. The upwelling zone has a maximum area of
~36 (12 x 3) square miles and is distributed throughout the analyzed water area.
Longshore currents jets and vortex cells are not observed (Fig. 3, b).

Upwelling is most intense in this wind situation.
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Fig. 3. Currents vectors in the surface (a) and bottom (b) layers under
a north-easterly wind. The upwelling area is contoured in green

Easterly wind (Fig. 4). Under the action of this wind, the current is directed
downwind with a slight deflection to the left in the upper water layer.

At the bottom in the seaward area, the current is directed south-eastwards and
to the coast in shallow water. Upwelling is not as intense as in the north-easterly
wind action situation because the transport of water normal to the coast is concen-
trated in a narrower coastal strip of ~11 (11 x 1) square miles. No pronounced long-
shore flow jets and vortex cells are observed (Fig. 4, b).

South-easterly wind (Fig. 5). Under this wind, the current follows a north-
north-westerly direction in the upper sea layer.

Upwelling is formed in two small areas - in the bends of the coast north of
Cape Tolsty and between capes Margopulo and Lukull. Here, the south-easterly

wind vector is orientated along the normal to the coastline and two small centers
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of upwelling develop due to the wind seiche. The area of each of them is estimated
to be 2—3 square miles (Fig. 5).

Fig. 6 shows temperature and salinity distribution in the surface sea layer of
the study water area under a moderate stable northerly wind. The distribution is
based on data from the MHI expedition conducted on 17 September 2019.

Comparison of the elements of the thermohaline structure of waters (Fig. 6)
with the result of numerical experiment (see Fig. 2) shows their good agreement.

In the straight-line section between capes Margopulo and Tolsty, a coastal
strip of waters with a 0.6-0.8°C lower temperature relative to the ambient back-
ground is clearly visible, which could be the result of upwelling.

Local extremes of temperature and salinity were observed in the bend of
the coastline to the north of Cape Tolsty, which indicates indirectly the presence of

a vortex cell in this area.
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The numerical experiment yielded results indicating that wind upwelling was
a prevalent phenomenon in the water area of the Sevastopol seaside, observed dur-
ing a substantial portion of the year. According to the wind rose of the Sevastopol
region, the total frequency of upwelling winds identified during the entire year is
49% (Fig. 7).

According to the data of the integrated monitoring of the fishing situation
in the Black Sea, in the area of Cape Lukull (including the study area), dense ac-
cumulations of sprat (harvested by the fishing fleet) are formed in summer during
the development of upwelling. At the same time, the hydrodynamic characteristics
and water temperature regime are reliable enough to predict fishing conditions

5-7 days in advance [10].
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The results of this study can be used to predict the quality of the fishing situa-
tion for sprat in the study area on the basis of wind forecasts. Northerly and south-
easterly winds, causing upwelling, create more favourable conditions for fishing
compared to winds of other directions.

Conclusion

Based on the numerical modeling, the paper considers peculiarities of upwelling
in the coastal waters of the Sevastopol seaside between capes Lukull and Tolsty.

The analysis demonstrates that northerly, north-easterly, easterly and south-
easterly winds induce upwelling in the study area. The upwelling caused by these
winds varies in terms of location and focus area.

The northerly wind causes upwelling on a straight section of the coastline be-
tween capes Margopulo and Tolsty with a center area of 6 square miles. Two anti-
cyclonic vortex cells are formed in the bends of the coast between capes Margopu-
lo and Lukull and to the north of Cape Tolsty.

Under the action of the north-easterly wind, upwelling is the most intense and
widespread in the entire water area under consideration. Its area is estimated
at 36 square miles.

The easterly wind causes upwelling, well pronounced but less intense com-
pared to the conditions determined by the north-easterly wind. Its center occupies
a narrower coastal strip of the whole water area under consideration — 11 square
miles.

Under the south-easterly wind, upwelling is formed only in two small areas
(2-3 square miles), in the bends of the coast between capes Margopulo and Lukull
and to the north of Cape Tolsty.

The modeling experiment with the northern wind was compared with the result
of the analysis of the thermohaline field structure based on the materials of the MHI
expedition carried out under similar wind conditions. The following results of
the study were confirmed during the comparison: an upwelling center was identi-
fied in the rectilinear section of the water area under study and a vortex cell was
detected in the bend of the coastline to the north of Cape Tolsty.

The analysis demonstrates that wind upwelling is a characteristic phenomenon
for the northern part of the Sevastopol seaside, observed during 49% of the entire year.

The results of this study can be used to predict the quality of the fishing situ-
ation for sprat in the study area based on wind forecasts. The prevailing winds
in the northern and south-eastern sectors, which cause upwelling, create more
favourable conditions for fishing when compared to winds from other directions.
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Resonance Properties of Water Areas Based on
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Abstract

Within linear approximation of the long-wave theory, the paper uses the hydrodynamic
numerical model ADCIRC to study resonance properties of the water areas of the Sevasto-
pol bays: Streletskaya, Kruglaya, Kamyshovaya, and Dvoynaya, which includes Kazachya
and Solyonaya bays. The calculations were carried out for the water area of each bay sepa-
rately based on numerical experiments. At the first stage of modelling, waves in the bays
water areas were excited by setting red-noise disturbance at the liquid boundary at the bay
entrance. At the second stage, free oscillations were calculated under condition of their free
passage at the liquid boundary. The resonance periods of the above bays and spatial distri-
bution of the spectral density of sea-level oscillations in their water areas for individual
natural modes were determined using spectral analysis. Most of the resonance periods for
the Sevastopol bays were in satisfactory agreement with analytical estimates. The use of
realistic bathymetry and shoreline profile data in the modelling allowed obtaining addition-
al resonance periods for all the considered bays, which cannot be obtained with analytical
estimates. The spectral composition expansion of the resonance modes due to connection of
these bays via their entrances was revealed in Dvoynaya Bay, which includes Kazachya and
Solyonaya Bays. The spectral density spatial distribution of the main energy-carrying sea
level oscillations in Streletskaya, Kruglaya, Kamyshovaya and Dvoynaya Bays was ana-
lysed to show that the spectral density peaked mainly in the bay tops. In Dvoynaya Bay,
the spectral density maxima manifested in the eastern or western arms (Kazachya or Solyo-
naya Bays, respectively) depending on which of the arms their natural periods belonged to.
The results obtained here can be used in layout designing of hydraulic structures, develop-
ment of mariculture, planning of wastewater outlets, etc.

Keywords: seiche oscillations, seiche, Sevastopol bays, ADCIRC model, mathematical
modelling
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Pe3oHaHCHBIE CBOMCTBA aKBAaTOPHil
ceBacTonoabecKkux 0yxr (UepHoe mope)
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AHHOTANHSA

B pamkax nuHEHHOTO NpHONMKEHUS TEOPUH JUIMHHBIX BOJIH Ha OCHOBE T'MIpOJHHAMHYE-
ckoit ynciennoi mozenu ADCIRC nccnenyroTcst pe3oHaHCHBIE CBOMCTBA aKBATOPHI ceBa-
crononbckux OyxT: Crpenenkoii, Kpyrno#i, KambioBoii, J[BoiiHo#, BKimtovaromieil B ce0s
6. Kazaurto n Conenyto. PacueTsl npoBezieHb! JJ1s1 aKBATOPHH Ka)J10H OyXThI OT/EIBHO Ha
OCHOBE YHCIICHHBIX JKCIIEpUMEHTOB. Ha mepBoM sTame MozenupoBaHUsI BO30YXAAIOTCS
BOJIHBI B aKBAaTOpUSAX OYXT C IOMOLIBIO 3aJlaHMsl Ha JKUIKOW TpaHHIe, HaXOJsIIeHcs
y BX0Jla B OyXTy, BO3MYIICHHS THUIA «KPAcHbIA mym». Ha BTropom 3Tare paccYuThIBaIOT-
¢ cBOOOJHBIC KOJICOAHUS C YCIOBHEM CBOOOHOIO MPOXOKICHUS HA JKUJKOHM TpaHUIIC.
C UCnoNb30BaHMEM CHEKTPAILHOIO aHAJIM3a YCTAaHOBIJIEHBI PE30HAHCHBIE TIEPUO/IbI YKa3aH-
HBIX OyXT W TPOCTPAHCTBEHHOE paCIpeAeiCHUE CHEKTPAJIBHOW IUIOTHOCTH KOJeOaHMid
YPOBHS B UX aKBATOPHSX JUISL OTACIBHBIX COOCTBEHHBIX MOJI. BOJIBIIMHCTBO BBIZEIEHHBIX
PE30HAHCHBIX TIEPUOJOB IS CEBACTONOIBLCKUX OYXT YIOBIETBOPHUTEIHHO COINIACYIOTCS
C aHAIMTHYECKUMU OlleHKaMH. Vcrionb30BaHue MpYU MOJEIMPOBAHUN JaHHBIX OaTHUMETPHUN
U poduist OeperoBoil 4epThl, MPUOIKEHHBIX K PEaIbHBIM, MO3BOJIHIO MOJNYYHThH IS
BCEX PACCMOTPEHHBIX OYXT JONOJHHUTENbHBIE PE30HAHCHBIC IEPHOJbI, KOTOpPBIC HEINb3s
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Introduction

The city of Sevastopol is located mainly within the Heraclean Peninsula and
its shoreline is indented with many bays and capes. They form a system consisting
of main Sevastopol Bay and several smaller adjacent bays. Seiches, i.e. standing
water mass oscillations, are often observed in such water bodies. Unlike seiches
in completely enclosed basins, they are excited by the penetration of long waves
from the open sea through the liquid boundary, with wave energy mainly being lost
through radiation at the bay entrance [1]. In contrast to enclosed water bodies, bays
also generate the Helmholtz mode (zero mode). This mode usually dominates all
other types of natural oscillations and determines the general character of motions
in the water area [2, 3]. The danger of seiches in bays is that they can cause intense
periodic currents that threaten coastal infrastructure and ships [4]. It is also known
that adjacent bays can interact by exchanging energy across their open boundaries,
resulting in the penetration of natural modes of one bay into another [5, 6]. The Se-
vastopol bays form a system of interconnected oscillators, resulting in an expansion
of the seiche mode composition in each bay.

Periods of seiche oscillations are determined by geometrical parameters of
the water area, such as depth, shoreline outlines and bathymetry. In the Black Sea,
it is known that seiche periods in bays and gulfs range from several minutes to two
hours, with periods of 5-10 min occurring in all of them. Level oscillations with
periods of 2-3 min can be caused by the transformation of long waves in the coastal
zone or by sharp gusts of wind in one direction. Oscillations with periods of 15—
20 min can be caused by sharp changes in atmospheric pressure as well as changes
in wind direction and speed. Seiches of this type most often appear at the passage
of cyclones, especially in the peripheral zone, where wind intensification occurs
[7]. At the same time, level oscillations with a period of up to 10 min are the most
common. Of the seiches with a longer period on the Crimean coast, the most fre-
quent are those with a period of 30-50 min [7]. Analysis of short-term measure-
ments taken with an ADCP probe during expeditions by Marine Hydrophysical Insti-
tute in 2008 and 2014 revealed that current oscillations occurred at the entrance
to Sevastopol Bay with a period of ~60 min [8].

In addition to seiches, tidal level oscillations inherent to the Black Sea appear
in the Sevastopol bays as a background. In [9], devoted to the study of the Black
Sea tides, it is indicated that the main lunar semidiurnal component (12.42 h) and
the gravitational lunar-solar diurnal component (23.93 h) are the most intense
on the Crimean coast. The intensity values of these tidal modes are close to each
other, which agrees well with the data from [10].
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At present, seiche oscillations in Sevastopol bays remain poorly studied.
Data of in situ observations are only available for Sevastopol and Kruglaya bays.
Sea level oscillations in Sevastopol Bay were recorded using a mareograph located
at the marine hydrometeorological station on Cape Pavlovsky [10]. During the pro-
cessing of the results of in situ observations, the periods corresponding to the semi-
diurnal and diurnal components of the tide as well as with values of 0.9, 1.25, and
2.5 h were identified. The oscillation with a period of 0.9 h is the Helmholtz mode
of Sevastopol Bay. In Kruglaya Bay, data were obtained relatively recently
(in 2023), with level measurements using an ultrasonic sensor and resonance peri-
ods of local seiches identified on the basis of spectral analysis [11]. Among them,
the most intense Helmholtz mode of Kruglaya Bay with a period of 13.7 min was
identified.

The establishment of physical regularities of level oscillations in a system of
connected bays, such as the Sevastopol bays, is possible through mathematical
modelling. Several studies [1, 6, 11, 12] have investigated seiche oscillations
in Sevastopol bays using numerical modelling. In [6], the mutual influence of Se-
vastopol and Karantinnaya bays on each other due to the exchange of oscillation
energy through their entrances was investigated. The study showed that the intensi-
ty of the natural modes of Sevastopolskaya Bay could exceed that of Karantinnaya
Bay when they penetrated into the latter. In [1], the resonance periods of the main
Sevastopol bays and the influence of the duration of the initial disturbance on seiche
generation in them were studied. In [12], different modes of seiche oscillations
in Sevastopol Bay were studied in the context of disturbances with periods of 2.5,
2.9 and 6.2 min, which correspond to the natural modes of the bay with different
spatial structures. The periods of the fundamental modes of the Sevastopol (50 min)
and Karantinnaya (9.25 min) bays were determined based on the numerical solu-
tion of the problem for natural values.

Nevertheless, information on the periods and spatial structure of natural level
oscillations in all Sevastopol bays remains insufficient. Therefore, it is necessary
to develop a comprehensive understanding of long-wave oscillations in the Sevas-
topol bays and determine the resonance (natural) period values of the Sevastopol
bays system and its individual elements within the high-frequency spectrum (hours
— minutes).

The purpose of this study is to analyse the resonance response of sea levels
in the Sevastopol bays: Streletskaya, Kruglaya, Kamyshovaya, Kazachya and Solyo-
naya, in response to disturbances from the open sea, and to determine their natural
periods. Investigating the resonance properties of each bay separately made it pos-
sible to study the mode composition of seiches in detail. Understanding the reso-
nance properties of each bay in the system will enable more accurate interpretation
of modelling and measurement results for the entire system.
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Materials and methods of study

A detailed study of seiche oscillations in Sevastopol bays was conducted using
bathymetric data from digitised nautical charts. Fig. 1 shows the bathymetry of
the Sevastopol coastal zone and its bay system.

Numerical modelling was carried out separately for each of the studied bays:
Streletskaya, Kruglaya, Kamyshovaya, Kazachya and Solenaya. Fig. 2 shows
the bathymetry of these bays. Sea level oscillations were calculated at points 1-23
(Fig. 2).

Streletskaya Bay (Fig. 2, a) is located 3 km southwest of the southern break-
water of Sevastopol Bay and extends 2 km inland. To the west of Streletskaya Bay,
Kruglaya Bay (Fig. 2, b), almost circular in shape, is found. This bay is shallow
with a sandy bottom. Winding Kamyshovaya Bay (Fig. 2, c), about 2.5 km long, is
separated by two protective breakwaters limiting its entrance. Kazachya and Soly-
onaya bays (Fig. 2, d) together form Dvoynaya Bay, which is one of the most com-
plex bays in the Sevastopol bays system. It is located 15 km west of the Sevastopol
city centre, between Kamyshovaya Bay and Cape Chersonese. Kazachya Bay is
approximately 600 m longer than Solyonaya Bay.

Numerical hydrodynamic Advanced Circulation Model for Shelves, Coasts,
and Estuaries (ADCIRC) was used for calculations »?. A variant of the model [14]
based on depth-averaged equations of motion was used in this case
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Here, U, V are depth-averaged components of the velocity vector along axes x and
y, respectively; n is basin water level; H = h + 11 is dynamic depth; Cq is bottom
friction coefficient; A is Laplace operator in spatial variables; An is horizontal tur-
bulent viscosity coefficient; g« = UH, gy = VH are components of the vector of total
fluxes.

D Luettich R. A., Westerink J. J., Scheffner N. W. ADCIRC: An Advanced Three-dimensional Circula-
tion Model for Shelves Coasts and Estuaries. Report 1: Theory and Methodology of ADCIRC-
2DDI and ADCIRC-3DL. Vicksburg, MS : U.S. Army Engineers Waterways Experiment Station,
1992. 137 p. (Dredging Research Program Technical Report DRP-92-6).

2 Luettich R. A., Westerink J. J. Formulation and Numerical Implementation of the 2D/3D ADCIRC.
2004. URL: https://adcirc.org/wp-content/uploads/sites/2255/2018/11/adcirc_theory 2004 12 08.pdf
(mata obparmenust: 2.05.2025).
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Fig. 1. Bathymetry of the Sevastopol coastal zone. Notations: A — Solyonaya Bay,
B — Kazachya Bay (these two bays constitute Dvoynaya Bay), C — Kamyshovaya
Bay, D — Abramova Bay, E — Kruglaya Bay, F — Streletskaya Bay, G — Pesochnaya
Bay, H — Karantinnaya Bay, | — Yuzhnaya Bay, J — Sevastopol Bay

Fig. 2. Bathymetry of Sevastopol bays: a — Streletskaya; b — Kruglaya;
¢ — Kamyshovaya; d — Dvoynaya. Numbers 1-23 stand for virtual mareographs (sta-
tions)
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The numerical algorithm of the ADCIRC model is based on the finite element
method using triangular elements and linear basis functions. To reduce computa-
tional noise during numerical integration of the system, the continuity equation is
represented as so-called Generalized Wave Continuity Equation (GWCE)

%+TOG 0,
where G =0dn/dt+0q, /0x+0q, /0y ; to is non-negative parameter affecting

the phase characteristics and stability of the numerical algorithm. After some iden-
tical transformations, the GWCE takes the following form
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The GWCE-based numerical algorithm suppresses short-wavelength noise
effectively when solving the system of equations, without the need for artificial
viscosity or distortion of the long-wavelength portion of the spectrum.

The quasi-linear version of the ADCIRC model was used, taking into account
bottom friction, because it was assumed that the contribution of nonlinear terms
in equations (1)—(3) could be neglected. The Coriolis force was not taken into ac-
count due to its weak influence on the scale of Sevastopol bays. Horizontal turbu-
lent viscosity was also not taken into account, so turbulent viscosity coefficient Ay
was assumed to be equal to zero; parameter to was 0.005. Bottom friction coeffi-

o P L
cient C, =C0[1+(Hb/H) J , where Co is minimum value Cq; o = 10 is di-

mensionless parameter that determines the rate of bottom friction growth when
the depth is greater or less than the depth of wave breaking H, = 1 m; p=1/3 is
dimensionless parameter that determines how bottom friction increases with de-
creasing basin depth.

Numerical modelling was carried out on unstructured computational grids,
which numbered from ~4,000 to ~12,200 finite elements for different bays. The grid
step ranged from 20 to 100 m. The time integration step was At = 0.025 s.

Waves in the bays water areas were excited by setting red-noise disturbance
[15] at the liquid boundary of each bay under consideration.
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The boundary condition on the liquid boundary has the following form
, t<t
¢ =15 50| (4)
0, t> t,

where G, (x, y,t) is a random function with red-noise spectrum; t, is pumping

time.

The numerical experiment consisted of a 6 h pumping phase and a 6 h free os-
cillations phase. During the pumping stage, wave disturbances were generated
at the liquid boundary of the computational domain due to condition (4). Using
disturbances in the form of red-noise suppressed the high-frequency components
and enabled the response of the bay system to be considered in the long-wave spec-
trum. During the free oscillations stage, the initial conditions were formed based on
the results of calculations carried out in the previous stage. A free passage condi-
tion was set on the liquid boundary of the computational domain. Spectral analysis
of the series of level deviations calculated in the free oscillation mode was used
to identify the periods of modes with the highest intensity.

Modelling results and discussion

Numerical experiments were conducted to calculate the level oscillations at
stations 1-23, which are located within the design area of each of the studied bays.
Fig. 3 shows the calculated marigrams for the regime of free level oscillations.

The most intense seiche oscillations occur in Kamyshovaya (Fig. 3, c),
Kazachya (Fig. 3, d) and Solyonaya (Fig. 3, e) bays. Additionally, damping of
seiches in these bays is slower (within 2 h) than in Streletskaya and Kruglaya bays
(Fig. 3, a, b) where water oscillations damping lasts ~45 min. It should be noted
that Solenaya and Kazachya bays are part of Dvoynaya Bay (see Fig. 2, d), which
results in higher intensity of seiches in more extended Kazachya Bay compared to
Solyonaya Bay. This is consistent with the findings reported in [16], where a bran-
ched bay model with the characteristic dimensions, mean depth and configuration
of Dvoynaya Bay was examined. The paper demonstrates that asymmetry results
in a reduction in the intensity of oscillations in the relatively short bay, as well as
in their significant amplitudes in the longer bay, and an expansion of the mode
composition of seiche oscillations in both bays.

To determine the periods of seiche oscillation in the bays, the calculated mari-
grams were subjected to spectral analysis using scripts developed by Gert Klopman
and Delft Hydraulics®. The energy spectra of the oscillations of sea level E (f)
were obtained using the Fourier transform. The ESD spectral energy density in range
of oscillations [fa; fy] was calculated as

ESD:f\E(f]zdf : )

% Winde H. P. Wave height from pressure measurements. 2012. 49 p. Available at:
https://repository.tudelft.nl/record/uuid:e3b07efd-1ce9-4fd1-b051-c794c72959ca [Accessed: 12 De-
cember 2024].

