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Experience in Monitoring Greenhouse Gas Emissions
and Uptake in the Coastal Sea Zone
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Abstract

The study aims to monitor the emissions and uptake of carbon dioxide and water vapour
at aspecialized carbon polygon near the city of Gelendzhik, Krasnodar Krai. The paper anal-
yses CO:z and Hz0 fluxes along with atmospheric parameters recorded from December 2024
to May 2025 using data from an automatic LI-COR Environmental monitoring station in-
stalled 25 m from the shoreline. Gas fluxes were calculated using the eddy covariance method
at a frequency of 10 Hz. The main components of the station are atmospheric heat flux sen-
sors, including a photosynthetically active radiation sensor; an ultrasonic anemometer; a gas
analyzer; an air temperature and humidity sensor; soil temperature, heat flux and moisture
content sensors; and a precipitation gauge. Daytime and nighttime partitioning of the net CO2
flux into gross primary production and ecosystem respiration was applied. The results of
the experiment showed that about 500 g of carbon dioxide per square meter was emitted
into the atmosphere from the study area during the specified period. Ecosystem respiration
accounted for 1300 g, whereas gross primary production accounted for 800 g. Seasonal dy-
namics of the exchange were identified: during winter months and in early calendar spring,
CO: emission into the atmosphere prevails, while from April onward its uptake by the eco-
system is observed. The average CO- concentration in the air during the observation period
was 423.2 £ 5.2 umol/mol (with a global average of 420 pmol/mol). Despite the challenging
conditions of the station’s location in the coastal zone, the obtained results are physically
sound and can be used to estimate greenhouse gas fluxes.

Keywords: carbon polygons, Gelendzhik, carbon dioxide flux, eddy covariance method,
Li-Cor
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OnbIT MOHUTOPUHIA IMHMCCUH M NOTJIOLCHUSA
NAPHUKOBBIX Ta30B B NPUOPEKHOH 30HEe MOPA

b. B. IuBunckuii *, C. b. KykJes, B. B. Kpemenenkmui,
A. A. Henocnacos, B. B. Ouepennuk, O. H. KykieBa

Hucmumym oxeanonoeuu um. ILIL HHlupwosa PAH, Mocxkea, Poccus
* e-mail: divin@ocean.ru

AHHOTALMSA

enp paboThl — MOHUTOPUHT 3MUCCHH M MOTJIOIIEHHS YTJIEKHUCIIOTO Ta3a U BOASHOTO Iapa
Ha CIIeIUATM3UPOBaHHOM KapOOHOBOM TOJUTOHE B paiione T. I