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2025 87



o —
m4
o

~ —
\14
8}

o —I

& m b
0.6
03
0
-0.3
0.6

I L

6 6.5 7 7.5 8
Z,m c
1.2 —

0.8 —
0.4 —
0_
0.4 —
08 L B B

6 6.5 7 7.5 8
¢, m d
1 —
.%
-1 —

6 6.5 7 7.5 8
&m e
0.8
04
0
-04
-08 \ \ \ \

6 6.5 7 7.5 8

t, h

Fig. 4 shows the energy spectra of
the oscillations of sea level E (f) in the tops
of the Sevastopol bays. It can be seen
that modes with periods 1.1, 1.6, 2.8,
1.4 min are dominant in Streletskaya Bay
(Fig. 4, a). In Kruglaya Bay, the main
peaks are noted at periods 4.6, 10.6, 1.7,
2.7 min (Fig. 4, b). Modes with periods
7.1, 15, 3.6, 4.5, 2.1 min prevail in Kamy-
shovaya Bay (Fig. 4, c). In fact, Kaza-
chya and Solyonaya bays are intercon-
nected, as a result of which the mode
composition of their seiches expands due
to their mutual influence. The main peaks
occur at periods 17.1, 2.7, 3.3, 1.6, 6.7 min
in Kazachya Bay and at periods 5.1,
17.1, 9.5, 6.7, 3.3, 2.0, 2.5 min in Solyo-
naya Bay. Therefore, three similar peaks
at periods 17.1, 3.3, 6.7 min can be seen
in both bays.

Table shows the periods determined
for the resonance oscillation modes of
the bay tops, ordered by decreasing oscilla-
tion energy. Also given here are the peri-
ods of natural sea level oscillations in the
Sevastopol bays calculated in [1] using
formulas for a stationary-depth basin and
a parabolic-bottom basin (these values are
given in brackets) from [17]. As can be
seen from Table, the values obtained
in most periods in the present study coin-
cide with the values of the periods deter-
mined analytically in [1] or close to them.

Fig. 3. Marigrams calculated for the free
oscillations mode in Sevastopol bays: a — Stre-
letskaya (St. 5); b — Kruglaya (St. 8); ¢ — Ka-
myshovaya (St. 14); d — Kazachya (St. 20);
e — Solyonaya (St. 23)
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The absence of certain values and the em-
ergence of new ones in our results are relat-
ed to complex, non-rectangular shapes of
the bays and their bathymetry peculiarities.
Thus, in Streletskaya Bay, all of the previ-
ously identified periods were detected, ex-
cept for the 13.5 min period corresponding
to the Helmholtz mode of this bay. This
appears to be connected with the impact of
red-noise disturbance. In Kruglaya Bay, new

E, m>min

modes with periods of 4.6, 1.9, 1.6 min ap- E "
pear. The present studies revealed a mode wi'®
10"

with a 12.9 min period in Kamyshovaya
Bay while analytical estimates indicated 10
a maximum period of 19.8 min. As for Ka-  10° 5 10 15
zachya and Solyonaya bays, which together 10°
form Dvoynaya Bay, almost all of the peri-
ods identified through analysis were detected
in these bays. At the same time, the mode
composition of sea level oscillations is sig- 10
nificantly expanded due to the bays being
connected to each other via entrances. The
period values calculated for Kazachya (6.7,
2.5, 2.0 min) and Solyonaya (6.7, 3.3, 2.0,
2.5, 2.7 min) bays also agree well with the
values obtained in [16] for the model bay,
which has the same configuration and aver-
age depth as Dvoynaya Bay. At the same
time, the present studies revealed a wider
range of periods for these bays.

E, m>min

Fig. 4. Energy spectra of sea level oscilla-
tions resulting from red-noise disturbance
in Sevastopol bays: a — Streletskaya (St. 5);
b — Kruglaya (St. 8); ¢ — Kamyshovaya (St. 14);
d — Kazachya (St. 20); e — Solyonaya (St. 23)

0 5 10 15 20 25
T, min
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Periods of natural oscillations in Sevastopol bays, min, for a stationary-depth basin and
a parabolic-bottom basin

Bay Mathematically Perlods-
. . . from analytical
(station) modelled periods, min o .
estimation, min [1]
135
ig 45 (4.3)
Streletskaya Bay 2' 8 2.7(2.7)
(St. 5) ' 1.9 (2.0)
1.4
42 1.3
' 1.2
4.6
13; 10.2
1'7 3.4 (2.7)
Kruglaya Bay 3'3 2.0(1.7)
(St. 8) ' 1.5(1.3)
1.9
3.0
L6 2.3
2.0 '
1.5
7.1 19.8
15 6.7 (6.0)
Kamyshovaya Bay 3.6 4.0 (3.8)
(St. 14) 45 2.8(2.8)
2.1 1.5
12.9 1.4
5.1
171
6.7
2.7
3.3
Kazachya Bay 1.6 152
5.1
(eastern arm of 15
3.0
Dvoynaya Bay) 2.1 99
(St. 20) 25 1' 5
3.0 .
10.0
1.3
2.0
2.2
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Continued

Bay Mathematically Perlods.
. . . from analytical
(station) modelled periods, min o .
estimation, min [1]
5.1
171
% 9.6
Solyonaya Bay a 3.2
(western arm of . 1.9
33
Dvoynaya Bay) 25 14
(St. 23) P 1.3
2.7 1.2
2.0 .
3.0
16

Note. Values for the basin with parabolic bottom profile are given in brackets. Periods
with good agreement are highlighted in bold. The periods in Kazachya and Solyonaya
Bays, resulting from their interaction, are underlined.

Figs. 5-8 demonstrate spatial distribution of the spectral energy density per
unit time of the main energy-carrying level oscillations in Streletskaya, Kruglaya,
Kamyshovaya, Dvoynaya bays calculated according to formula (5). For Streltskaya
Bay (Fig. 5), the maximum values of the spectral energy density of seiche level
oscillations are observed near the eastern coast of the bay and in its top (stations 3
and 5). In Kruglaya Bay (Fig. 6), most of the energy of seiche oscillations is
concentrated in its top (station 8). Fig. 7 shows spatial distribution of spectral
density of energy in Kamyshovaya Bay, from where we can see that the most
intense oscillations are characteristic of the narrow part of the bay near its top
(stations 12-14). The most complex energy picture was obtained in the case of
Dvoynaya Bay (Fig. 8). It can be seen that the resonance properties of the bay,
which consists of two arms, are manifested in the intensification of level oscillations
in both eastern arm (Kazachya Bay) and western arm (Solyonaya Bay). According
to analytical estimates (Table), modes 5.1, 17.1 and 2.7 min are natural periods of
Kazachya Bay (eastern arm of Dvoynaya Bay), therefore, the maximum values of
the spectral energy density for these periods are noted in this bay (Fig. 8, a, b, d).
According to the calculations, the mode with a 6.7 min period was also noticeably
pronounced in Kazachya Bay (Fig. 8, c). The highest values of spectral energy
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Fig. 5. Spatial distribution of spectral density of main energy-
carrying level oscillations in Streletskaya Bay for a period T of
1.3 min (a), 1.6 min (b), 2.8 min (c)
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Fig. 6. Spatial distribution of spectral density of main energy-carrying
level oscillations in Kruglaya Bay for a period T of 4.6 min (a), 2.7 min (b),

10.6 min (c)

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2025



E, m?/Hz
120

E, m2/Hz

100
80

60

L 40

izo
0

Fig. 7. Spatial distribution of spectral density of main energy-carrying level
oscillations in Kamyshovaya Bay for a period T of 7.1 min (a), 1.5 min (b),
3.6 min (C)

b c

density were obtained for 2.0 and 9.5 min periods in Solyonaya Bay, as these are
its natural periods (Solyonaya Bay is the western arm of Dvoynaya Bay) (Fig. 8, e, f).

Analysis of the calculation results showed that Kazachya Bay (Fig. 8), with
spectral density of over 150 m%Hz for a 5.1 min period, and Kamyshovaya Bay,
with ~120 m?Hz for a 7.1 min period, had the highest values of spectral energy
density of level oscillations. In Kruglaya Bay, maximum spectral energy density
was ~65 m?/Hz for a 4.6 min period. The lowest values of spectral energy density
were observed in Streletskaya Bay (~0.15 m*Hz for a 1.3 min period).

Fig. 9 demonstrates the spatial distribution of relative (reduced to maximum
values) amplitudes of sea level seiche oscillations in the bays. As can be seen,
the largest amplitude values occur mainly in the tops of the bays, with the exception
of Streletskaya Bay where the transverse mode dominates.

The spatial distribution of the amplitude and spectral density of level oscilla-
tions, as shown in Figs. 5-9, can be useful in identifying local zones where signifi-
cant level rises caused by seiches are possible. This information is important for
ensuring the safety of bay coastal infrastructure, such as ports.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2025 93



E, m¥Hz E, m?/Hz E, m2/Hz
155 52
2
130 "
105 1
32
=k 0.9
22 |
55
0.5
|
20 12
5 P 0.09
E, m?/Hz
1.1
0.8
06
0.3
0.1
d e f

Fig. 8. Spatial distribution of spectral density of main energy-carrying level os-
cillations in Dvoynaya Bay for a period T of 5.1 min (a), 17.1 min (b), 6.7 min (c),
2.7 min (d), 2.0 min (e), 9.5 min (f)
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Fig. 9. Spatial distribution of relative amplitudes of level seiche oscillations in Sevasto-
pol bays: a — Streletskaya; b — Kruglaya; ¢ — Kamyshovaya; d — Dvoynaya

Conclusion

The hydrodynamic numerical model ADCIRC was used to study resonance
properties of the water areas of the Sevastopol bays: Streletskaya, Kruglaya,
Kamyshovaya, and Dvoynaya, which includes Kazachya and Solyonaya bays.
Analytical estimates were used to control the resonance period values. The following
conclusions can be drawn based on the analysis of the results of the calculations
performed. The calculations were carried out for the water area of each bay
separately. Waves in the bays water areas were excited by setting red-noise
disturbance. The resonance periods of the above bays and spatial distribution of
the spectral density of sea-level oscillations in their water areas were determined.

Most of the resonance periods identified for the Sevastopol bays are in satis-
factory agreement with the analytical estimates of these periods. In Streletskaya
Bay, however, it was not possible to excite the Helmholtz mode (the period of
which, according to analytical estimates, is approximately 13.5 min) by setting red-
noise disturbance. The period of the senior resonance mode of Kamyshovaya Bay
was 12.9 min, which differs significantly from the analytical assessment of
19.8 min. This is because the bay water area has a complex spatial structure and
two protective breakwaters built at its entrance.

The use of realistic bathymetry and shoreline profile data in the modelling
allowed obtaining additional resonance periods for all the considered bays, which
cannot be obtained with analytical estimates.

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2025 95



The spectral composition expansion of the resonance modes due to connection
of these bays via their entrances was revealed in Dvoynaya Bay, which includes
Kazachya and Solyonaya Bays.

The spectral density spatial distribution of the main energy-carrying sea level
oscillations in Streletskaya, Kruglaya, Kamyshovaya and Dvoynaya Bays was ana-
lysed to show that the spectral density peaked mainly in the bay tops. In Dvoynaya
Bay, the spectral density maxima manifested in the eastern or western arms (Kaza-
chya or Solyonaya bays, respectively) depending on which of the arms their natural
periods belonged to.

To clarify the resonance properties of the Sevastopol bays, in situ observations
of the bay system are required.

The results of the study can be used in layout designing of hydraulic struc-
tures, development of mariculture, planning of wastewater outlets, etc.
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Abstract

The occurrence of microplastics in the marine environment and their impact on the environ-
ment, biodiversity, and human life is concerning. Pekalongan is an industrial city with vari-
ous anthropogenic activities such as fisheries, aquaculture, household, and most notably
the batik textile industry. This research was carried out to determine the spatial distribution
and characteristics of microplastics in the water and sediment of the Pekalongan coastal area.
Water samples were collected at 10 stations (at 5 of them sediments were sampled as well)
in the Sengkarang River estuary and its surroundings. Microplastics were identified using
the optical microscopy method, followed by Fourier transform infrared spectroscopy (FTIR)
testing to determine the polymer of microplastics. Microplastics were characterized using
a Motic SMZ-161 microscope, then photographed using a Moticam A5 and counted
based on each characteristic. In this study, we found polymers such as polystyrene, poly-
ethylene, polyamide, and polyester. The abundance of microplastics in seawater was
214.4 particles/L and 300 particles/kg in suspended sediments. The microplastics types
included fibers, fragments, films, and pellets of various colors and sizes. The dominant
microplastic type in seawater and sediments was fiber (44%, 44%), followed by fragments
(28%, 25%), foam (15%, 13%), and pellets (7%, 16%). White was the dominant color
in seawater (54%) and sediments (53%), blue (21%, 18%), and red (15%, 17%), while yel-
low, green, and black were also found in small portions. The size of microplastics ranged
from 1 pm to 10 mm, and the dominant size range was in the 50-250 pm group. The high-
est concentration of microplastics in the seawater was found in site B5 with a concentration
of 360 particles/L, while the highest concentration of microplastics in sediments was found
in site B4 (389 particles/kg). Site B5 is located in the midwater area but still close to
the estuary, where the pollution from the surrounding areas flows to the location. Site B4
is in the littoral-intertidal zone where the water is affected by tides and is prime location
for sedimentation to occur.
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JI. Prof. Soedarto SH., Tembalang, Semarang, Central Java, #noonesus
* e-mail: muhammadzainuri@lecturer.undip.ac.id

AHHOTAIIUSA

[pucyrcTBrue MUKpOIIACTHKA B MOPCKOM CpeZie M ero BO3CHCTBHE HA OKPYKAIOIIYIO CPELy,
O6ropazHOOOpa3ue 1 )KU3HB YEJIOBEKa BHI3BIBAIOT 00ECIIOKOEHHOCTD. [lekaioHran — mpoMBbIIi-
JICHHBIH TOpPOJI, B KOTOPOM BEZETCSl pa3HOOOpa3Hasi X03sICTBEHHAs [ TENbHOCTh, HAIIPUMED
PBIOOJIOBCTBO, aKBAKYJIbTYpa, AOMAIIHEE XO3SIHCTBO M OCOOEHHO TEKCTHIIbHAS TIPOMBIIIICH-
HOCTB (TIpon3BOZICTBO Oarnka). Llenp nccnenoBaHus — oNpenenTh MPOCTPAHCTBEHHOE pac-
TIpe/IeNICHUE U XapaKTEPUCTUKU MUKPOIUIACTHKA B BOJIE U JIOHHBIX OTIIOXKEHUSIX MPUOPEKHOM
30HbI [lexanonrana. [1poObl Boapl ObuIM 0TOOpaHbl Ha 10 CTaHIMAX; HA MATH U3 HUX TaKoKe
B3ATHI POOBI IOHHBIX OTIIOXKEHHH. PalioH oTtOopa npob oxBaThIBai ycThe peku CeHrkapaHr
U TpWICTalolue TePPUTOPUU. MHKPOIUIACTUK UASHTH(OUIMPOBAIN METOIOM ONTHYECKOM
MHKPOCKOIIUH, & TIOJIMMEPHBIN COCTaB ONMPEAEISUIA METOIOM MH(PAKPACHOMN CIIEKTPOCKOITHH
¢ npeobpazoBanneM Dypoe (FTIR). Mukpomnactik xapakTepu3oBaji ¢ MOMOIIBI0 MUKPO-
ckoma Motic SMZ-161, 3arem ¢ororpaduposann Ha Kamepy Moticam AS 1 MoaCYUTHIBAITH
10 KaXJ0# Kareropuu. B xone uccnenoBanust ObUIM WASHTH(ULMPOBAHBI TIOJIMMEPHI: MOJHU-
CTHPOJI, TIOJIMITHIICH, TOJMaMH] U nojiudcTep. KoHIeHTpalms MUKpPOIUIACTHKA COCTaBUIIA
214.4 gact/n B mopckoii Boge ¥ 300 "acT/Kr B JOHHBIX OTIIOKEHMSX. BbIeneHb! ciemayrome
THUIB YAaCTHIl: BOJIOKHA, ()parMeHTHI, IUICHKH M T'PaHYNbl Pa3IMYHBIX IIBETOB U Pa3MEpOB.
Bo Bcex cpenax npeobiananu BostokHa (44 B Bone u 44 % B OTJIOKEHHSX), 38 HUMU CIICIOBa-
nu ¢parMenTsl (28 u 25 % COOTBETCTBEHHO), BCIIeHeHHBIH MaTepral (15 u 13%) 1 rpaHysibl
(7 u 16 %). Haubornee pacmpoctpaHeHHbIM Obln Gernblii 1Ber mnactuka (54 B Bome, 53 %
B OTJIOXKEHHUSAX), 3aTeM cuHui (21 u 18 %) u xpacusit (15 u 17 %). XKentslii, 3e1eHsIi 1 uep-
HBI{ 1IBeTa BCTpeyasuch pexke. Pazmep wactun BappupoBasics or 1 mxm 10 10 MM, nipu 3ToM
Haubonee yacTbiM Obul quana3zoH 50-250 MkM. MakcumarbHas KOHLIEHTpAIMs MHUKPOILIa-
CTHKa B MOPCKO# Boje 3adukcupoBana Ha cT. B1 (360 yact/m), a B IOHHBIX OTJIIOXKEHUSIX —
Ha cT. B4. Dro 00BsicHsIeTCS pacnonoxenneM cTaHuuu Bl Ha peke BOJIIM3M HACOCHOM CTaH-
UM, KyJa MOCTYNAIOT 3arpsi3HEHUs C mpwieraronmx teppuropuid. Cranmmst B4 Haxomurces
B JINTOPAJIGHOM 30HE, ITOABEP>KEHHON BIMSHHUIO NMPUIMBHO-OTIMBHBIX TEYEHHUH, YTO CIIOCO0-
CTBYEeT MHTEHCHBHOMY HaKOIUICHUIO OTJIOKEHHI.
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Introduction

Waste has been dumped into the ocean for centuries, but recently the composi-
tion of marine debris has drastically changed. Most garbage used to be composed
of organic biodegradable items some decades ago. Synthetic materials including
plastics, are now prevalent in solid waste. Plastic is one of the major non-organic
waste segments in our daily output of municipal solid waste production [1]. Bottles
of plastic, ropes, tarpaulins, and synthetic fishing lines float freely, decay slowly,
and break into smaller pieces [2]. As the characteristics of microplastic is buoyant
and durable, they accumulate on beaches, ocean eddies, and enclosed or semi-
enclosed seas where surface water is held for extended periods [3]. Plastic is highly
buoyant; thus, it can be carried out for thousands of miles by currents and dispersed
across the marine environment, which can be detrimental to marine ecosystems [4—6].

Microplastics are solid particles of polymer with regular or irregular shape and
size between 1 um and 5 mm. Plastic breaks down into finer particles [7-9].
Microplastics made up approximately 92% of the 5.25 trillion plastic particles pre-
sent at global scale in the ocean [10-12]. Research on microplastics in the Java Sea
was first conducted by Purba et al. in 2016 [13] with results of 0.2 mg/L microplas-
tics detected in Java Sea water. Various human activities on land, coastal, and
marine areas are the main sources of microplastics present in the Java Sea waters.
It is believed that around 75-95% of plastic waste in the marine environment
comes from land-based sources, and the remaining 5-25% comes from the ocean
[14] like unintentional loss or illegal disposal during offshore drilling or fishing
[10]. Because microplastics can be consumed by marine life, and eventually kill
them, their effects on the marine biota are concerning [15]. Microplastics can also
potentially reduce aquaculture’s economic benefits by causing oxidative stress in
aquaculture products, altering their behaviour, growth, and reproduction, and even
causing them to die [16].

Pekalongan is a coastal industrial and tourist city covering 45.25 km? and has
population of 315,997 people. The city has various anthropogenic activities in-
cluding 364 companies that process fish, with ponds and cultivation areas cover
331,292 ha; 634 batik industries, and up to 75 medium- to large-sized companies
that make food, textiles, plastics, and shipyard activities (BPS Pekalongan, 2022).
Due to this, the garbage produced in Pekalongan City each day approaches 140 tons,
or 0.46 kg per resident (Pekalongan City, 2023). The city of Pekalongan’s indus-
tries use plastic materials in their operations and output. A hazardous consequence
of microplastics in sediments and waterways is the disturbance of the ecosystem’s
biotic and abiotic water ecology [17, 18]. This research was carried out to determine

Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2025 101



the spatial distribution and also to identify the abundance, shape, size, color, and
polymer type of microplastics in water and suspended sediment samples in Peka-
longan waters.

Materials and Methods

The research location was in Pekalongan Waters, Central Java, in the Sengka-
rang River estuarine area and the surrounding waters. The purposive field sampling
method was used to determine 10 sampling sites for microplastics in seawater and
5 sampling sites for sediment samples (sites B1-B4, and B9), as shown in Fig. 1.
The sites were defined as such to represent the coastal environment, both on the sea-
ward, estuary, and riverine areas.

Collection of samples was conducted during the dry season with three replica-
tions. The upstream and downstream areas of the Sengkarang River are located
within residential areas, textile industries, tourist attractions, fishing grounds, and
wastewater treatment plants.

During the collection of samples, half of the 108 pum plankton net was dipped
into the surface. The volume of filtered water taken was 10 m® (the collected water
discharge was calculated using a flow meter). The sediment samples were taken
using a grab sampler at each location sites with a total sample of 400 grams.

Water samples were filtered using a vacuum pump and then mixed with 30%
Fe (I1) solution and H,O, to remove organic matter that was still contained
in the sample. The density of the microplastic in the water samples was increased
by using NaCl. Each sediment sample was extracted through the process of density
separation method using ZnCl; solution (1.6 g-L™"), and the sediment-salt mixture
solution was mixed with a spatula [19], HCI was used to remove organic matter
that was still contained. The method of testing water and sediment samples
refers to the National Oceanic and Atmospheric Administration (NOAA) method
with minor adjustments ».

Multiple measures were implemented to minimize the possibility of microplas-
tics contamination during the microplastics analysis procedure. Sampling equip-
ment and glassware were rinsed with purified water several times and were dried
before use. There were no plastic consumables used in the process of sample col-
lection and extraction. The filters, laboratory consumables, and the solvent were
always covered with aluminium foil during the sample extraction procedure.
Latex gloves and cotton laboratory coats were used during the microplastics sam-
pling and extraction process. Sample separation was performed by filtration using
0.45 um cellulose filter membranes. The filter paper was observed under a micro-
scope using the sweeping method to see each type of microplastic. Microplastics
were identified using the optical microscopy method [20]. Optical microscopy was
the first method of characterization used to observe microplastics [21], followed
by Fourier Transform Infrared Spectroscopy (FTIR) testing to determine the polymer
of microplastics [22]. Polymer identification was done by dissolving microplastics
that is already filtered, and then the solution is pipetted and placed under the FTIR.

D Masura, J., Baker, J., Foster, G., Arthur, C. and Herring, C., 2015. Laboratory Methods for the
Analysis of Microplastics in the Marine Environment: Recommendations for Quantifying Synthetic
Particles in Waters and Sediments. Silver Spring, MD, USA: NOAA, (NOAA Technical
Memorandum NOS-OR&R-48).
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Microplastic shape, size, and color identification was performed using a Motic
SMZ-161 microscope. After that, the microplastics found were photographed using
a Moticam A5 and counted based on each characteristic. Statistical data analysis
was conducted on the type, size, color, number, and abundance of microplastics.
The results of data analysis will be displayed in graphical form for each sample.
The distribution of microplastics was visualized in the spatial map.
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Results
The spatial abundance of microplastics in seawater and sediment in Pekalon-

gan waters is shown in Fig. 2. The average abundance of MPs in seawater was
214.4 particles/L and 300 particles/kg in suspended sediment. Site B1 was located
in the Sengkarang River, close to the pump house, tourist area, fish auction, and ponds.
Site B2 is located in the Sengkarang estuarine area, close to the beach and fishing
grounds. The littoral or intertidal area is represented by sites B3, B4 (close to
the mangrove area), and B6. Sites B5 and B7, were in the middle water area, and
sites B8, B9 and B10 were in deep water quite far from anthropogenic activities
other than marine fishing (Table 1). The abundance of microplastics in seawater
and sediment has significant differences. The abundance of MPs in sediments had
higher numbers.
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Table 1. Abundance of microplastics in seawater, particles/L, and sediments, particles/kg,
at different sampling sites

Abundance of microplastics
Site Description of sampling location
in seawater in sediments
Sengkarang River area,
B1 300 260 near pump house,
tourism area,
fish auction, ponds
Mouth or estuarine of
Sengkarang River,
B2 165 386 tourism area,
fishing spot area /
B3 210 221 Near coastal area
B4 280 389 Near coastal area,
mangrove area
B5 360 - Midwater water area
B6 220 - Near coastal area
B7 158 - Midwater area
B8 175 - Open water
B9 131 243 Open water
B10 135 - Open water

In this research, the types of microplastics shown in Fig. 3, a were found.
Fiber types were most prevalent in seawater samples (44%) and sediment samples
(44%). The second most prevalent type found in Pekalongan waters was the frag-
ment type, which constituted 28% of seawater samples and 25% of sediment sam-
ples. In the samples, 15% of foam types were found in seawater samples and 13%
in sediments. The pellet type in seawater amounted to 7%, and in sediment
it amounted to 16%.
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Fig. 3. Percentage of microplastics types
(a), colors (b), and size (c) in seawater near
Pekalongan

Figure 3, b shows the percentage of microplastic color in seawater and sedi-
ment samples. The MPs color in seawater and sediment was dominated by white/
shiny at 54% in seawater samples and 53% in sediment samples. The second most
common color was blue at 21% in water samples and 18% in sediment samples,
followed by red at 15% in water samples and 17% in sediment samples. In this
study, yellow and black MPs were also found, as well as green ones. The size
distribution of microplastics is depicted in Fig. 3, ¢, where size groups include
1-50 pm, 50-250 pm, 250-1000 pm, and 1-10 mm. Microplastics between 50
and 250 um dominated the samples with 57% in seawater and 70% in sediment.
Followed by the 250-1000 um size group, with 26 % in seawater samples and
22% in sediment samples. The 1-50 um size was only found in 12% of all sea-
water samples and 6% of all sediment samples. Microplastics with sizes 1-10 mm
were rarely found, only 6% of the total seawater MP and 6% of the total sediment
MP. Figure 4 is a bar graph displaying the color and size distribution at each station
in Pekalongan waters.
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Discussion

The presence of MPs in the water and sediments in Fig. 2 related to the texture
of the sediment which affects their ability to capture microplastics. The softer
the sediment texture, the better its ability to capture microplastics [23]. Based on
the research conducted by Yuanita et al. in 2022 [24], the type of sediment in coastal
Pekalongan is non-cohesive sediment dominated by sand. This may affect the num-
ber of microplastic particles in Pekalongan sediments. In addition to certain accu-
mulation zones in the high seas, marine debris is often more prevalent in shallow
coastal areas [25]. This theory is consistent with the present study, where areas
close to anthropogenic activities such as rivers, estuaries and coasts had higher
abundance compared to central and deep-water areas. Coastal areas sampled both
offshore and nearshore by Montoto et al. in 2020 [26] also showed this difference.

The MPs fibers shown in Fig. 3, a, are usually ascribed to terrestrial sources,
such as river flow and urban runoff [27]. These fiber microplastics are most likely
detached from clothing and fabrics through washing or from fishing lines and ropes
used in nearby shipping and fishing operations [28]. While the fragment type pre-
sent in Fig. 3, a were mainly generated by fragmentation of plastic products con-
taining hard plastic polymers, such as packaging (beverage bottles and plastic con-
tainer) [29]. Microplastics in the form of foam are widely used as packaging mate-
rials (food containers) and transportation packaging [30]. In addition, the pellet
form had less quantity compared to other groups of microplastic forms. Typically,
pellets come from the direct discharge of primary microplastics from manufactured
plastic waste and residential waste products used for personal care [31].
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The results of ATR-FTIR analysis for Pekalongan waters were similar to the
research results by Ismanto et al. (2023) [32] that found polystyrene, polyester, and
polyamide in the stream area up to the estuary of the Loji River in Pekalongan.
In the present study, the same polymers, polystyrene (PS), polyethlene (PE), poly-
amide (PA), and polyester (PES) were found. Polyester is the dominant polymer,
which is commonly used in textile and product packaging industries [33]. Indica-
tions of waste from anthropogenic activities are supported by the dominance
of fibers and fragments (secondary microplastics) compared to pellets (primary
microplastics) [34]. Density also influences the abundance of MPs as it determines
how widely they are distributed throughout the water column [35]. The density
of polystyrene foam (PS) 0.01-0.05 g/cm?® was used as a reference. This polymer is
expected to float on the surface of water because its density is lower than that
of seawater (1.0267 g/cm?®). However, being denser than water, some polymers,
such as solid PS (1.04-1.50 g/cm?), tend to sink slower in the water column [36].

Previous research on microplastics in marine waters and estuaries in Indonesia
is shown in Table 2. The abundance of MPs particles in seawaters and sediments
in each region varies significantly. The abundance of microplastics in Pekalongan
is higher than in several cases, such as Tambak Lorok, Semarang, Indonesia [37],
Jakarta Bay, Indonesia [38], and Trengganu Estuary, Malaysia [39]. Several factors
cause the large abundance of microplastics in Pekalongan, namely the anthropo-
genic waste, small scale industries, and textile industries. Cases with high amounts
of microplastics use a mobile water pump with an additional mesh net filter [39].
This method produces an abundance of microplastics comparatively higher than
the manual sampling method using a net [34, 40, 41]. Variations in microplastic
abundance are greatly affected by the level of pollution, sampling location, and
water hydrodynamics in each study area.

Table 2. Previous microplastics research used for comparison

Location Sample Methods Identt';'cﬁat'on Abundance Ref.
Banten Bay, Smith- IQ(I:IIIi(SQe
Indonesia Sediment Mc:ggre E600 stereo 267 £ 98 particles’kg  [42]

g microscope
Tambak Microscope e g:;tllvzl;srllo m
Lorok, Water and Gravity ol P q 3
Semarang sediment corer ympus and [37]
e MD 50 8-49 particles/g
Indonesia .
sediment
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Continued Table 2

Identification

Location Sample Methods o0l Abundance Ref.
. Hiro
Bintan DiI it:I
Water, Water Neuston net . g 0.45 pieces per m® [40]
Indonesia Microscope
KH-8700
Nikon
9.729 t0 89.164 nm3,
Jakarta Bay, | Surface SMZ 745T .
Indonesia Water Round net stereo with an average of [38]
. 48.179 +21.960 nm3
microscope
72.64 £ 25.28 particles/kg
Lampung . . .
and Sediment Van Veen Nikon (sediments)
and grab & local  Eclipse Ni-U  2.01 £ 1.59 particles  [43]
Sumbawa, . . . o
. sandfish fishers microscope /individual
Indonesia .
(fish)
Olympus Downstream
Brantas . .
Water Gambusia Random CX-23 (209.18 =+ 48.85 particles/g) [44]
Indonf;sia affinis sampling Lighting upstream
System (24.44 £ 0.14 particles/g)
River flow
+ i 8
3 Manta Nikon (9.37 £ 1.37 particles/m®),
Ciliwung Water and coastal waters
. trawl net & DF-12 )
Estuary, Aplocheilus (8.48 £ 9.43 particles/m®), [41]
. randomly stereo .
Indonesia sp. . and in 75% samples of
collected microscope .
Aplocheilus sp.
(1.97 particles/individual)
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End of Table 2

. Identification
Location Sample Methods tlolol : Abundance Ref.
Mini manta
Stereo
Benoa Bay, Surface trawl net microscope
Bali, equipped ) P 1.41-1.88 particles/m®  [34]
. water ) Nikon Eclipse
Indonesia with flow- .
Ni-U
meter
Mobile
water pum Olympus
Trengganu Seawater pump ymp
& SZX7, . 3
Estuary, & z00- 545.8 particles/m [39]
Malaysia lankton 2000 pum Olympus
¥ P mesh net CX21
filter
Stereo
Yellow Sea, Surface Manta . .
China water trawl net microscope  0.63 +0.57 particles/m® [45]
M205FA
Pre-monsoon
15,200 + 7999 no./km?,
Northern .
Indian Surface Manta net Nikon monsoon [46]
water SMAS00N 18,223 + 14,725 no./km?
Ocean
and post monsoon
72,381 + 77,692 no./km?
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Conclusion

The assessment and characterization of microplastics in the waters around
Pekalongan showed that both seawater and sediment samples were polluted with
microplastics. The average microplastics abundances were 214.4 particles/m?
in seawater and 300.0 particles/kg in suspended sediments. The highest concen-
tration of microplastics in the seawater was found in site B5 with a concentration
of 360 particles/L, while the highest concentration of microplastics in sediments
was found in site B4 (389 particles/kg). Site B5 is located in the located in the mid-
water area but still close to the estuary, where the pollution from the surrounding
areas flows to the location. Site B4 is in the littoral-intertidal zone where the water
is affected by tides and is prime location for sedimentation to occur.

Four main types of microplastics were identified: fibers (44% both in water
and sediments), fragments (28% in water and 25% in sediments), foam (15%
in water and 13% in sediments), and pellets (7% in water and 16% in sediments).
The prevalent fibers are likely to have detached from clothing and fabric or fishing
lines and ropes, while the fragments primarily come from the degradation of hard
plastic products (bottles, containers).

The dominant color was white, accounting for 54% in water and 53% in sedi-
ments. The most widespread size range was 50-250 um (57 and 70% in water and
sediments, respectively).

The detection of various polymers (polystyrene, polyethylene, polyamide and
polyester) suggests that the microplastics originate from diverse anthropogenic
activities, including urban runoff, fisheries, batik industries.

The existence of widely distributed microplastics in the environment is
the reason for the concern about water quality, ecosystems, and human health.
Fourteen million tons of microplastics are estimated to be accumulated in the bot-
tom of the ocean [47]. Aquatic biotas, ranging from plankton to large marine
mammals, are likely to ingest microplastics. Humans are being exposed to micro-
plastics through the ingestion of contaminated seafood and other foods and bever-
ages, or through the inhalation of airborne microplastics. Along with increasing
scientific understanding of the risks caused by plastic pollution and greater policy
attention to reduce these risks, multiple governments are now looking at ways to
address the emission of microplastics into the environment.

In response to growing concerns over the risks related to plastic pollution,
Indonesia has introduced measures to reduce plastic widespread into the environ-
ment, mainly through better waste management policies, a ban on single-use
plastics that are often discarded carelessly, and restrictions on the manufacture
and distribution of personal care products and cosmetics which contain microplas-
tics. Indonesia has carried out a priority program to improve waste management
in several tourist locations, including marine national parks, to prevent and collect
plastic waste in the sea for recycling, as well as address the issue of the impact
of plastic waste and microplastics. In 2017, monitoring and surveys of plastic waste
in the sea were carried out, using UNEP and NOAA guidelines in 18 coastal areas
in 18 cities/districts, from 25 priority cities/districts, and will continue in the fol-
lowing years. As with the waste management target following Presidential Regula-
tion Number 97 of 2017, namely reducing waste from the source by 30% and waste
handling by 70% by 2025, Indonesia is adapting its commitment at the international
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level, with a target of reducing marine waste by 70% by 2025 (KLHK (Ministry of
Environment and Forestry) press release, 2018). Mitigation efforts from residents
can be done through the 6 R movement: Reduce, Reuse, Recycle, Repair, Refuse,
Rethink [48], separating the types of waste from the beginning, encouraging the
role of government through education and regulation, research and technology
support and increase the comfort of the local civilian and visitors so that the func-
tion of Pekalongan waters remains sustainable.
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Abstract

The Sevastopol seashore is influenced by a variety of anthropogenic and natural factors,
which can be particularly pronounced in enclosed bays. The objective of this study is
to analyse the spatial and temporal variability of hydrological and hydrochemical parame-
ters and the modern state of plankton communities of the Sevastopol seashore. The variabi-
lity of hydrochemical indicators of water, phytoplankton and meroplankton was studied
in 20202022 in Kamyshovaya, Kazachya, Kruglaya, Streletskaya, Sevastopol and Karan-
tinnaya Bays. The hydrochemical parameters (salinity, biochemical oxygen demand over
five days (BOD:s), permanganate index, silicon content, mineral and organic forms of nitro-
gen and phosphorus) were determined according to generally accepted methods. The Red-
field stoichiometric ratios were applied in order to ascertain the limiting nutrient factor.
The species composition, abundance and biomass of phytoplankton and meroplankton were
determined. In comparison to data collected 20 years ago, an increase in surface water pol-
lution (BODs and permanganate index exceeding maximum permissible values) was ob-
served on the seashore of Sevastopol. Biogenic elements (nitrogen, phosphorus, and silicon
compounds) varied widely. The study found that that limiting factor for phytoplankton veg-
etation was nitrogen in spring, silicon in summer, and phosphorus in summer and autumn.
No phytoplankton blooms were recorded during the study period. Mass development of
diatoms and coccolithophores was observed in spring. In summer and autumn, the abundance
and biomass of planktonic microalgae decreased to minimum values. Relative synchrony of
seasonal dynamics of meroplankton density was observed: in all Sevastopol bays minimum
values were registered in the cold period of the year, whereas maximum values were recorded
in the warm period when the water warmed up above 14.5°C. Comparative analyses and
quantitative assessments of plankton dynamics in bays, differing in hydrological and
hydrochemical environmental parameters, can contribute to the assessment of the functional
response of Black Sea coastal ecosystems to anthropogenic and natural factors.

Keywords: phytoplankton, meroplankton, nutrients, biochemical oxygen demand over five
days, BODs, Black Sea
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IKOJIOTHYECKOe COCTOSIHUE BOJ
CeBacTonosibckoro B3Mopbs (3anagubiii Kpbim)
U ero BJIMsIHME HA TUHAMHMKY NJAHKTOHHBIX CO00IECTB

H. B. ITocnesioBa *, C. B. Illlypos, H. I1. KoBpuruna,
E. B. JIucuukas, O. A. TpomeHko

Hucmumym buonocuu 1oxcnvix mopei umenu A.O. Kosanesckozo PAH,

Cesacmononw, Poccus

* e-mail: nvpospelova@ibss-ras.ru

AHHOTANNSA

CeBacToIoIbcKoe B3MOPEE MCIBITHIBACT MOCTOSHHOE BO3/ICHICTBUE aHTPOIIOTCHHBIX U TPH-
POAHBIX (hAaKTOPOB, KOTOPOE MOMKET YCHJIMBAaThCsS B 3aKphITBIX OyxTax. Llenb paboThI —
MPOaHATU3UPOBATh TIPOCTPAHCTBEHHO-BPEMEHHYI0 U3MEHYMBOCTH THAPOJIOTO-THAPOXUMH-
YEeCKHX IapaMeTpPoOB M COCTOSHHE IUIAHKTOHHBIX cooOmiecTB CeBacTONOILCKOTO B3MOPbS
B COBPEMCHHBIN nepuon. MccnenoBannss M3MEHYMBOCTH THAPOXMMHYECKUX ITOKa3aTeNeH
BOJI, PUTOIIAHKTOHA W MEPOIUTaHKTOHA TpoBeneHbl B 2020-2022 rr. B OyxTax KampImio-
Boii, Kazaubeli, Kpyrnoi, Ctpenernkoit, CeBacTomonbckoit u Kapantuaaoi. I'mapoxummde-
CKHE TOKa3aTelH (COJIEHOCTh, OMOXUMHIUYECKOE MOTpeOIeHNEe KHUCIOPOAa 3a MATh CYTOK
(BIIKs), mepmaHraHaTHast OKHCIISIEMOCTb, COACP)KaHUE KPEMHHS, MUHEPAJIbHBIX U OpraHuU-
yeckux (opM azota u hocdopa) onpeaessI Mo OOUICTPHHATHIM MeToArKaM. [l ompe-
JIeTICHNUS] JIMMUTUPYIOLIET0 OMOTEHHOTO (haKTopa UCIIOIb30BAIM CTEXHOMETPHUYECKHE COOT-
Houenust Pendunna. Onpenensuin BUIOBOH COCTaB, YUCICHHOCTh U OMOMaccy (pUTOIUIAHK-
TOHA U MepoIUTaHKToHa. 3a 20 neT Ha B3Mopbe CeBacTonosisi OTMEUEHO MOBBIIIEHUE YPOB-
Hs1 3arpsisHeHus1 moBepxHocTHRIX Boa (BIIKs u okucinsieMOCTh NMpeBBIIaNN MPeAeabHO
JONYCTHMBIC 3HaueHHMs1). broreHnsle anemenTsl (coenuHeHus a3ota, (ochopa, KpeMHUS)
M3MEHSJINCH B IIMPOKUX Tpenenax. JInMuTupyromum GakTopoM Iu1s pa3BUTHS (PUTOTUIAHK-
TOHA B BECCHHMI TIEpHOT ObLT a30T, JIETOM — KPEMHHUH, JIETOM H O0ceHbIo — ocdop. 3a me-
PHOX MCCIIEN0BaHUS HE 3a(UKCHPOBAHO CITy4aeB «IBETEHHU» (puTommankroHa. MaccoBoe
pa3BUTHE JUATOMOBBIX BOJOPOCIEH M KOKKOJIMTO(OPHI OTMEYEHO B BECEHHMH INEPHOIL.
JleroM ¥ OCEHbIO YHCIEHHOCTh U OMOMacca IUIAHKTOHHBIX MHKPOBOJIOPOCIIEH CHIKAIMChH
10 MUHUMAJIbHBIX 3HaueHnii. OTMeueHa OTHOCHUTEIbLHAS CUHXPOHHOCTDH CE30HHOH JAUHa-
MHUKHU TJIOTHOCTU MCPOIUIAHKTOHA: BO BCEX 6yXTaX CeBacTomnoiass MUHAMAaJILHBIE 3HAa4Ye-
HUS 3apETUCTPUPOBAHBI B XOJIOMHBIN MEPHOA T0/la, MAaKCUMaJIbHbIE — B TEIUIBI MEepHOJ
npu nporpese Bojbl Beiie 14.5 °C. CpaBHUTENbHBIN aHATU3 U KOJUYECTBEHHBIC OLIEHKU
JUHAMMKH IUTAaHKTOHA B OyXTax, pa3iW4alomnXcs M0 THAPOJIOTHYECKUM M THAPOXHMHUYC-
CKUM TTapaMeTpaM CpPeibl, MOTYT BHECTH BKJIAJ B OLEHKY (DYHKIIMOHAJILHOM peakuny IpH-
OpeKHBIX 3KocHCTeM UepHOro MOps Ha aHTPOIIOTEHHBIE M IPUPOIHBIE (haKTOPHI.

KiroueBble cioBa: (HUTOMIAHKTOH, MEPOIUIAHKTOH, OMOTE€HHBIE AJIEMEHTHI, OMOXHMHUYE-
ckoe morpedienue kuciaopoxa, bI1Ks, Ueproe mope
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BaarogapHocTu: paborta BBINIOJIHEHA 10 TeMe rocyaapcTBeHHoro 3aganus OUL NubIOM
(Ne 124022400152-1).

Jnst muTHpoBaHus: DKOJIOTMUecKoe cocTosiHue Bojl CeBacTONONBCKOroO B3MOpPbs (3aratHbli
KpsIM) 1 ero BiausHUE Ha TMHAMUKY TDTAaHKTOHHBIX coobmects / H. B. TTocnienosa [u ap.] /
Okonornydeckas 6e30MacHOCTh IPUOPEKHON U menb(poBoii 30H Mopst. 2025. Ne 2. C. 118-134.
EDN JDOMVD.

Introduction

The basis of pelagic food chains in aquatic systems is phytoplankton, with its
dynamics of abundance, species diversity and productivity influenced by various
environmental factors. In this regard, structural and functional parameters of phy-
toplankton can serve as indicators of changes in bay ecosystems. One of the links
of the food chain in the pelagial ecosystem is meroplankton (pelagic larvae of bot-
tom-dwelling invertebrates). On the one hand, larvae consume a large amount of
phytoplankton, and on the other hand, they themselves are part of the food of many
marine invertebrates and fish. At the same time, the representatives of meroplank-
ton are most vulnerable to the impact of various toxicants and domestic sewage [1].

The Sevastopol seashore is considerably influenced by a variety of anthro-
pogenic factors which can be particularly pronounced in enclosed bays [2, 3].
The bays have different configuration, size and depth. Most of them are elongated
and run deep into the shore (Sevastopol, Karantinnaya, Streletskaya, Kamyshovaya
and Kazachya bays), except for Kruglaya Bay [4]. The formation of the hydro-
chemical regime of the Sevastopol seashore is influenced by river and storm water
runoff as well as domestic sewage with a high content of mineral nitrogen, which
exceeds the content of phosphorus compounds by one to three orders of magnitude
and is a determinant in the eutrophication of water bodies [2]. The impact of river
runoff and anthropogenic pollution increases from west to east. The most unfavoura-
ble location is Karantinnaya Bay while Kazachya Bay is the least unfavourable.
Simultaneously, research conducted in certain bays of the Sevastopol seashore
in recent years has revealed the emergence of novel anthropogenic pollution
hotspots and a substantial increase in the concentration of total suspended solids,
dissolved organic matter and petroleum hydrocarbons. These concentrations ex-
ceeded the maximum permissible concentration (MPC) frequently [5-7].

The objective of this study is to analyse the spatial and temporal variability of
hydrological and hydrochemical parameters and the state of plankton communities
of the Sevastopol seashore according to the data obtained in 2020-2022.

Materials and methods

The study was conducted from October 2020 to November 2022. Six one-day
surveys were carried out in spring (May 2021), summer (July 2021, August 2022)
and autumn (October 2020, November 2021 and 2022). Samples were taken
at the traverse of Kamyshovaya (station /), Kazachya (station 2), Kruglaya (sta-
tion /), Streletskaya (station 4), Karantinnaya (station 6) and Sevastopol (station 7)
bays as well as at a station in the open part of the seashore (station 5) 2 km offshore
(Fig. 1). The depth in the study area was mainly 12-20 m, except for the control
station (station J), where it reached 50 m.
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Crimea

Black Sea

Fig. 1. A map-scheme of the study area (/-7 are station numbers).
Adopted from Google Maps (URL: https://www.google.ru/maps)

Samples were taken in the surface and bottom layers using a BM-48M ba-
thometer. Salinity (a GM-65 electrosalinometer with regular calibration by titration
with AgNOs solution), biochemical oxygen demand over five days (BODs), per-
manganate index in alkaline medium, silicon content as well as content of mineral
and organic forms of nitrogen and phosphorus were determined according to gen-
erally accepted methods V2. The Redfield stoichiometric ratios (PRy)*’ were used
in order to ascertain the limiting nutrient factor, which had the following form
for known concentrations of inorganic compounds of nitrogen, phosphorus and
silicon:

PR (N/P) = 1.53 (1.35NO;, + NOs + 3.44NH,)/ POy,

PR, (Si/N) = SiO4/(1.47 (1.37NO, + NO;s + 3.77 NH,)),
PR, (Si/P) = 1.03 SiO4/POL.

1 Guideline Documents PJ] 52.24.420-2019; PJ1 52.24.383-2018; P 52.24.380-2017; P/152.24.381-
2017; PJ1 52.24.382-2019; PJ] 52.24.432-2018; P[] 52.10.805-2013; P/1 52.24.387-2019 (in Rus-
sian).

2 On the Approval of Water Quality Standards for Water Bodies of Commercial Fishing Importance,
Including Standards for Maximum Permissible Concentrations of Harmful Substances in the Waters

of Water Bodies of Commercial Fishing Importance: Order of the Ministry of Agriculture of Russia
dated December 13, 2016, No. 552 (in Russian).

3 Redfield, A.C., Ketchum, B.H. and Richards, F.A., 1963. The Influence of Organisms on the Com-
position of Sea-Water. In: N. M. Hill, ed., 1963. The Sea: Ideas and Observations on Progress
in the Study of the Seas. New York: Wiley Interscience, Vol. 2, pp. 26-77.
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To determine the species composition, abundance and biomass of phyto-
plankton, samples (V = 2.0 L) were collected from the upper layer of seawater
(0—1 m). Seawater was filtered through nuclear-track membranes with a pore
diameter of 1 pm (JINR, Dubna) on a reverse filtration unit. Then, it was concen-
trated to a volume of 40-50 mL and fixed with Utermel solution. The identifica-
tion of microalgae species was conducted using a light microscope at magnifica-
tions of 200x and 400x (Olympus BX43) with the help of identifiers ¥ ¥. Phyto-
plankton abundance and biomass were calculated using the Gloria software de-
veloped at the IBSS [8]. Taxonomic names are given according to the AlgaeBase
(available at: https://www.algaebase.org) and World Register of Marine Species
(available at: https://www.marinespecies.org) databases.

Sampling of meroplankton during the study period was carried out at coastal
stations with a depth of up to 13 m. The material was collected with a Juday net
with an inlet diameter of 36 cm and a silk bolting cloth mesh size of 135 pum.
The water layer 0—10 m from bottom to surface was considered under study. Live
material was processed by total counting of larvae in a Bogorov type chamber
under an MBS-9 binocular; a MIKMED-5 light microscope was used to clarify
the species affiliation of larvae [3].

A total of 96 samples for hydrological and hydrochemical analysis and
23 phyto- and meroplankton samples each were processed and analysed.

Mathematical and statistical calculations were performed in Excel 2016.
Estimates of minimum, maximum, mean values and standard deviations were
obtained.

Results

Spatial and temporal distribution of thermohaline and hydrochemical
parameters

Temperature and salinity. Surface layer temperature varied from 14.4 (May)
to 26.1°C (August) decreasing to 13.1°C as a result of autumn cooling (November).
During the period of thermocline formation (May—August), water stratification was
observed: the maximum temperature difference between the surface and bottom
layers at the control station reached 16.2°C while at the shallow station (Kamy-
shovaya Bay), stratification was minimal, with the temperature difference not ex-
ceeding 0.9°C. During the autumn months, convective mixing resulted in vertical
equilibrium of temperatures.

The spatial structure of the surface layer thermohaline fields was characterised
by insignificant gradients. It was demonstrated that the range of variability of sea
water surface layer temperature was 0.3—1.4°C and that of salinity — 0.08-0.21 PSU.
It is important to note the elevated salinity levels observed at the control station

4 Proshkina-Lavrenko, A.L, 1955. [Diatom Algae of the Black Sea Plankton]. Moscow, Leningrad:
Izd. AN SSSR, 224 p. (in Russian).

) Tomas, C.R., ed., 1993. Marine Phytoplankion: A Guide to Naked Flagellates and Coccolitho-
phorids. Academic Press, 263 p.
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in comparison to the bays. Extremely low salinity values were recorded in Novem-
ber 2021 (17.63—17.84 PSU). During the periods of other surveys, the surface layer
salinity values varied in the range of 18.02—-18.54 PSU. Salinity increased from
the surface to the bottom, the maximum difference in salinity values was recorded
in the 0-50 m layer (0.42 PSU on 17.11.2021 and 0.33 PSU on 09.07.2021).

BODs and permanganate index. BODs values varied over a wide range of
0.57-3.87 mg/dm® (Table). Values close to water quality standards for water bodies
of fishery significance and exceeding them (>2.1 mg/dm’) were observed in spring
(Kamyshovaya, Kruglaya, Karantinnaya, Sevastopol bays) and during summer
surveys (Kamyshovaya, Kazachya, Kruglaya, Streletskaya bays). Furthermore,
autumn BODs values did not exceed the normative values at all stations, except
for the survey in autumn 2021 at the station in Kamyshovaya Bay (3.84 mg/dm”).

Permanganate index varied from 1.62 to 5.49 mgO/dm’ during the period
under consideration (Table). Exceedance of this index standard (> 4.0 mgO/dm’)
was observed in all bays and in different seasons of the year. Mean values of per-
manganate for the observation period in the bays were below the water quality
standards.

Nutrients. Nitrite nitrogen concentration (NO;) was low and did not exceed
3.5 pg/dm’ in the surface layer (Table) and 4.6 pg/dm’ in the near-bottom one
(Streletskaya Bay). Nitrate concentration in the surface layer varied from 4.6
(May 2021, Sevastopol Bay) to 267.5 ug/dm® (August 2022, Karantinnaya Bay).
The near-bottom layer demonstrated the nitrate concentration variation from 3.8
to 86.8 ng/dm’ (August 2022). Mean values of nitrate in the surface layer varied
in the bays from 12.7 in Kruglaya Bay to 58.1 ug/dm® in Karantinnaya Bay. Of note
is the August 2022 survey when high nitrate values were recorded at all stations and
reached 267.5 pg/dm?® in the Karantinnaya Bay surface layer. Elevated concentration
values in the same survey were also recorded in the bottom layer (39-59 pg/dm?®)
while the maximum (86.8 pg/dm®) was observed at the control station near the bot-
tom. Ammonium nitrogen concentration on the Sevastopol seashore was low and
ranged from 0.6 pg/dm* (Kruglaya Bay, May 2021) to 32.4 pg/dm® (Kamyshovaya
Bay, August 2022). August 2022 was characterised by NH4 increased concentra-
tion at all stations. Organic nitrogen concentration (Nor,) varied over a wide range:
from 331 pg/dm® in May 2020 to 1375 pug/dm® in Streletskaya Bay in August 2022
(Table). High Ny concentration values were recorded also in Kruglaya, Kazachya
and Kamyshovaya bays.

Mineral phosphorus (PO.) concentration varied from 1.1 to 15.9 pg/dm’.
Minimum content was observed in autumn 2022 at the control station, maximum —
in spring 2021 in Kamyshovaya Bay (Table). The mean value of POy in the Sevas-
topol seashore water area for 2020-2022 is 6.3 pug/dm’. Organic phosphorus (Por)
content varied from 3.7 to 34.9 pg/dm’. Maximum values were recorded in sum-
mer in Kazachya Bay. Mean values of Py for all the period under study varied
from 15.3 to 22.1 pg/dm’. In general, P, concentration values were low and uni-
form. No seasonal variability was recorded.
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Hydrochemical parameters in the surface layer of the water area under study (2020-2022)

Content, pg/dm?

BOD:;, PIL,
Bays Value mg/dm?® | mgO/dm?

NO; | NO3 | NHs4 | Norg | PO4 | Porg | Si

mean 1.63 3.23 09 243 87 69 40 178 445

Kazachya min 0.70 1.75 04 47 21 378 14 3.7 124
max 2.72% 4.37 1.3 903 15.0 1131 123 349 726

mean 2.61 3.92 1.3 246 135 645 65 21.0 603

Kamyshovaya | min 1.31 2.30 0.9 53 1.7 331 24 50 148
max 3.87 5.49 1.6 704 324 1188 159 26.7 98.6

mean 1.40 3.24 0.8 127 82 645 3.7 17.6 40.0

Kruglaya min 0.57 2.01 0.1 54 06 372 14 43 179
max 2.23 4.11 1.2 445 174 1235 109 264 63.7

mean 1.38 3.37 14 242 86 660 39 192 81.2

Streletskaya min 0.60 1.98 07 51 18 412 11 41 238
max 2.21 4.50 2.1 409 19.1 1375 105 334 118.1

mean 1.43 3.22 14 581 88 545 51 171 648

Karantinnaya | min 0.66 1.62 08 65 19 411 18 46 151
max 2.72 4.73 3.5 2675 178 824 115 273 1524

mean 1.45 3.51 1.7 141 87 670 63 221 474

Sevastopol min 1.10 2.39 1.2 46 26 459 35 150 19.8
max 2.32 4.63 23 222 129 838 112 342 750

mean 1.50 3.89 08 143 77 618 42 228 31.0

Control min 1.26 3.28 05 65 22 370 18 142 143
max 2.02 4.42 1.0 29.1 13.6 801 95 291 358.7

Note: values exceeding maximum permissible concentrations (MPC)? and limits for water
quality of fisheries ? are given in bold. PI — permanganate index. MPC of NO, — 20 pg/dm?,
NO; — 9,000 pg/dm3, NHs — 390 pg/dm3. BODs limit value — under 2.1 pg/dm?, PI limit
value — 4.0 pg/dm?.
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Silicon (Si) content was characterised by great variability. Thus, Si concentra-
tion in the surface layer varied from 12.4 ug/dm® (July 2021) in Kazachya Bay to
152.4 pg/dm?® (August 2022) in Karantinnaya Bay (Table). High Si concentrations
were recorded in all bays in August 2022 in the surface (64—152 pg/dm?®) and near-
bottom layers (100—153 pg/dm?). No silicon concentration seasonal variability was
recorded.

Ratio of nutrients

Fig. 2 shows the results of calculations of the Redfield ratio (PR,) for nitro-
gen, phosphorus and silicon to determine the limiting factor for phytoplankton.
A wide range of relative N/P values was observed — from 1 to 53. The minimum
values were observed in spring (1-3), indicating significant nitrogen limitation.
The ratio was close to the classical Redfield ratio in summer (except for Kazachya
and Karantinnaya bays), autumn 2020 in Karantinnaya and Sevastopol bays and
autumn 2021 in Kamyshovaya Bay. In other cases, the ratio of N/P values exceed-
ed 16 which corresponded to phosphorus-induced limitation.

16:1 1:1
Control = N/P Control Si/N
Sevastopol Sevastopol
Karantinnaya —— Karantinnaya
Streletskaya g——— ' Streletskaya
Kruglaya ' Kruglaya
Kamyshovaya T Kamyshovaya
Kazachya = — Kazachya
0 10 20 30 40 50 60 0 4 8 1216 20 24
PRt PRt
| O Autumn 0O Summer ® Spring
15:1
Control = Si/P
Sevastopol
Karantinnaya —
Streletskaya | = ]
Kruglaya Fig. 2. Molar ratios of biogenic ele-
Kamyshovaya — ments in the studied points of the Sevasto-
Kazach pol seashore (see Fig. 1). The vertical line
azachya — represents the classical Redfield ratios

T T T T T T 1
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The Si/N ratio varied from 0.2 to 21. The Si/N value greater than one was rec-
orded in spring and also in autumn 2020 in Streletskaya Bay. The Si/P ratio varied
from 3 to 56. In autumn 2020 and 2021 this ratio exceeded the classical values.
In spring and summer, lower values of the Si/P ratio were observed.

Taking the ratio of all three elements (N/Si/P) into account, the values close
to the classical Redfield ratio were observed only in autumn 2020 in Karantinnaya
Bay (18/17/1). Significant deviations were noted at other times.

Phytoplankton: dynamics of taxonomic composition and density

A total of 75 species of microalgae were recorded in phytoplankton samples,
35 of which belong to diatoms and 32 to dinophytes. The remaining species belong
to such phyla as Haptophyta, Euglenozoa, Ochrophyta, Cercozoa. The maximum
values of phytoplankton abundance and biomass in all bays were observed in spring
(Fig. 3). The exception was the autumn period of 2020 in Sevastopol Bay, when
the biomass of planktonic microalgae exceeded 400 mg-L ™', with low abundance of
phytoplankton. Phytoplankton abundance was also low during summer and autumn
2021.

The spatial and temporal variability of the abundance of the main phytoplank-
ton groups indicates high variability of the community composition. In autumn
2020 and 2021, diatoms were absolutely dominant in terms of both abundance
(75-100%) and biomass (64-100%). In spring, diatoms and coccolithophores
dominated in abundance (98-99%) in Kamyshovaya, Kruglaya and Sevastopol
bays and in biomass — at all stations. In summer, diatoms dominated in abun-
dance (52—-80%), but were inferior to dinoflagellates (57-91%) in biomass. In au-
tumn 2020 at all stations, large-celled diatom alga Proboscia alata was the main
contributor (57-97%) to total abundance and biomass, while in autumn 2021,
it was Pseudosolenia calcar-avis (87-99%). Coccolithophore Emiliania huxleyi

Sevastopol a Sevastopol b
Karantinnaya Karantinnaya

Streletskaya Streletskaya E égé%%g% i

Kruglaya Kruglaya o é%ﬁ(l)(s)ég%
Kamyshovaya pr== 5| Kamyshovaya
Kazachya Kazachya

0 l(I)O ZE)O 360 460 (I) 260 4(I)0 6(I)0

N, thousand cell - L" B, ng-L"

Fig. 3. The total abundance N (a) and biomass B (b) of phyto-
plankton in Sevastopol bays (see Fig. 1)
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dominated almost at all stations in May 2021 (37-58% of total abundance), and
in Kamyshovaya Bay, diatoms Pseudo-nitzschia calliantha and Chaetoceros wighamii
made a significant contribution to abundance (23 and 45% of the total number,
respectively) along with coccolithophores.

P. alata formed the basis of biomass (40-58% of the total biomass) of spring
phytoplankton in all bays. In summer, dinophytes of genus Prorocentrum gave
peak abundance in Kazachya and Streletskaya bays. In Kamyshovaya Bay, diatoms
Chaetoceros tortissimus, Leptocylindrus danicus and P. alata accounted for more
than 68% of the total abundance, while diatoms P. calliantha and P. alata domi-
nated in Kruglaya Bay (more than 50% of the total abundance). The basis of bio-
mass was formed by large-celled diatom P. alata and dinoflagellates of genus
Prorocentrum.

Meroplankton: dynamics of taxonomic composition and density

During the study period, larvae of 41 species of benthic invertebrates belong-
ing to the following taxa were identified in plankton: type Annelida, class Poly-
chaeta — 16 species; type Mollusca, classes Bivalvia — 7, Gastropoda — 9 species;
type Arthropoda, subtype Crustacea: infraclass Cirripedia — 2 species and order
Decapoda — 7 species. Planulae Coelenterata (Type Cnidaria), larvae Kamptozoa
(Type Entoprocta) and Bryozoa (Type Bryozoa) not identified to species, were en-
countered sporadically.

The minimum number of larvae of benthic invertebrates was recorded in the cold
period of the year in the whole water area of the Sevastopol seashore. In November
2021 the total density of meroplankton did not exceed 29 ind./m® (Fig. 4). Veli-
conchae of such bivalves as mussel Mytilus galloprovincialis Lamarck, 1819 and
surf clam Spisula subtruncata (Da Costa, 1778), gastropod veligers not identified
to species, polychaete larvae (Spio decorata Bobretzky, 1870) and barnacle nauplii
Amphibalanus improvisus (Darwin, 1854) were found in the plankton.

Sevastopol B 17.11.2021
Karantinnaya 0907 2001
Streletskaya @ 08.10.2020
Kruglaya 1
Kamyshovaya
Kazachya
0 1000 2000 3000 4000

Density, ind./m3

Fig. 4. Dynamics of meroplankton
density in Sevastopol bays (see Fig. 1)
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A substantial increase in the number of larvae in the plankton was observed
during the warm period of the year when a multitude of species of benthic inverte-
brates commenced their reproductive cycle. In May, the maximum plankton densi-
ty (661 ind./m*) was recorded in Sevastopol Bay, it reached 322 ind./m’ in Ka-
myshovaya Bay and ranged from 26 ind./m’ (in Karantinnaya Bay) to 227 ind./m’
(in Kazachya Bay) in other areas (Fig. 4).

The species composition of meroplankton underwent an increase in diversity.
Among mollusks, with the exception of mussel larvae, veliconchae of the bivalve
mollusks of family Cardiidae, gastropod veligers of family Rissoidae were observed
to occur in the plankton. The density of mussel larvae was low — up to 15 ind./m’,
while that of veligers Gastropoda reached 147 ind./m’ (in Kamyshovaya Bay).
Larvae of polychaetes Harmothoe reticulata (Claparéde, 1870), Pholoe inornata
Johnston, 1839, Polydora cornuta Bosc, 1802, Alitta succinea (Leuckart, 1847)
and larvae of family Nereididae not identified to species appeared in the plankton.
Larvae Decapoda (Hippolyte leptocerus (Heller, 1863), Upogebia pusilla (Petagna,
1792)) were recorded sporadically. In terms of abundance, all bays were dominated
by larvae of barnacle A. improvisus, from their maximum of 597 ind./m? (in Sevas-
topol Bay) to 227 ind./m’® (in Kazachya Bay).

In July, the maximum meroplankton density (3180 ind./m®) was recorded in Krug-
laya Bay. It was stipulated by high density of gastropods larvae (2173 ind./m?).
Veligers of bittium (Bittium reticulatum (Da Costa, 1778)) and representatives
of family Rissoidae dominated in the plankton. With their density not exceeding
135 ind./m’ in other bays, it reached 373 ind./m’ in Kazachya Bay only. During
this period, an increase in the density of barnacle larvae was also noted in all bays
but the plankton was dominated by nauplii of another species, Verruca spengleri
Darwin, 1854.

In October, Sevastopol and Kamyshovaya bays showed higher meroplankton
density values — up to 1126 and 756 ind./m’, respectively (Fig. 4). At the same
time, the number of larvae in other bays ranged from 91 ind./m® (in Streletskaya
Bay) to 463 ind./m’® (in Karantinnaya Bay). In terms of abundance, veligers of
gastropods (Retusa truncatula (Bruguiere, 1792), Caecum trachea (Montagu, 1803),
Limapontia capitata (0. F. Miiller, 1774), Rissoa parva (Da Costa, 1778),
Rissoa sp.) dominated. Their maximum total density (235 ind./m*) was recorded
in Kamyshovaya Bay. That period was also characterised by the increased number
of mussel M. galloprovincialis larvae in the stage of ocellated veliconcha. Their
density was 110 ind./m® in Kamyshovaya Bay and ranged from 9 to 62 ind./m’
in other areas under study. The density of polychaete larvae did not exceed
29 ind./m’. Lysidice ninetta Aud. et H. M. Edw., 1833 Magelona rosea Moore,
1907, Malacoceros fuliginosus (Claparéde, 1870) and Prionospio sp. and Phyllo-
doce sp. not identified to species were observed. Barnacle nauplii A. improvisus
(up to 782 ind./m*) dominated in Sevastopol Bay. Larvae of decapods (Clibanarius
erythropus (Latreille, 1818), Pisidia longimana (Risso, 1816), Xantho poressa
(Olivi, 1792), Pachygrapsus marmoratus (Fabricius, 1787), Athanas nitescens
(Leach, 1813) were recorded in the plankton in October but their total density did
not exceed 30 ind./m* (Karantinnaya Bay).
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The meroplankton density dynamics in all bays exhibited a high degree of
synchrony. Minimum values, with a maximum of 29 ind./m’, were observed to be
characteristic of the cold period of the year when the water temperature was rec-
orded at 14.5°C (in November). An increase in density was noted with the onset of
water warming in May, July and October. In terms of abundance, the meroplankton
showed the domination of barnacle nauplii Amphibalanus improvisus: during
the cold period of the year, they occurred sporadically and dominated the plankton
in May and October, which then influenced the total meroplankton density values.
The maximum number of barnacle larvae was recorded in Sevastopol and Kamy-
shovaya bays.

Discussion

A comparison of the hydrological and hydrochemical data obtained from one
station scheme in 2001-2005 and 2020-2022 is of interest [2]. In 2020-2022,
an increase of salinity in the surface layer in the water area was noted. In 2001—
2005, mean salinity values ranged from 17.70 to 17.94 PSU [2] while in 2020-
2022, salinity values reached 18.54 PSU. The trend of salinity increase in the Se-
vastopol coastal area in recent years has also been indicated by other authors [3, 9].
A positive salinity trend in the surface layer was found in Karantinnaya Bay from
2001 to 2018 [9]. Studies in the shelf zone of the north-eastern Black Sea also
demonstrated a progressive increase in salinity in the upper 200 m layer of the sea
from 2010 to 2020 [10]. The authors attribute this primarily to fluctuations in the Black
Sea climate regime.

According to the official data provided by the Crimean Service of State Sta-
tistics (available at: https://82.rosstat.gov.ru/), the population of the City of Sevasto-
pol has increased by 33% over the last 20 years while the government estimates
that the actual increase is over 40%. Urban development has expanded in the coastal
zone, with a corresponding increase in the volume of domestic water and the load
on sewage treatment plants. In addition, as urbanization increases, the volume
of stormwater runoff also increases with the deterioration of its quality [5, 11].
All this results in an increase in the concentration of mineral and organic substanc-
es in the coastal water area and affects the level of surface water pollution which
we assessed by two indicators — BODs and permanganate index. The first value
reflects the pollution of the environment by non-persistent organic matter; the sec-
ond one indicates the degree of pollution by persistent organic matter. BODs mean
values obtained until 2005 on the Sevastopol seashore did not exceed 0.79 mg/dm’
[2] while in the modern period, BODs values exceeded water quality standards
for water bodies of fishery significance in spring (in Kamyshovaya, Kruglaya, Karan-
tinnaya, Sevastopol bays) and in summer (in Kamyshovaya, Kazachya, Kruglaya,
Streletskaya bays), which indicates an increase in the degree of pollution of the sea-
shore. This is also confirmed by permanganate index (exceedance of standards was
observed in all bays and in different seasons) and nitrogen concentration. It should
be noted that nutrient content is influenced by water dynamics, anthropogenic pol-
lution and interactions with biota.
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The dynamics of abundance, species diversity and productivity of the phyto-
plankton community are influenced by a complex of different environmental factors:
temperature, light, nutrients, trace elements, pollutants, consumption by other com-
ponents of food chains, water dynamics, etc. However, it is not possible to isolate
the influence of individual factors in natural conditions. The impact of temperature
and light on the reproductive capacity of diverse phytoplankton groups is a well-
documented phenomenon. In order to gain a more complete understanding of the ef-
fects of trace elements and pollutants, experimental work is required. To facilitate
a discussion regarding the influence of wind-wave processes, a series of long-term
observations must be conducted. Nutrients represented by mineral compounds of
nitrogen, phosphorus and silicon constitute the material basis for the creation of
primary production in water bodies. The concentration of these substances and
their ratio regulate phytoplankton vital activity and ensure biological productivity
of aquatic ecosystems as a whole. In this connection, we tried to assess the relation-
ships of nutrients with the development of phytoplankton communities in the stud-
ied water areas in different seasons.

No seasonal regularity in the change of nitrate and organic nitrogen concen-
tration was observed, which confirms the influence of anthropogenic pollution as
the main source of nitrogen. At the same time, the concentration of nitrate nitrogen
required by the phytoplankton varied widely. NHs" maximum concentrations were
observed in autumn when the plankton composition was dominated by large-celled
diatom algae. The phytoplankton are known to consume NH; during photosynthe-
sis, with algae using less energy compared to nitrate assimilation [12]. Absorption
of reduced forms of nitrogen, including NH4", depends on the phytoplankton cell
size. Small-cell phytoplankton assimilate ammonium nitrogen predominantly while
large-cell phytoplankton are the main consumers of nitrates [13]. Mean values of
mineral and organic nitrogen concentrations in Kamyshovaya, Kazachya and Krug-
laya bays exceeded similar values recorded until 2005 [2].

Maximum phosphate concentrations were observed during the period of phyto-
plankton mass development with predominance of coccolithophores (spring 2021).
The same period was characterised by minimal Redfield ratio PRy (N/P) (1-3),
which can indicate nitrogen limitation of the phytoplankton production. Similar data
on biogenic elements in the spring period were obtained by A. S. Mikaelyan et al.
[14]. The authors noted an interesting peculiarity for the Black Sea: phosphates
have a positive effect on the mass development of coccolithophores under nitrogen
limitation of primary production. In summer and autumn, we observed phosphorus
deficiency in most cases. The importance of mineral phosphorus as the leading fac-
tor of chemical limitation of phytoplankton production along with the length of
daylight hours and water temperature on the Sevastopol seashore is stated in [15].

The silicon content exhibited significant variability over the 2020-2022
period, with values gradually declining from the peak recorded in spring to lower
levels in summer and autumn, attributed to the consumption of this element
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by the phytoplankton. It is probable that silicates did not constitute a limiting factor
for the phytoplankton growth in spring, when diatom algae were predominant,
in conjunction with coccolithophores. The lowest silicon content was observed
in summer when the silicon-to-nitrogen ratio was less than 0.5. This period also
coincided with the absence of diatoms as the dominant phytoplankton group.
The observed deviation from the classical Redfield ratios (Si/N) in summer and
autumn in some bays indicates higher consumption of silicates by phytoplankton
compared to nitrates.

Excess nitrogen combined with a deficiency of phosphorus, and in some cases
silicon, resulted in an unbalanced stoichiometry of dissolved nutrients. This imbal-
ance is reflected in deviations from the classical Redfield ratios (N/Si/P) as well as
wide variations in these ratios. The enrichment of the biosphere with nitrogen,
the concentration of which in the ocean far exceeds that of phosphorus, is of con-
cern as it can affect coastal ecosystems [16].

No direct influence of nutrients and phytoplankton on the dynamics of mero-
plankton density was found. The influence of phytoplankton is likely to have a de-
layed effect. Furthermore, the main influence of the temperature factor on mass
reproduction of some meroplankton taxa cannot be excluded. At the same time,
taking into account that larvae of bottom invertebrates consume phytoplankton, we
can assume the opposite effect. Thus, in July 2021, in Kruglaya Bay, in the context
of low phytoplankton abundance, the maximum value of meroplankton density was
recorded, which can be associated with the ingestion of phytoplankton by larvae.
The density of meroplankton in autumn 2020 and spring 2021 in Kamyshovaya and
Sevastopol bays was high due to an increase in the number of larvae of barnacles
and bivalves, which is associated with seasonal cycles of their reproduction, and
did not depend on hydrochemical parameters. At the same time, a large number of
quay walls, breakwaters and other hydro-technical structures in the above-mentioned
bays attract larvae of these meroplankton groups as a convenient substrate for set-
tling.

Conclusion

During the period under study, an increase in the level of pollution on the Se-
vastopol seashore was observed in comparison with the 2001-2005 period.
The maximum BODs values in all bays exceeded water quality standards for water
bodies of fishery significance. According to this indicator, the bays can be arranged
from the most polluted with non-stable organic substances to the less polluted
in the following order: Kamyshovaya, Kazachya, Karantinnaya, Sevastopol, Krug-
laya, Streletskaya. The maximum permanganate index values in all bays also ex-
ceeded quality standards. Nitrate concentration on the Sevastopol seashore in-
creased from spring to summer and decreased by autumn. The average values of
mineral and organic nitrogen concentrations in Kamyshovaya, Kazachya and Krug-
laya bays exceeded similar values recorded until 2005. The minimum concentra-
tion of nitrates was recorded in Kruglaya Bay, the maximum one — in Karantin-
naya Bay. Ammonium nitrogen concentrations exhibited seasonal variations, anal-
ogous to the fluctuations observed in nitrate levels. The phytoplankton community
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composition exhibited significant spatial and temporal variability in the abundance
of the main groups. The predominance of large-celled diatom algae was observed
in autumn while the spring period was characterised by the dominance of small-
celled colonial diatoms and coccolithophore Emiliania huxleyi, diatoms dominated
in summer in terms of abundance and dinoflagellates — in terms of biomass. Rela-
tive synchrony of seasonal dynamics of meroplankton density in Sevastopol bays
was noted, with minimum values registered in the cold period of the year and max-
imum ones in the warm period. The meroplankton community was dominated by
barnacle nauplii Amphibalanus improvisus which were found to be the most preva-
lent species in the fouling of hard substrates. The maximum number of larvae of
this species was recorded in Sevastopol and Kamyshovaya bays.

The results obtained can be used to assess the functional response of the Black
Sea coastal ecosystems to variability of anthropogenic and natural factors.
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Abstract

The paper presents the results of microbiological study in the coastal waters of the northwest-
ern Pacific Ocean and the Sea of Okhotsk, obtained during the expedition of cruise 23/4 of
PV Professor Multanovsky (August—September 2023) within the Floating University Pro-
gram. Quantitative characteristics and spatial distribution of bacteria transforming major
classes of organic compounds, including petroleum hydrocarbons (diesel fuel), lipids, and
phenols, in the surface and bottom layers of the water column were determined. The abun-
dance of heterotrophic bacteria in the surface and bottom layers ranged from 103 to 10°
cellssmL. The abundance of hydrocarbon-oxidizing bacteria ranged from 1 to
10? cells/mL in the surface layer and from 1 to 10 cells/mL in the bottom layer. The abun-
dance of lipolytic bacteria varied from 10 to 10° cells/mL in both layers. The phenol-oxidiz-
ing bacterial group ranged in abundance values from 1 to 10? cells/mL in both the surface
and bottom layers. The investigated bacterial groups exhibited non-uniform distribution in
the coastal waters of the Kamchatka Peninsula. Maximum values are associated with the an-
thropogenically loaded Avacha Bay, exploited bays, and sites of active river runoff. During
the study period, the water temperature of the surface layer ranged from 11.0 to 16.1°C, and
the bottom layer ranged from 1.3 to 11.3°C. The pH values in surface water varied from 8.38
to 8.49. The depth at the bottom water sampling stations was from 13.5 to 780 m in the Pacific
Ocean and from 26 to 62 m in the Sea of Okhotsk. No significant correlation was found
between the abundance of identified microbial groups and the recorded physical and chemi-
cal parameters.

Keywords: heterotrophic bacteria, coastal waters, Kamchatka Peninsula, Avacha Bay, Sea of
Okhotsk
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AHHOTALMSA

[IpencraBneHs! pe3ynbTaThl MEKPOOUOIOTHUECKUX UCCIIEIOBAHUNA TPUOPEKHOI aKBAaTOPUH
ceBepo-3anaaHoil yactu Tuxoro okeaHa 1 OXOTCKOTO MOPSI, ITOJydeHHBIE B X0/I€ SKCIIEeIU-
uu petica 23/4 TIC «IIpodeccop MynbraHOBCKHit» (aBryct — ceHTa0ps 2023 r.) B pamkax
nporpammbl «IlnaByunii yHuBepcuter». OmpeaeicHbl KOJINYECTBCHHBIC XapaKTCPUCTHKH
Y M3y4Y€HO MPOCTPAHCTBEHHOE pacIlpejielieHne OakTepui, TpaHcHOPMHUPYIOIIUX OCHOBHBIC
KJIaCChl OPraHUYECKUX COETUHEHHH, BKIIIOYas YIJIeBOIOPOAbI He(TH (IU3eIbHOE TOILIUBO),
JUMAIBL U (PCHOJIBI B MOBEPXHOCTHOM W MPHUIOHHOM CIIOSIX BOJHOW TONIH. YHCIEHHOCTH
reTepoTpoHBIX OaKTEpHUii B 3THX CIOAX BapbrpoBaia oT 10° 1o 10° kin/mi1. UnciaeHHOCTh
YITIEBOIOPOIOKHCIIAIOMNX OaKTepuii cocTaBasia oT 1 1o 10? Ki1/MiI B HOBEpXHOCTHOM CJIOE
ot 1 mo 10 k/mMi — B ipuaOHHOM. YHCICHHOCTD JTHUIOJMTHYECKUX OaKTepHil H3MEHSIIACh
ot 10 10 10° k11/mn B 0601X CIOSX, @ PEHONOKUCIIAIONIEN TPYTIILI GaKTepUi Kostebanach ot 1
10 10% xkn/mi. MccneoBannble TPYIITBI GaKTepHii pacrpe/ieeHbl B IPUOPEKHON aKBATOPHH
m-oBa KamuaTka HepaBHOMEpHO. MaKcHMalIbHBIC ITOKa3aTeNN ObUTH 3a()MIKCHPOBAHKI B aH-
TPONIOTCHHO HArpy>KCHHOI aKBaTOPHUH ABAaYMHCKOH I'yOBI, IKCIUTyaTHPYEMBIX OyXTaX U Me-
CTax aKTHBHOI'O PEYHOrO CTOKAa. B paccMaTpuBaeMblil IEpHO] TEMIIEpaTypa BOIbI IIOBEPX-
HOCTHOTO cJ10s1 u3MeHsnach ot 11.0 o 16.1 °C, mpunonnoro ciost — ot 1.6 o 11.3 °C. 3na-
YEeHUS BOAOPOIHOTO MOKa3aTelisi B BOJE MOBEPXHOCTHOTO TOPU30HTA KOJIEOANCh B IMara-
30He OoT 8.38 mo 8.49. 'myOmHa Ha cTaHIMIX OTOOpa MPUIAOHHOW BOJBI BapbHpOBaJa
ot 13.5 1o 780 m B Tuxom okeane u oT 26 10 62 M B OXOTCKOM MOpe. 3HaYUMBIX KOppe-
JSAIMOHHBIX CBS3EH MEXTy YHCICHHOCTBIO OTPEACIIEMbIX TPYIIT MUKPOOPTaHU3MOB U YKa-
3aHHBIMU (PU3UKO-XUMHAYCCKIMHU TTapaMeTPaMH BBIIBICHO HE OBLIO.

KiroueBble ci10Ba: rerepoTpodHble 6akTepuH, MPUOPEKHBIE BOBI, TOIyocTpoB KamuaTka,
ABaunHCKHH 3a11B, OX0TCKOE MOpe
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Baaronapuocru: pabotsl BeinosnHeHsl B petice 23/4 TIC «Ilpodeccop MynbTaHOBCKHIA»
B paMKax Hay4HO-00pa3oBarenbHON nporpammsbl «llnaByuunii yHHBepcuTeT» (COTJIalIeHHe
Ne 075-01593-23-06) npu noanepkke MUHHCTEPCTBAa HAYKH W BBICIIEro oopasoBanus PO,
MTUTATENbHBIE CPE/IBI ISl ONPEICJICHNs] YUCIICHHOCTH WHIAMKATOPHBIX TPYII OaKTepuii moj-
TOTOBJIEHBI B paMKax TeMbl roc3aganust @I BYH OUL] «MHCTUTYT OMOTOTHH I0KHBIX MOpEH
nmenn A. O. Kosanesckoro PAH (®UI] MHBIOM) «M3y4ueHre OMOTeOXUMHUYECKHIX 3aKOHO-
MEpPHOCTEH PaIMOIKOIOTHIECKUX U XEMO3KOJIOTHYECKHX MPOILIECCOB B AKOCHCTEMAX BOJIOE-
MoB A3oBo-UepHOMOpCKOro OacceiiHa B CpaBHEHHH C IPYTUMHU aKBaTOPUSIMU MHUPOBOTO
OKeaHa M OTJIEJIbHBIMU BOJHBIMH SKOCHCTEMAaMHU X BOJIOCOOpPHBIX OacceifHOB Juist obecte-
YEHHUS] YCTOWYMBOTO PAa3BUTHUS Ha IOKHBIX Mopsax Poccum» (Ne roc. peructparuu
124030100127-7).

Jnsi uutupoBaHus: YHCIEHHOCTh M PACTIPE/ICICHUE OTACIBHBIX IPYIIN OaKTepHUil B BOIE
nipuOpexHoi akBatopuu noxyoctpoa Kamuarka / K. M. 3apunosa [u ap.] / Dxonorudeckas
Oe3omacHOCTh mpuOpexkHoW M wenbpoBoit 30H Mops. 2025. Ne 2. C. 135-148.
EDN VUFBCX.

Introduction

Coastal marine waters represent a contact zone where land and sea pollutant
fluxes are mixed. Furthermore, these bodies of water are frequently subject to inten-
sive economic activities. A variety of organic substances are introduced into marine
ecosystems, thereby becoming a significant and permanent environmental factor.
These substances are then degraded by microorganisms [1]. Hydrocarbons are the
most prevalent organic pollutants in ecosystems [2, 3]. Petroleum hydrocarbons and
phenols play a substantial role in the contamination of the marine waters surrounding
Kamchatka V.

When water bodies are polluted, increases in populations of individual bacterial
groups are often observed before changes in water chemistry can be detected. There-
fore, microbiological methods can be significantly more sensitive than sanitary-
chemical ones [4]. Thus, we consider the number of hydrocarbon-oxidizing bacteria
(HOB) as indicators of water pollution by hydrocarbons, the number of phenol-oxi-
dizing bacteria (POB) — by phenol, the number of lipolytic bacteria (LLB) — by lipid
substances [5]. In consideration of the fact that diesel-fuelled ships are moored in the
study area * and that fuel transportation and bunkering of ships are in constant oper-
ation [6, 7], one of the common types of hydrocarbon raw materials, namely diesel
fuel, was selected as the sole source of carbon and energy for HOB.

Studies aimed at monitoring pollution levels and assessing the quality of natural
waters pay special attention to the heterotrophic component of microbial communi-
ties. This component plays a key role in the energy balance of aquatic ecosystems
and in the self-purification of water bodies.

1) Ministry of Natural Resources and Environment of the Kamchatka Krai, 2023. [4 Report on the State
of the Environment in the Kamchatka Krai in 2022]. 418 p. (in Russian).

2 Kasperovich, E.V., 2011. [Technogenic Influence of Marine Vessels on the State of Near-Kamchatka
Ecosystems]. Extended Abstract of PhD Thesis. Petropavlovsk-Kamchatsky, 25 p. (in Russian).
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In the coastal waters of East Kamchatka and the Sea of Okhotsk, the microbial
indication method was previously used for operational characterisation of the water
pollution degree (the number of heterotrophic microorganisms, including some
physiological groups such as HOB and POB) in the surface water layer in the area
of Avacha Bay, in the coastal water areas of Sakhalin and in the water area of the port
of Magadan in 2001 [8]. Furthermore, in 1997-1999, microbiological studies were
conducted in Avacha Bay and in the vicinity of the north-eastern coast of Sakhalin
Island (as well as in the northern Primorye region and in the Peter the Great Gulf).
Heterotrophic microorganisms from the surface and bottom water layers were stud-
ied, though within the context of evaluating the ecological status of water bodies
subject to elevated levels of heavy metal pollution [9, 10]. In 2004-2006, the abun-
dance of heterotrophic bacteria (HB), E. coli bacteria, HOB and LLB was investi-
gated in the coastal waters of southern Sakhalin Island . In 2015, a study was con-
ducted in Avacha Bay to ascertain the number of saprophytic microorganisms in
marine water and other sanitary and microbiological indicators by determining the
relevant measurements at six stations in different seasons [11]. In 2021, HOB were
studied as indicators of watercourse pollution in the city of Petropavlovsk-Kam-
chatsky [12]. It can be concluded that studies of the abundance of heterotrophic
microorganisms of different ecological and trophic groups were mainly episodic. Fur-
thermore, the studies were localized in Avacha Bay, within the area of coastal waters
of the Kamchatka Peninsula, while other areas were insufficiently investigated. The
2022 report on the state of the environment in Kamchatka Krai contains information
on marine pollution in only two areas: Avacha Bay and Khalaktyrsky Beach V.

The work aims to reveal the peculiarities of the distribution of different bac-
terial indicator groups in the southeastern and southwestern coastal waters of
the Kamchatka Peninsula in summer and autumn period.

Materials and methods

The studies were carried out in the summer and autumn period of 2023 dur-
ing the cruise of PV Professor Multanovsky in the northwestern Pacific Ocean and
the Sea of Okhotsk (Fig. 1, Table 1).

Sampling stations are linked to areas of potentially high anthropogenic impact:
they are located in bays, in the marine mouths of large rivers and in pre-estuary
areas with settlements, agricultural and industrial facilities in their catchment ar-
eas (Fig. 1). Thus, stations /-3 are located in Avacha Bay, including directly
at the mouth of the Avacha River, station 4 — in the strait connecting Avacha Bay to
the ocean, station /5 — a few kilometres from the bay’s outlet. Stations 6—8 are lo-
cated near Khalaktyrsky Beach — next to the mouth of Nalycheva River where “red
tides” were recorded in 2020 [13, 14]; station /2 — near the mouths of the Vakhil and
Ostrovnaya rivers; station24 — in the water area of Vilyuchinskaya Bay

3 Repina (Smirnova), M.A., 2009. [Petroleum- and Hydrocarbon-Oxidizing Microorganisms of
Coastal Waters of the Southern Sakhalin Island]. Extended Abstract of PhD Thesis. Vladivostok:
FEFU, 22 p. (in Russian).
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Fig. 1. Map of sampling points in the coastal zone of the Kamchatka
Peninsula, 2023

where the Vilyucha and Zhirovaya rivers flow into; station 30 was carried out
in Russkaya Bay; station 35 — in Listvennichnaya Bay where the river of the same
name flows into; station 56 — near the mouths of the Lysaya and Krivaya rivers;
station 70 — around the mouth of the Ozernaya River near the settlement of
Ozernovskiy.

Water samples were taken from the surface layer using a bathometer, while
bottom water was taken directly from a box corer.

HB, HOB, LLB, POB abundance was determined in surface and bottom water
layers. No inoculation was carried out for samples from the surface layer at sta-
tion 28, from the bottom layer at station 7 (and at station /5 for LLB and POB).
Bacterial abundance was determined by the method of limiting dilutions using
liquid nutrient media. Peptone medium was used for HB*, Voroshilova-Dianova
medium — for HOB and LLB [15], modified Kalabina medium — for POB [16]. As
the sole carbon and energy source, 1% sterile diesel fuel was added to each tube after
inoculation for HOB and 1% sterile vegetable oil for LLB. The salinity of seawater
was taken into account when preparing the media. The most probable number of
microorganisms per unit volume was calculated using the McCredie table based on
the method of variation statistics. Samples were processed no later than two hours
from the time of collection .

4 Mironov, O.G., ed., 1988. [Biological Aspects of Oil Pollution of the Marine Environment). Kiev:
Naukova Dumbka, 248 p. (in Russian).

3 Netrusov, A.L, ed., 2005. [Practical Course of Microbiology]. Moscow: Akademiya, 608 p.
(in Russian).
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Table 1. Numbers, coordinates and depths of sampling stations
on cruise 23/4 of PV Professor Multanovsky

:ﬁitllgglr Latitude, N Longitude, E Depth, m
1 52°59.53' 158° 32.42' 25.0
2 53°00.79’ 158° 35.61' 22.0
3 52°59.30’ 158°31.62' 26.0
4 52°49.63’ 158° 42.48' 59.0
6 53°08.08’ 159° 14.30' 15.0
7 53°08.16 159° 14.76' 15.0
8 53°08.34 159° 15.43' 13.6

12 53°09.64" 159°26.02' 24.0
15 52°44.53' 158° 46.80' 780.0
24 52°37.52 158°26.95 14.0
28 52°33.41' 158°41.42' 119.0
30 52°24.65' 158°26.16 26.0
35 52°20.94 158°31.61' 31.0
52 51°02.34 156° 33.73' 33.0
56 51°07.49 156° 28.44' 62.0
63 51°36.75' 156° 25.30' 26.0
70 51°30.38’ 156° 20.24' 57.0

To profile coastal waters as microbial habitat, temperature and salinity in the sur-
face and bottom layers were recorded using a CTD probe (CTD Sea-bird SBE 91 1plus)
and pH values in the surface water layer were determined using a pH meter
(FireSting-PRO).

The map of sampling points was constructed in QGIS 3.34.11 software using an
OpenStreetMap basemap.

Results and discussion

During the study period, surface water temperature at stations /—35 in the north-
western Pacific Ocean varied from 11.0 to 15.7°C, bottom water temperature ranged
from 1.6 to 11.3°C. Water salinity ranged from 26.8 to 30.8 PSU in the surface layer
and from 31.2 to 34.1 PSU in the bottom layer. Bottom water sampling depths ranged
from 13.6 to 780 m (Tables 1, 2).

In the Sea of Okhotsk, at sampling stations 52—70, surface water temperature
varied from 7.8 to 12.1°C and bottom water temperature ranged from 3.6 to 6.7°C.
Recorded water salinity in the surface layer varied between 31.9 and 32.5 PSU and
in the bottom layer between 32.5 and 32.9 PSU. Bottom water sampling depths
ranged from 26 to 62 m (Tables 1, 2).

140 Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2025



Table 2. Temperature and salinity in the surface and bottom water
layers at sampling stations

Station Surface layer Bottom layer

number t,°C S, PSU t,°C S, PSU
1 14.40 27.48 4.05 31,70
2 14.53 27.97 3.57 31.95
3 14.30 26.83 4.04 31.95
4 11.04 30.43 2.13 3293
6 15.30 29.66 9.80 31.49
7 14.70 30.03 9.07 31.50
8 15.00 29.54 11.32 31.15
12 15.57 29.66 5.40 32.28
15 15.73 29.86 3.58 34.11
24 13.31 30.50 8.70 31.60
28 14.40 30.80 1.60 33.05
30 12.77 30.18 3.99 32.67
35 13.90 30.16 3.61 32.71
52 7.80 32.55 6.70 32.50
56 10.20 32.46 4.23 32.87
63 12.05 32.01 6.56 32.63
70 11.47 31.87 3.57 32.94

Organic matter-degrading bacteria were detected in all water samples from both
layers (Fig. 2). HB abundance in both surface and bottom layers varies from 10° to
10° cells/mL. No statistically significant differences between the bacterial abun-
dance values in these two layers were observed. Based on the HB abundance we
determined, according to state standard GOST 17.1.2.04-77, 75% of water samples
from the northwestern Pacific Ocean are classified as oligo- and beta-meso-
saprobic waters. Exceptions are samples from the surface layer at stations 8, 24 and
30 and from the bottom layer at stations 30 and 35: water from these samples
belongs to polysaprobic, i. e. to “dirty” water according to the organic pollution de-
gree. In the Sea of Okhotsk, water samples taken from the surface layer (from the
bottom layer at station 52) are classified as polysaprobic (state standard GOST
17.1.2.04-77) based on the number of heterotrophic microorganisms. High HB abun-
dance indicates water pollution with organic substances and high degree of adapta-
tion of microorganisms to destruction of these substances.
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Fig. 2. Abundance of heterotrophic bacteria in the surface and
bottom layers of the water column at the studied stations

Station & is located near the mouth of the Nalycheva River (the largest catch-
ment area among the rivers of the Avacha group of volcanoes) and probably falls
within the high turbidity contour of the river turbidity plume [17]. Higher HB abun-
dance in the surface layer compared to the bottom layer at station 8 can indicate the
input of organic matter with river runoff.

Stations 24, 30 and 35 are located in bays with high recreational value, which
are often visited by tourists travelling by water transport, resulting in a certain an-
thropogenic load. Furthermore, these bays contain the mouths of minor rivers, which
can serve as a source of organic matter input to the water areas under study.

HOB were isolated in 100% of samples. The abundance of hydrocarbon-ox-
idizing bacteria in seawater at most stations is 10 cells/mL in samples from
the surface layer. The exceptions are station 3 (in Avacha Bay) and station 35
(in Listvennichnaya Bay) on

he Pacific coast of southeastern Kamchatka: at these stations, their abundance
reaches 100 cells/mL in the surface layer and 1 cell/mL at stations /5 and 24. The
highest concentrations of dissolved hydrocarbons in Avacha Bay are regularly rec-
orded in areas where ships are moored, ship repair plants and transport enterprises
discharge wastewater. At the same time, tidal and surge currents contribute to the
spread of petroleum hydrocarbons over the entire water area of the bay [ 18]. It should
be noted that in May 2022, a discharge of oil products was detected near the pier of
Okeanrybflot JSC (15 tons of oil products fell into the bay). During the spill, high
concentrations of petroleum hydrocarbons were observed in the surface layer of the
bay (at the level of 22-38 MPC, up to 1.7 mg/L), but six months after the spill
clean-up, the content of hydrocarbons in the water in the accident area decreased
2.5 times [18].
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Fig. 3. Abundance of hydrocarbon-oxidizing bacteria in the sur-
face and bottom layers of the water column at the studied stations

The abundance of HOB in the bottom layer at most stations is also 10 cells/mL
but minimum single values were recorded at stations 28, 30, 52, 56 and 70
(Fig. 3).

No statistically significant differences between the bacterial abundance values
in the surface and bottom layers of the marine water were recorded.

Oil hydrocarbons and phenols make the greatest contribution to the pollution of
near-Kamchatka waters. It is noteworthy that, according to Kamchatka Hydromete-
orological Service, the mean content of petroleum products in the water of 22 rivers
of the peninsula from 2019 to 2022 decreased more than eight times and in 2022,
the exceedance of MPC was approximately two times. In Kamchatka marine
coastal waters — in Avacha Bay and in the coastal part of the gulf (Khalaktyrsky
Beach area) — the mean content of dissolved petroleum hydrocarbons decreased from
about 2 MPC in 2019 to 0.3 MPC in 2022 but in isolated cases, elevated values were
observed in Avacha Bay V.

POB were isolated in 87.5% of samples from the surface layer. At most stations,
their abundance was 10 cells/mL, at stations 7 and § (Khalaktyrsky Beach area, at dif-
ferent distances from the mouth of the Nalycheva River) and at station 30 in Russ-
kaya Bay (Fig. 4) it reached 100 cells/mL and at stations / and 24 it was 1 cell/mL.

POB were isolated in 93.3% of samples from the bottom layer. At most stations,
their abundance was 10 cells/mL, at station 6 (Khalaktyrsky Beach area) and at sta-
tion 30 in Russkaya Bay (Fig. 4) it reached 100 cells/mL and at stations 3, 52 and 70
it was 1 cell/mL.

No statistically significant differences between the POB abundance in the sur-
face and bottom layers were recorded.

Over the five-year (2018-2022) observation period of Kamchatka Hydrometeo-
rological Service, the mean annual amount of phenols in coastal marine waters
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Fig. 4. Abundance of phenol-oxidizing bacteria in the sur-
face and bottom layers of the water column at the studied sta-
tions

decreased from 2 to 0.3 MPC. Concurrently, phenol is a principal pollutant contam-
inating the river network of the peninsula. Its mean content in the river water re-
mained at a level of 5-6 MPC from 2019 to 2022 V.

LLB were isolated in 100% of samples. The abundance of bacteria capable of
lipid oxidation varied greatly from 1 to 1000 cells/mL in water samples from both
surface and bottom layers (Fig. 5).

In the surface layer, the maximum abundance value (1000 cells/mL) was observed
at stations 3 u 70, the minimum one (1 cell/mL) was at station 63. In the bottom
layer, the maximum value (1000 cells/mL) was recorded at station 63, the minimum
one (1 cell/mL) was at station 70.

No statistically significant differences between the LLB abundance in the sur-
face and bottom layers were recorded. The correlation coefficient between the abun-
dance of HOB and LLB is 0.4 (P = 0.05), which corresponds to a weak positive
correlation. It is important to note that lipids can be formed during the process of oil
biodegradation.

The abundance of microorganisms in seawater is determined by a number of
factors, including temperature, salinity, depth, etc. The data on water temperature
obtained during the study correspond to optimal conditions for the development of
psychrophilic and psychrotrophic microorganisms. The findings of the study indicate
that the values of the water hydrogen index in the designated area are conducive to
the existence of HOB [19].

No significant correlations were found between the abundance of the studied
microorganism groups and values of such indicators as surface and bottom water
temperature, salinity and depth.
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Fig. 5. Abundance of lipolytic bacteria in the surface and bot-
tom layers of the water column at the studied stations

The obtained HB abundance is comparable to the data for the coastal waters of
Sakhalin Island in 2004—2006: the summer range of fluctuations in the average abun-
dance of heterotrophic microorganisms was from 6-10° cells/mL (the settlement of
Prigorodnoye) to 45-107 cells/mL (the port of Korsakov). In summer, the waters
of the ports of Kholmsk and Korsakov as well as Lososey Bay corresponded to the
category “very dirty”” and the waters of the other stations — “dirty”. Sakhalin coastal
waters represent an area with multiple sources of oil pollution of both anthropogenic
and natural origin: in summer, the share of HOB in the total number of heterotrophs
here ranged from 60% (the village of Okhotskoye) to 80% (the village of
Zolotorybnoye) *, which is several times higher than the HOB quantitative charac-
teristics we obtained (see Fig. 3). It is also noted that the values of the absolute abun-
dance of planktonic heterotrophic colony-forming microorganisms were previously
studied in water samples collected from Avacha Bay in July 1999: their abundance
was from 1.63-10* + 0 cells/mL in Turpanka Bay to 7.98-10° + 0.83-10° cells/mL in
Rakovaya Bay [9].

Conclusions

The study characterised the spatial distribution and quantitative characteristics
of various organic-oxidising bacteria in the surface and bottom water layers near the
southeastern and southwestern coasts of the Kamchatka Peninsula in August—Sep-
tember 2023. The abundance of all investigated groups of bacteria fluctuated within
wide limits and was unevenly distributed in the peninsula coastal waters. The maxi-
mum values were recorded in the anthropogenically loaded water area of Avacha
Bay, in occupied bays and places of active river runoff. Local high abundance of HB
indicates both pollution of waters with organic substances and high potential of wa-
ters for self-purification.
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The studied physiological groups of bacteria exhibited no significant differences

in abundance in the surface and bottom layers. No significant correlations were iden-
tified between the abundance of bacteria of different groups and such parameters as
salinity, temperature and depth.
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Abstract

Under climate change and increasing anthropogenic pressure, rare species with unique eco-
system functions are particularly vulnerable. One of these species is the chestnut goby
Chromogobius quadrivittatus, whose presence in the Black Sea has long been considered
occasional. The study aims to specify the range, abundance and ecological peculiarities of
this species. For this purpose, underwater observations and captures were carried out from
2012 to 2022 near the Crimean and the Caucasian coasts using the apnoea diving method,
photosurvey and artificial habitat traps. Four stationary habitats of the species were record-
ed in the mentioned area predominantly in rocky and stony biotopes in shallow waters.
The populations showed mosaic distribution and significant inter-annual fluctuations
in abundance. Maximum abundance was recorded in 20162018 in Kazachya Bay (Sevas-
topol) and was up to 3 individuals per square metre. No such concentrations of the species
have been noted since 2020. It is presumably due to increased abundance of the rock bass
Serranus scriba. In the Black Sea populations, the size characteristics of fish were close to
the maximum known and positive allometry was observed. Fish matured at SL 45.5 mm,
and the male-to-female ratio in the sample was 1:1. These findings add to the data on spe-
cies characteristics of the chestnut goby in the Black Sea and indicate the need for a more
accurate assessment of its conservation status given limited information on the population
abundance and dynamics.
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PaClIPOCTpaHeHI/Ie YECTBIPEXIT0J0CO0r0 ObIuKa
Chromogobius quadrivittatus (Steindachner, 1863)
B UepHoMm Mope u nipolJieMa pacliMpeHMs ero apeaJsia

E. I1. Kapnoa®*, 3. P. A6asizoB 2

1HHcmumym ouonoeuu oxcuvix mopeti um. A. O. Kosanesckoeo PAH, Cesacmonons, Poccus
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AHHOTAIHUSA

B ycnoBuAx KIMMAaTHYECKHX W3MEHEHHH W HApacTAIOLIEro aHTPOIIOICHHOTO JaBJICHHS
penkue BHIBI, O0JaNarolife YHUKAIBHBIME SKOCHCTEMHBIMH (DYHKIHSAMH, OKa3bIBAIOTCS
0Cc00CHHO ys3BUMBIMHU. OJTHIM M3 TaKUX BHUJIOB SIBIISICTCS] YETBIPEXITONOCHI XpOMOroonyc
Chromogobius quadrivittatus, use mpucyrcTBue B UepHOM MOpE JOJITOE BPeMsl CUUTAIOCH
snm3onyeckuM. HacTosmee nccieoBanre HarpaBieHO Ha YTOYHEHHE apeajia, YHCIEeHHO-
CTH | DKOJIOTHYECKHX ocoOeHHOocTer 3Toro Buaa. Jns artoro ¢ 2012 mo 2022 r. npoBoau-
JIMCh TIO/IBOJIHBIE HAOMIONEHUST M OTJIOB y mobdepexbs Kppima n KaBkasza ¢ npuMeHeHneM
TEXHHUKH arHod, (GOTOPHUKCAINN H JIOBYIIEK — HCKYCCTBEHHBIX OMOTONOB. by 3adukcu-
POBaHBI YeThIpe YCTOMYMBBIX MecTooONTaHus Buaa y Oeperos Kpeiva n KaBkasa, npeumy-
IIECTBEHHO B CKaJIbHO-KAMEHHCTHIX OMOTOMax Ha MeJKoBoabe. [lomymsiwm neMoHCcTpUpo-
BaJIM MO3aMYHOE paclpezielieHe U 3HaYUTeIbHbIE MEXTI0JJ0BbIE KOJIEOaHHsI YUCICHHOCTH.
MakcumanbsHoe obminne Obuto 3aperucrpupoBano B 2016-2018 rr. B 6. Kazauseii (Cea-
CTOIIOJIb) U COCTABJISIO J0 TpeX ocobOei Ha kBaapaTHbid MeTp. C 2020 r. TaKUX KOHIICH-
Tpaluii BUIa He oTMe4aeTcs. [IpenonokuTenbHo, 3TO Pe3ysibTaT YBEJIHYCHUS YHCICHHO-
CTH KaMEHHOTO OKYHs Serranus scriba. B uepHOMOpCKUX MOMYNAIMAX pa3MEPHBIC Xapak-
TEPUCTUKH PHIO ObUTH OJTU3KU K MaKCHMaJIbHO W3BECTHBIM, HAOJIOAAIACH TIOJIOKUTEIbHAS
AJUTOMETPUS, CO3PEBAIN PHIOBI MPH TOCTIXKCHUU CTAHIAPTHOW JUTUHBI 45.5 MM, COOTHOIIIC-
HHE CaMIIOB U CaMOK B BbIOOpKe cocTaBisio 1:1. [lomyueHHbIe JaHHbBIE JONONHSIOT CBEIe-
HUS O BUJIOBBIX XapaKTEpPHCTHKax Xxpomorodmyca B UepHOM Mope U yKa3bIBalOT Ha HE0O-
XOIMMOCTh OOJiee TOYHOM OIIEHKH €r0 OXPaHHOrO CTaTyca B YCIIOBHSIX OIPaHUYEHHOH MH-
(dbopManyu 0 YUCICHHOCTH U AMHAMUKE MOIMYJISIUH.

KroueBble cj10Ba: 4eTHIPEXIOIOCHIH Xpomoroduyc, Chromogobius quadrivittatus, YepHoe
Mope€, KPUIITOOEHTUYECKUH BU]I, JINHEHHO-BECOBBIE COOTHOLIEHHS, PACIIPOCTPAHEHUE BUIA

BaaromapHocT: pabota BBIOJIHEHA B paMKax rocyaapctBeHHoro 3aganus OUL[ MaBIOM
no teme «buopazHooOpa3ue Kak OCHOBA YCTOMYUBOrO (YHKIIMOHHPOBAHUS MOPCKHUX

9KOCHCTEM, KPUTEPUM U HayuyHble MPUHLUIIBI €ro coxpaHeHus» (Ne roc. perucrpanuu
124022400148-4).

s nurupoBanusi: Kapnoesa E. I1., A6nsazoe D. P. PactipocTpaHeHUe YETBIPEXIIOIOCOTO
6eraka Chromogobius quadrivittatus (Steindachner, 1863) B Ueprom Mope u mpobGiema
pacumpeHus ero apeaia // xonorudeckas 0€30MacHOCTh MPHOPEKHOM U 11enb(OBOIT 30H
Mops. 2025. Ne 2. C. 149-158. EDN RNTBAU.
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Introduction

The ongoing degradation of ecosystems precipitated by climatic changes and
increasing anthropogenic impact has led to a marked decline in biodiversity, with
numerous species facing extinction. It is a well-documented fact that rare and small
species are often the first to disappear. Despite the extensive research that has been
conducted on the significance of biodiversity in ensuring ecosystem functionality,
the role of these species remains a subject of debate. It is acknowledged that a lim-
ited number of species are capable of performing essential functions in a variety of
transformative systems [1, 2]. The results obtained by these authors emphasize
the importance of conserving rare species even in ecosystems with high diversity,
which are thought to exhibit high functional redundancy. The hypothesis that
common species can compensate for the loss of functions in ecosystems main-
tained by rare species has not been demonstrated. The role of rare and low abun-
dance species extends beyond the aesthetic or taxonomic value of diversity; these
species augment significantly the potential breadth of functions provided by eco-
systems. Consequently, they are likely to ensure biodiversity against uncertainty
arising from ecological restructuring due to climate change and ever-increasing
anthropogenic pressure on ecosystems.

This is particularly evident in ecosystems characterised by low species diversi-
ty, a category that encompasses the Black Sea. In contrast, other ecosystems are
likely to exhibit high functional redundancy. To illustrate this point, the number of
fish species in the region is considerably lower than in the neighbouring Mediterra-
nean basin, with only approximately 40 species being common and widespread.
For rare species, data are definitely insufficient and often limited to records of iso-
lated finds.

This also applies to one of the members of the Gobiidae family — the chest-
nut goby Chromogobius quadrivittatus (Steindachner, 1863). Based on isolated,
generally few finds, its range includes the Eastern Atlantic, the Mediterranean,
Aegean, Marmara and Black seas ™ ?'® [3-7]. The history of findings of this species
in the Black Sea is complex and long. It was first found in 1939 [8] in a salt lake
near Novorossiysk, then in the coastal lagoons of Abrau and Sochi, and it was de-
fined as a new scientific species and genus — Relictogobius kryzanovskii Ptschelina.
Much later, the specimens were redefined as Ch. quadrivittatus [9] and the species
has been granted the status of a Mediterranean alien. The following finds were
discovered on the coast of the Gulf of Varna (Bulgaria) in 1957 Y and in coastal
lakes between capes Bolshoi and Maly Utrish in 1971 [10]. Further attempts to find
the goby in its former habitats on the Caucasian coast were unsuccessful [11], and

1 Georgiev, Z.M., 1961. [An Unknown Goby of Bulgarian Ichthyofauna — Relictogobius kryzanows-
kii]. lzvestia na Tsentralniya Nauchnoizsledovatelski Institut po Ribovodstvo i Ribolov — Varna, 1,
pp. 141-145 (in Bulgarian).

2 Svetovidov, A.N., 1964. [Fishes of the Black Sea]. Moscow, Leningrad: Nauka, 551 p. (in Russian).

3 Vassilev, M., Apostolou, A., Velkov, B., Dobrev, D. and Zarev, V., 2012. Atlas of Gobies (Gobiidae)
in Bulgaria. Sophia: IBER-BAS, 112 p.
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it was concluded that the population had disappeared due to habitat degradation.
However, the fish were soon found along the entire Black Sea coast of Turkey [7].

The goby was first recorded off the Crimean coast in 2012 in the underwater
caves of the Tarkhankut Peninsula, and in subsequent years it was repeated in these
habitats [12], with no fish observed near the open coast in this area. A few years
later, the species was also identified in the vicinity of Sevastopol  [13].

It is evident that the species under consideration is present in a relatively con-
sistent manner along various sections of the Black Sea coast. However, it is note-
worthy that the presence of the species has been documented in areas where it has
not been previously recorded. Conversely, the occurrences of the species are spo-
radic and often do not recur in the same location. This species belongs to the group
of cryptobenthic species, for which it is rather difficult to establish the naturaliza-
tion status in different habitats. Furthermore, anthropogenic impact is considered
to be the presumed cause of the species rarity [11].

The aim of this study is to obtain new data on the distribution and some eco-
logical and ethological peculiarities of a rare species, the chestnut goby, and to
specify the current status of the Black Sea population of this species.

Materials and methods

Observations were conducted as part of the monitoring program for ichthyofau-
na in the coastal zone of the Black Sea. The fish searches in the coastal water area
were conducted through the utilization of diving techniques, specifically the ap-
noea method. Stony coastal substrates of the Crimean coast from the Tarkhankut
Peninsula in the area of Mezhvodnoye village to Cape Opuk and near the Cauca-
sian coast in the area of the Utrish Nature Reserve were surveyed. The transect
method was used, with a transect length of 10 m and width of 1 m, running parallel
to the shore at depths of 1.0, 1.0-2.0 and 2.0-3.0 m. When on the transect, both
free bottom areas and rocks located on it, including their underside, were exam-
ined. Surveys were conducted regularly since 2013 on the same transects in Kaza-
chya Bay (Sevastopol), in 2016-2019 — in the area of the Utrish State Nature Re-
serve, in the rest of the water area — episodically, once in 2—4 years. When possi-
ble, detected fish were caught with a hand net (hoop diameter 30 cm, mesh pitch
3 mm) or recorded with Nikon D800 (Taiwan) photographic equipment. In Sevas-
topol, in Kazachya and Karantinnaya bays and at berth No. 164, surveys were also
carried out with the use of a trap — an artificial habitat (Patent No. 2624417)
(Sevastopol). The traps were made according to the scheme of the utility model
(Patent No. 162868). A total of 38 specimens of gobies were caught and examined
by different methods.

Captured individuals were transported alive to the laboratory where biological
analyses, including measurements (total TL and standard SL length, weight W),
visual gender determination, were performed. Furthermore, the behaviour of
the fish under aquarium conditions was observed after undergoing adaptation.

4 Boltachev, A.R., Karpova, E.P. and Pashkov, A.N., 2018. [Chestnut Goby Chromogobius quadrivittatus
(Steindachner, 1863)]. In: I. V. Dovgal and V. V. Korzhenevskiy, eds., 2018. The Red Data Book of
Sevastopol. Kaliningrad, Sevastopol: ROST-DOAFK, p. 368 (in Russian).
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Results and discussion

From 2012 to 2022, four mosaic habitats of the chestnut goby were found near
the Crimean and Caucasian coasts — in the vicinity of Cape Tarkhankut, in Sevas-
topol bays, in Laspinskaya Bay and in the area of Cape Bolshoi Utrish (Fig. 1).

In August 2013, during an expedition to the Tarkhankut Peninsula (western
coast of Crimea), 15 individuals of the goby were found indicating that a popula-
tion had been established there. The species inhabited underwater caves and grot-
toes, including small openings located on vertical walls in the lower part of caves,
with the depth reaching up to 5-6 m.

The next finding was made in 2015 at berth No. 164 (Sevastopol) where traps
simulating an artificial habitat were set in March after the end of winter storms.
Mussel and oyster shells were used as filler. Traps were placed at 2-5 m depths
along the berth and concrete tetrapod-shaped breakwaters. Three months later,
in June, the traps were lifted and their contents were thoroughly searched resulting
in the finding of several extremely rare species in the Black Sea including two in-
dividuals of Ch. quadrivittatus.

In Sevastopol, in Kazachya and Karantinnaya bays, the gobies were found
during visual survey among limestone rubble piled on shell sand as well as in gaps
between concrete blocks of hydraulic structures. Fish were usually found in depres-
sions and holes leading under fairly large stones and sometimes on the sand next
to their shelter — in calm conditions. All individuals were recorded in shallow wa-
ter, at a depth of 0.5-1.5 m. Near the open coast in Laspinskaya Bay and in the area
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Fig. 1. The scheme of the locations of the chestnut goby finds in the Black Sea.
Round markers are our findings, triangular markers are literary data
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of Cape Bolshoi Utrish, fish were found in clumps of large rocks at the foot of
boulders not subject to wave shear at 0.7-1.5 m depths in 2017 and 2018.

The maximum fish concentration was recorded in Kazachya Bay in 2016-2018
and reached 3 ind./m? and up to 10 individuals per transect. Fish were distributed
very unevenly and could congregate in one small area and be absent from the rest
of the transect. The gobies were predominantly recorded at shallow depths
(0.5-0.8 m) in May and early June. Later, in July—October, fish were encountered
at the same locations much less frequently and in numbers not exceeding 0.1 ind./m?.
Probably, as the water warmed up, they gradually migrated to deeper waters where
it is much more difficult to detect them. Probably, therefore, the gobies were ob-
served rarely and sporadically near the open shore, which does not make it possible
to estimate the size of their populations.

Negative phototaxis associated with residence in darkened and twilight habi-
tats was hypothesised for the gobies [11, 14]. However, according to our observa-
tions, fish are quite active also in sunlit areas and in calm conditions do not hurry
to leave them. Probably, the behaviour noted by the researchers was more related
to the general sensitivity of the species to stress factors and to the presence of ob-
servers. Most researchers classify the species as cryptobenthic [5, 7, 13], whose
strategy is to hide and conceal themselves when any threatening factor (visual
stimuli, water movement, etc.) appears.

We noted pronounced fluctuations in the abundance of this species. Fish were
regularly recorded in the same habitat for 2-3 years, after which no individuals
were found there. In the last 3—4 years, the gobies have become much rarer every-
where. Probably, one of the reasons for this was a sharp increase in the abundance
of the rock bass Serranus scriba [14, 15] which occurs in various locations in large
numbers including at shallow depths near the shore. At the same time, one large
boulder can be used as a shelter by two to three rock bass individuals, which makes
it unlikely that gobies live under such conditions as predators stalk their prey and
do not let small fish leave their shelters in search of food. Negative impact of hy-
draulic construction on this species is unlikely as, according to our observations,
the fish successfully exploit cracks between concrete blocks of berths and breakwa-
ters made of artificial materials. The combination of factors such as cryptobenthic
lifestyle, low abundance subject to sharp fluctuations and isolated finds in most
Black Sea littoral countries can indicate that the range of the species covers the entire
coastal part of the Black Sea where rocky and stony biotopes necessary for its suc-
cessful survival are available and the lack of finds is mainly of a methodological
nature.
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It is possible to find little or no data on the biological and ecological charac-
teristics of this species. Those papers where a maximum SL ¥ of 66 mm is given
for Ch. quadrivittatus [16], refer to a single study by P. J. Miller [3]. Individuals
with sizes TL 35.0-71.1 mm, SL 28.7-60.3 and W 0.41-3.97 g were present in our
findings. Consequently, the maximum sizes of the species in the Black Sea popu-
lations are close to those observed in the Mediterranean Sea. The relationship
between total and standard fish length is described by the following equation:
TL = 1.1427SL + 1.9413 with a high degree of approximation (R? =0.9938) and
length-weight relationships of the gobies (both genders) were expressed as follows:
W = SL3.107° (R2 = 0.9772). Fish exhibited positive allometry, which can be in-
dicative of both species-specific traits and good feeding conditions. Fish matured
at SL 45.5 mm, and the male-to-female ratio in the sample was 1:1.

As the fish matured, their colouration changed. In juvenile subjects with SL
under 50 mm, the general body tone was olive with darker vertical stripes.
The marble-like patterns on the head were bright, dark brown, the band at the base

Fig. 2. Specimens of Ch. quadrivittatus from Kazachya Bay (Sevas-
topol) with TL 42.5 mm (a) and 71.1 mm (b)

% Vasil’eva, E.D., 2007. Fish of the Black Sea. Key to Marine, Brakish-Water, Euryhaline, and Anad-
romous Species with Color Illustration Collected by S. V. Bogorodsky. Moscow: VNIRO Publishing,
238 p. (in Russian).
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of the pectoral fin rays was dark, almost black, and the fins were yellow-olive
in colour (Fig. 2, a). In larger individuals, the general body tone became brown,
with very faint vertical stripes. The patterns on the head lost brightness and dark
tone, and the fins also became lighter, up to the complete loss of the dark band
on the pectoral fin, which is one of the defining characteristics of the species
(Fig. 2, b).

The International Union for Conservation of Nature and Natural Resources
has given this species LC (Least Concern) status. The question of whether this
is appropriate, in the opinion of the authors of the article, is relevant in this case.
As the chestnut goby leads a secretive way of life, it is extremely difficult to estab-
lish its number and population status. A more thorough evaluation can be found
in the Red Data Book of Krasnodar Krai, where the species is categorized as Insuf-
ficiently Studied. This designation signifies that the reasons for its rarity have not
been unequivocally determined, consequently precluding an accurate assessment of
its extinction risk. The species is also included in the Red Data Book of the Repub-
lic of Crimea and the Red Data Book of the City of Sevastopol where it is assigned
the 3" category (rare species).

Conclusion

The conducted studies enabled to specify the current distribution and
some features of the ecology of the chestnut goby Chromogobius quadrivittatus
in the Black Sea. The species populations show mosaic distribution, predominantly
in specific shelters in rocky and shaded habitats. Observed sharp fluctuations
in abundance, limited number of finds and widespread fragmentation of the range
indicate the potential vulnerability of the population. It has been found that despite
its ability to master artificial structures, the species is under pressure from more
abundant and aggressive inhabitants such as Serranus scriba, which may limit its
distribution and maintenance of a stable population status. The contradiction be-
tween international Least Concern status and actual rarity in the Black Sea necessi-
tates a reassessment of the level of threats and increased protection measures.
These findings emphasize the importance of further monitoring and study of rare
species that play a unique role in maintaining the sustainability and functional
diversity of the regional marine ecosystems.

Compliance with ethical standards
In conducting this study, the authors claim to have adhered to all international,
national or institutional guidelines relevant to the care and utilization of animals.
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Abstract

Intensification of economic development of the Arctic coast of Russia increases the vulner-
ability of its coastal territories and coastal eco-socio-economic systems, exposed to a com-
plex impact of natural and anthropogenic factors. Facing climatic changes and an increasing
anthropogenic load, these Arctic territories require a comprehensive scientific system
for analysing environmental and socio-economic risks of nature management to ensure their
sustainable development. The study aims to develop a model of risk assessment that com-
bines quantitative and qualitative indicator methods with a matrix method. The paper pro-
poses an innovative matrix method of risk assessment based on a three-component structure
(risk-source, risk-factor and risk-object). Each component of the system is characterised
by a unique set of classification attributes, and the relationships between them are quantita-
tively assessed by the method of expert assessments on a five-point scale. The developed
model of coastal management risks in the Russian Arctic contains two key matrices of risk
components: risk-factor — risk-source and risk-object — risk-factor. This allows for a com-
prehensive analysis of risk formation processes. The model was applied in practice to 17 local
coastal municipalities in the Murmansk Region. Using the developed methodology and
model as a tool enables a thorough evaluation of the effectiveness of measures aimed at re-
ducing environmental and socio-economic risks related to the Arctic coastal management.
This approach provides a scientifically sound basis for improving territorial planning and
forecasting the sustainability of Arctic coastal eco-socio-economic systems as an integrated
whole, thus contributing to the sustainable development of Arctic coastal territories. Inte-
grating the proposed model into management decision-making processes allows the dynam-
ics of changes in the natural environment and socio-economic conditions to be taken into
account in the mid- and long-term. This is particularly important for maintaining the bal-
ance in complex Arctic ecosystems.
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AHHOTALMSA

WuteHcupukanys Xo3siCTBEHHOTO OCBOCHHS apKTHYECKOro nodepexbs Poccuut mpuBouT
K pOCTy YA3BHUMOCTH NPHOPEKHBIX TEPPUTOPHNA, OEPETrOBBIX 3KO-COIHO-3KOHOMHUYECKUX
cucteM ApkTudeckoit 30HbI Poccuiickoit Denepaiinu, moABepKEHHBIX KOMIIEKCHOMY BO3-
JIEWCTBHIO MIPUPOIHBIX U aHTPOIIOTEHHBIX (PaKTOPOB. B ycrnoBusX KIMMaTn4ecKux U3MEHe-
HUHA W yBEIIMUEHHs aHTPOIIOTEHHOW Harpy3KH BO3HHKAET HEOOXOJMMOCTh B pa3paboTke
KOMIUIEKCHOW Hay4YHOH CHCTEMBI aHalIM3a JKOJIOTMYECKUX U COLUAIBHO-DPKOHOMHUYECKHX
PHUCKOB IPUPOJIONOIB30BAHNUS sl YCTOMYMBOTO Pa3BUTHUS MPHOPEXKHBIX TEPPUTOPUN ApK-
THUYecKol 30HbI Poccuiickort @eneparmu. Llens uccienoBanus cocTOUT B pa3pabOTKe Takon
MOJICITH OIICHKH PUCKOB, KOTOpas COYETAaeT KOMUICCTBCHHBIC I KAUeCTBCHHBIC HHINKATOP-
HBIC METOIUKU C MaTpUYHON MeTomuKkoi. [IpenoxkeHa HHHOBAIMOHHAS MAaTPUYHAS METO-
JIMKa OICHKW PHCKOB, OCHOBaHHAas HAa TPEXKOMIIOHEHTHOH CTPYKType (PHUCK-UCTOYHHK,
pucK-(pakTop U pUCK-00BEKT). KaXkaplii KOMIIOHEHT CHCTEMBI XapaKTepPHU3yeTcs YHUKAIb-
HBIM Ha0OpPOM KJIACCH(PHKAIMOHHBIX MPU3HAKOB, a B3aWMOCBS3H MEXIY HUMH KOJIMYe-
CTBEHHO OIICHHUBAIOTCSI METOJIOM JKCIEPTHBIX OLIEHOK I10 MATHOALIBHOM 1iKane. Paszpabo-
TaHHas MOJIEJIb PUCKOB TPHPOJOIONIB30BaHUs Ha mobepexxbe Poccuiickoit ApKTuku co-
JICPKUT JIBE KIIFOUEBBIE MATPHIBl COCTABIIAIONIMX PHUCKA: PUCK-(PAKTOP — PUCK-UCTOYHUK
U PUCK-00BEKT — PUCK-(DaKTOp, YTO MMO3BOJISET IPOBOAUTH KOMIUIEKCHBIH aHAIN3 PUCKO-
obpasyromux npoieccoB. IIpakTHueckoe IpUMEHEHHE MOJIENIN MPOBEACHO Ha IMpHMeEpe
17 nOKaNbHBIX MPUMOPCKHUX MYHHIMIIAIBHBIX 0Opa3oBannii Mypmanckol obmactu. Ilpu-
MEHEHHE pa3paboTaHHOM METOIAMKM M MOJIENM B KaueCTBE MHCTPYMEHTa I03BOJIIET OCY-
IIECTBIATh KOMIUIEKCHYIO OLEHKY 3()()EeKTHBHOCTH Mep IO CHIYKEHHIO 3KOJOTHYECKHX
U COITHAITEHO-DKOHOMHUYECKHX PUCKOB, CBA3aHHBIX C OEPEroBBIM apKTHUYCCKUM IPHPOJIO-
monk30BaHueM. Takoi moaxon odecneuynBaeT HaydHO 0OOCHOBAHHYIO 0a3y U COBEPIICH-
CTBOBAaHHUS TEPPUTOPHAIHHOTO IUIAHMPOBAHUS W MPOTHO3a YCTONUYMBOCTH apKTUYECKUX
OEperoBBIX 3KO-COIMO-DKOHOMUYECKHX CHCTEM KaK EIMHOTO0 KOMIIJIEKCa, CIIOCOOCTBYS
YCTOWYMBOMY Pa3BUTHIO MPUOPEIKHBIX TEPPUTOPUI ApKTHKHU. HTerpamnus npeioKeHHONR
MOJIENIN B TIPOLIECCHI TIPUHATHA YNPaBIEHYECKUX PEIICHUH JaeT BO3MOXHOCTh YUHUTHIBATh
JUHAMUKY MU3MEHEHHUH NMPUPOJHON CpeAbl U COLMANbHO-YKOHOMHUYECKUX YCIOBUH B Cpen-
HECPOYHOW U JOJITOCPOYHON MEPCIEKTUBE, YTO OCOOEHHO Ba)KHO ISl COXpaHEHHMs OaaHca
B CJI0XKHBIX apKTUYECKUX HIKOCUCTEMAX.

KiaroueBble ciioBa: PUCKU TPUPOAOIIOTIB30BaAHNA, COLIUAIIBHO-OKOHOMNYCCKUE PHUCKH, KO-
JIOTO-DKOHOMHWYECKHUE PHUCKH, 6eper013aﬂ OKO-COIIMO-D3KOHOMHYECKass CHUCTEMaA, ApKTI/IKa,
I/IHTeraJ'IBHHﬁ IMOKa3aTeJib pUCKaA, SKOJOTUA IMMPUPOAOIOJIb30BaAHUA
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BJarogapHoCcTH: MCClIeOBAaHUE BBITIOJHEHO 3a cUeT rpaHTa Poccuiickoro HaydHoro (hoHaa
Ne 24-17-20021, https://rscf.ru/project/24-17-20021/ 1 MunoopHayku MypmaHCKo# 001a-
ctu cornacHo Cormamenus ot 03.05.2024 Ne 199.

Jdaa uurupoBanus: OLEHKAa NPUPOAHBIX M TEXHOTCHHBIX PUCKOB apKTUYECKOTO
MIPUPOIOTIONB30BaHMS sl OeperoBoit 3006 Mypmanckoit oomactu / I'. I'. T'orobepunze
[m mp.] // Oxonorudeckas 6e30macHOCTs MPUOPERHOI U menb(oBoi 30H Mopst. 2025. Ne 2.
C. 159-174. EDN XRRNBH.

Introduction

Economic development in the Arctic has increased the vulnerability of coastal
ecosystems to natural and technogenic threats [1-5]. There is an urgent need to
establish a scientific basis for analysing the risks associated with the nature use and
their impact on the eco-socio-economic systems of the Arctic Zone of the Russian
Federation (AZRF). One approach to such an analysis is to use a matrix in combi-
nation with quantitative and qualitative indicators. In the context of the Arctic, this
approach can be implemented " by using modern methodological tools, particularly
cartographic and geoinformation methods [6—8] as well as marine spatial planning
[9].

The concept of risk has many definitions in general, primarily relating to
spheres of human activity that require assessment ? [5, 10]. In terms of nature use
in Arctic conditions, risks are associated with the probability of a negative event
occurring within a given timeframe, as well as the potential extent of damage. This
damage can be measured in monetary terms or other absolute values, e. g. the area
of exposed territory, volume of atmospheric emissions or the number of victims.
A year is typically used as the time period for assessing nature-use risks.

A number of Arctic-specific issues need to be considered and addressed in risk
assessment methodology [11-14]:

— creation of complex technical systems and the increased risk of nature use
in the Arctic should be seen as the result of technological progress and increased
use of natural resources;

) Gogoberidze, G.G., Shilin, M.B. and Rumiantceva, E.A., 2020. [Principles of Classification of Na-
ture Management Risks and their Interaction with Elements of the Coastal Eco-Socio-Economic
System of the AZRF]. In: Rumiantceva, E.A., ed., 2020. Regularities of Formation and Impact of
Marine and Atmospheric Hazardous Phenomena and Disasters on the Coastal Zone of the Russian
Federation under the Conditions of Global Climatic and Industrial Challenges (“Dangerous Phe-
nomena — I1”’) in memory of Corresponding Member RAS D.G. Matishov.: Proceedings of the Inter-
national Scientific Conference. Rostov-on-Don, pp. 318-320 (in Russian).

2 Buyanov, V.P., Kirsan, K.A. and Mikhaylov, L.A., 2003. [Riskology: Risk Management]. Moscow:
Ekzamen, 381 p. (in Russian).
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— Arctic coastal nature use has a complex structure and is subject to unique
risks that should be considered when developing territories and water areas;

—the impact of natural and anthropogenic risks on Arctic coastal eco-socio-
economic systems poses a significant threat of cascading disasters and hierarchic
systems catastrophes.

The coastal AZRF is characterised by two types of risk influencing nature-use
processes: natural risks (as a consequence of natural hazards) and anthropogenic
risks (including man-made disasters). While these types of risk to Arctic nature use
are fundamentally different, they often occur together. This makes the Arctic re-
gion and its coastal zones unique in terms of the vulnerability of all components of
coastal eco-socio-economic systems [15—17].

The study aims to develop a risk assessment model for Arctic nature use
in coastal areas of the AZRF based on a risk assessment matrix in a sustainable
nature use system. This will enable the spatial distribution of risk assessments to be
obtained and the most important risk factors to be identified. The model will also
be tested in seaside municipalities in the Murmansk region.

The article uses materials from conferences " ?.

Methods

A matrix approach to the risk assessment of Arctic coastal nature use

Considering risk as infliction of harm with a certain probability, we can pre-
sent it as a chain of three links [5, 16, 17].

1. Risk source.

The Arctic coastal zone is a complex eco-socio-system in which economic ac-
tivity and nature use take place, and it contains potential sources of risk. The emer-
gence of threats influences the region's sustainable development.

2. Risk factor.

The occurrence of negative factors transforms potential risks into specific
events that threaten the objects and practices of nature use within the Arctic coastal
system. Such threats originate from the risk source.

3. Risk object.

As an integral part of the Arctic coastal system, risk objects are exposed to nega-
tive factors that jeopardise their stable functioning and sustainability. An integrated

3 Gogoberidze, G.G. and Rumiantceva, E.A., 2023. Integrated Model of Risks of Arctic Nature-Use
Management for the Russian Arctic Coastal Zone Based on the Interrelationship of Natural, Geo-
morphological and Technogenic Risk Factors. In: E. A. Rumiantceva, ed., 2023. [Prevention and
Elimination of Emergency Situations in the Arctic Zone of the Russian Federation : Proceedings of
the Scientific-Practical Conference, 4—7 April 2023]. Murmansk: MAGU, pp. 96-98 (in Russian).
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approach to risk management is therefore required to ensure the long-term sustain-
ability of the Arctic coastal zone.

It should be emphasised that the risk source and risk object in the Arctic
coastal zone are closely bound, forming a sequence of interrelated risk incidents.
Multi-stage accidents can be forecasted by applying the scenario method, whereby
an initial hazard source initiates a risk factor that affects a vulnerable object. This
object then becomes a generator of new risk factors, and the process repeats to
form a hierarchical structure known as a risk tree.

Given the proposed structure, the following classification can be introduced
[5, 17]:

1. Sources of risk:

— risk origin (the specific source generating the risk);

— controllability of risk reduction (the potential and effectiveness of measures
aimed at reducing or eliminating risk);

— impact on the coastal eco-socio-economic system (the impact of risk on the
environmental, social, and economic components of the coastal zone).

2. Risk factors:

— spatial coverage (the geographical area in which the risk occurs);

—time horizon of impact (duration of the period during which the risk has
an impact);

— predictability (possibility of predicting the time and nature of the risk mani-
festation);

— probability of occurrence (frequency of risk occurrence in a given period).

3. Risk objects:

— the direct recipient of the risk (i. e. an element or system that is directly af-
fected by the risk);

— the potential to induce a cascade of risks (the ability of a given risk to cause
other, more complex risks);

— the position in the risk cascade (the position of the risk in the sequence of in-
terrelated risk events);

—the scale of damage/consequences (the degree of negative consequences
which may arise as a result of the risk occurence).

As a result, we made up a list of basic elements for each of the above risk
components of the Arctic coastal eco-socio-economic system, as outlined in works
[16—18]. This list generally contains:

— risk source (19 elements);

—risk factor (21 elements);

—risk object (18 elements).
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Specialists assessed the relationships between the risk components using
a scale from one to five [17]. Based on the obtained data, two matrices describing
the components of the risk management process were developed:

— the first matrix is based on matching risk factors (in the rows) with sources
of risk (in the columns). This 21 x 19 matrix is designed to numerically assess
the intensity with which a certain risk factor is generated under the influence of
each considered risk source;

— the second matrix is a structure in which the rows correspond to risk objects
and the columns correspond to risk factors. This 18 x 21 matrix assesses the extent
to which each risk factor may influence the correct and effective functioning of risk
objects.

The key and minor risk elements for each matrix and structural component
were determined based on summing up the values for the corresponding rows and
columns.

The model of risks to Arctic nature use in the coastal AZRF

In accordance with the presented matrix approach for assessing the risk of na-
ture use in Arctic coastal eco-socio-economic systems, the risk assessment meth-
odology can be structured as an algorithm [5, 16].

1. The size of the risk matrices can be reduced by deleting the columns and
rows corresponding to risk sources, risk factors and risk objects that are not availa-
ble for a given local object.

2. The risk factors Ri are assessed using weight coefficients that are set ac-
cording to the characteristics of the region under study [5]. Of note, the correction
coefficients are actually matrices with a size coinciding with that of the matrices
reflecting the ratio of risk elements.

The coefficients are calculated in accordance with criteria [16—18], based on
analysis of the following data:

— information on past emergency situations of a natural or man-made origin.
This analysis involves identifying the causes of these situations and assessing their
consequences for the areas under consideration and adjacent territories;

— current and historical information on the situation of the study areas, ob-
tained using satellite information. These analyses include the extent and types of
development and infrastructure, coastline location, water’s edge patterns and other
spatial characteristics;

— information on the quantity and quality of infrastructure.

— plans for dealing with various emergency situations in the considered territo-
ries and adjacent areas;

— other information on the spatial and temporal features of the occurrence and
dynamics of risk factors in the study territories.
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3. The integral risk indicator Ry is determined by summing all the risk factors
R, adjusted by the appropriate territorial coefficients. It is calculated according to
the formula

Rint = Z(Ri)~

The key conceptual principles of the model for Arctic coastal nature-use risk
assessment cover the following [5]:

1) the Arctic coastal eco-socio-economic system is a clearly defined geograph-
ical area. The boundaries of this system can be defined as follows, for example:

firstly, it may be a district-wide coastal municipality embracing adjacent ma-
rine areas;

secondly, the boundary may coincide with a coastal municipality consisting of
settlements and including inland water bodies;

thirdly, the boundary could be a key geographical feature, such as a settlement
with adjacent inland waters or other units characterised by interrelated environmen-
tal, social and economic aspects;

2) A non-dimensional method based on matrices describing risk components is
used to assess the AZRF territorial object's exposure to hazardous events and cal-
culate a comprehensive risk indicator. The first matrix, which compares risk factors
and risk sources, shows how strongly each risk source influences the formation of
the corresponding risk factor. The second matrix establishes the relationship
between risk objects and risk factors and determines the impact level of each risk
factor on the stable and effective functioning of the risk object in question. This
approach allows a comprehensive assessment of the territory vulnerability and re-
veals key factors determining the level of risk.

To illustrate the process of determining the level of risk associated with activi-
ties in the Arctic coastal zone, we analysed some coastal territories in the Mur-
mansk Region:

— the urban settlement of Kandalaksha. It is located in the southern Murmansk
Region. The settlement's territory is divided by the Kola Peninsula: the northern
part is on the peninsula while the southern one is on the mainland. To the south-
east, the area borders Kandalaksha Bay;

— the rural settlement of Teriberka. It is located in the northern Murmansk Re-
gion and is washed by the Barents Sea from the north;

— the rural settlement of Ura-Guba. It is located in the Kola District of
the Murmansk Region. The Ura River flows into the gulf of the same name here,
and the Kislaya Guba tidal power station is located nearby.

The study territories vary considerably in terms of key physical geographical
and socio-economic indicators. This allows us to assess the versatility of the pro-
posed methodology with respect to different types of Arctic coastal territory.
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For the urban settlement of Kandalaksha’s territory and the adjacent water
area, the initial matrices were slightly reduced: the risk factor-risk source matrix
was reduced to 19 x 16, and the risk object—risk factor matrix was reduced to
16 x 19. This is due to the exclusion of risk factors and objects that are not typical
of this area; while the number of risk factors was reduced by only two: earthquake
hazard and iceberg hazard.

Risk factor assessments according to risk component matrices, taking territori-
al correction coefficients into account, showed that the most significant risk factors
are as follows:

— fire (score 20.2);

— high water in river mouths / flooding of the territory (score 14.8);

— man-made accidents (score 13.7).

The risk factors that have a significant impact on this territory (an assessment
score ranging from 12.2 to 10.0) include solid waste pollution (in particular chemi-
cal and household waste); infectious and epidemiological hazards; abnormally high
temperatures (melting of glaciers and permafrost, and rising sea levels); emissions
of chemical pollutants into the atmosphere. The integral risk assessment score for
this territorial unit is 552.6.

For the rural settlement of Teriberka and the adjacent water area, the initial
matrices are reduced: risk factor-risk source to 16 x 11 and risk object-risk factor
to 11 x 16, due to the reduction in risk sources and risk objects not available in the area
in question. The following items were also removed from the list of risk factors:
earthquakes; the emission of chemical pollutants / toxic substances into the atmos-
phere; the emission of chemical pollutants / toxic substances onto land / into the hy-
drosphere; oil spills on land; and radiation contamination.

According to the risk component matrices, which take into account territorial
correction coefficients, the following risk factors were found to be the most signifi-
cant:

— fire (score 22.9);

— man-made accidents (score 14.0);

— high water in river mouths / flooding of the territory (score 12.0).

Other significant risk factors for the above territory (an assessment score rang-
ing from 9.7 to 8.3) include an abnormal high temperature regime (melting of
the ice cover and permafrost, and rising sea levels); infectious and epidemiolog-
ical contamination; wave and ice loads; and abnormal (intensive) precipitation.
The integral risk assessment score for the territorial entity is 379.2.

When analysing the territory of the rural settlement of Ura-Guba and the adja-
cent water area, the risk matrices were also optimised. The size of the risk factor—
risk source matrix was reduced to 15 x 13, and that of the risk object-risk factor
matrix was reduced to 12 x 15. Six risk factors were removed: earthquake, iceberg
hazard, emission of chemical pollutants / toxic substances into the atmosphere and
on land / into the hydrosphere, oil spill on land, and radiation contamination.
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Analysis of risk factor assessments using matrix models, taking into account
the correction coefficients determined for this territorial unit, revealed the follow-
ing most significant risk factors:

— fire (score 15.2);

— man-made accidents (score 12.0).

Other risk factors affecting the territory under consideration (an assessment
score ranging from 10.7 to 9.7) include solid waste pollution, in particular chemical
ones; municipal solid waste; infectious and epidemiological contamination; and
an abnormal high temperature regime (melting of the ice cover and permafrost, and
rising sea levels). The integral risk assessment score for the territorial unit was
274.9.

The presented model for the analysis of risks associated with the exploitation
of natural resources in the coastal AZRF allows not only establishing the geograph-
ical distribution of risk levels and identifying key risk factors, but also modelling
predictive assessments of risks and their components based on different scenarios.
This functionality is realised through the potential addition or deletion of major
infrastructure units or their aggregations.

Results

Risk assessment of sustainable Arctic nature use for the coastal zone of the Mur-
mansk Region

The developed model for assessing the risks of Arctic nature use in the coastal
AZRF was tested on 17 coastal territorial units of the local management level of
the Murmansk Region. Calculations were carried out according to the described
methodology using examples for local municipalities of the urban settlement of
Kandalaksha, the rural settlement of Teriberka and the rural settlement of Ura-Guba.
This allowed us to analyse the obtained results in the form of non-dimensional
assessments of risk and its components without detailing the calculations.

The main risk factors were identified for each territorial unit, and their contri-
bution to the impact assessment of the study territory was considered. The contri-
butions of natural and anthropogenic factors (excluding fire and infectious diseas-
es) were assessed separately. The selection of factors such as fire and infectious
diseases is conditioned by their special nature; these risks can be caused by natural
or anthropogenic factors or by a combination of these.

The analysis results showed that the identified risk sources produce the risk
factor in the Pechenga Municipal District most intensively. For this territory, the non-
dimensional assessment score of the source—factor relationship exceeds 180 (Fig. 1).

The main reason for the increased risk level in this municipality is the com-
bination of a relatively high population density and diverse landscapes. Conse-
quently, the Pechenga Municipal District shows a higher intensity of risk factor pro-
duction than other coastal districts in the Murmansk Region. The urban settlement
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Fig. 1. The degree of risk-factors production from exposure to
risk-sources for the coastal local municipalities of the Murmansk
region

of Kandalaksha is the second in terms of the degree of impact of identified risk
sources with a source—factor relationship indicator of over 170. This high value is
due to the reasons similar to those described for the Pechenga Municipal District.
Kandalaksha is followed by the restricted administrative units of Vidyaevo and
Aleksandrovsk with a source—factor correlation indicator of over 160 for each terri-
tory. The lowest indicator of risk factor production (slightly over 100) is registered
for the rural settlement of Mezhdurechie.

When analysing the relationship between factors and objects in the coastal ter-
ritories of the Murmansk Region, we assessed the potential impact of risk factors
on the normal, effective functioning of risk objects. The objects of Kandalaksha
were found to be the most vulnerable. The non-dimensional assessment score for
this area exceeded 380, indicating a high risk (Fig. 2).

As for the Pechenga Municipal District, where the non-dimensional indicator
was over 340, this result can be explained by a significant number of risk-prone
objects concentrated in a densely populated coastal area of diverse topography.
These factors together substantially influence the normal, effective functioning of
the risk objects located in the region. The risk zone also encompasses objects
in Murmansk, Teriberka and the restricted administrative units of Vidyaevo, Ale-
xandrovsk, Severomorsk, Zaozersk and Ostrovny as well as in Kola and Tuloma.
In these territories, the assessment scores range from over 310 to approximately 200.

168 Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2025



Varzuga
Mezhdurechie
Lovozero
Ura-Guba
Zelenoborsky
Umba

Tuloma

Kola
Ostrovnoy
Teriberka
Zaozersk
Severomorsk
Alexandrovsk
Vidyaevo
Murmansk
Pechenga MD
Kandalaksha

0 50 100 150 200 250 300 350 400

Evaluation of the factor-object relationship

Fig. 2. The degree of impact of the risk-factors on the normal
effective functioning of risk objects for the coastal local mu-
nicipalities of the Murmansk region

The lowest risk assessment score (over 85) was noted in the rural settlement of
Varzuga. This is due to the small number of objects in the area with dispersed pop-
ulation with a homogeneous landscape. Taken together, these factors suggest that
the potential risks have an insignificant impact on the normal and effective opera-
tion of risk objects in this region.

Analysis of the comprehensive risk assessment for the nature use in coastal
areas of Murmansk Region municipalities revealed that Kandalaksha's coastal zone
is at the highest risk. The integral risk assessment score for this area exceeds 550
(Fig. 3). This indicates that the occurrence probability for natural or man-made
risks in this municipality is approximately 10%.

The coastal systems of the restricted administrative units of Aleksandrovsk
and Vidyaevo as well as the Pechenga municipality and Murmansk are significant-
ly influenced by risk factors, with integral assessment scores ranging from 410 to
over 520. The lowest impact of risk factors is observed in the rural settlement of
Varzuga, where the score is below 200 and the occurrence probability for adverse
events (hazards) is 3%. Generally, the distribution of integral risk assessment val-
ues indicates a higher occurrence probability for various risks in relatively densely
populated areas with a large number of functioning objects and a diverse land-
scape.
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Fig. 3. Integrated risk assessment for the coastal local munici-
palities of the Murmansk region

Having analysed the key risk factors differentiated by their impact on Arctic
nature use objects in each seaside municipality, we can identify the following fea-
tures:

— fires have the greatest impact on the objects of the Pechenga Municipal
District (with a 9% probability of occurrence). The rural settlement of Varzuga is
the least vulnerable to this factor;

— the risk of high water in river mouths / flooding of the territory is also mini-
mal in Varzuga;

— nature-use objects of the urban settlement of Kandalaksha have the highest
(9%) probability of man-made accident risk among all objects of the Murmansk
Region;

—infectious and epidemiological contamination is the most probable (9%)
in objects of the Arctic coastal eco-socio-economic system of the Pechenga Munic-
ipal District compared to other municipalities of the Murmansk Region. The lowest
vulnerability to this factor is observed in Varzuga.

The analysis revealed differences in the degree to which natural and anthropo-
genic risk factors (excluding fires and infectious diseases) influence the seaside
municipalities of the Murmansk Region. The Pechenga Municipal District demon-
strated the highest contribution of natural factors (over 260, corresponding to a 9%
occurrence probability of an adverse natural phenomenon). This is due to a large
number of natural risk factors present in the district compared to other coastal munic-
ipalities. The urban settlement of Kandalaksha has the greatest contribution of an-
thropogenic factors (over 235, which corresponds to approximately 12% occurrence
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probability of an adverse event). This is due to the concentration of a large number
of technogenic objects in a relatively densely populated area. The rural settlement
of Varzuga shows minimum values of the complex contribution of both natural
(approximately 4% probability) and anthropogenic (approximately 2% probability)
factors. Thus, this settlement is the safest of the 17 coastal municipalities of

the Murmansk Region.

Conclusion

The model developed for assessing risks associated with natural resource use
in the coastal AZRF is based on a matrix methodology for assessing sustainability
risks in nature use. The model provides a spatial map of risk assessment scores and
identifies key risk factors. It considers a database of criteria, types, sources and
objects of risk, as well as their spatial scale and the nature of their impact. It also
allows for the assessment of different combinations of individual risk factors, such
as the impact of natural, anthropogenic and other factors.

It is possible to create cartographic materials and graphic models reflecting
the eco-socio-economic systems of Arctic coastal territories. This approach has
been successfully implemented using the Murmansk Region as an example.

Within the Russian Science Foundation project, the level of territorial risk as-
sociated with the nature use was assessed. This allowed developing recommenda-
tions for informed managerial decisions as to territorial planning and the rational
use of available resources. The resulting cartographic and graphic materials can be
used to optimise management and ensure the sustainable development of the Arctic
region.

The proposed model is a valuable tool for analysing risk dynamics and deter-
mining the overall level of risk associated with the commissioning or dismantling
of large infrastructure units or their complexes. The implementation of such a sce-
nario implies the development of a forecast of changes in the risk components val-
ues and corrective factors, which, in turn, allows obtaining an integral risk assess-
ment. Introducing the presented methodology and model will optimise territorial
planning procedures and ensure the sustainability of Arctic coastal eco-socio-
economic complexes. The improvement of this methodology and model is depend-
ent on analysing the risks of nature use and adapting to changes in environmental
and socio-economic spheres. This will provide flexibility when carrying out similar
risk assessments within the set tasks.
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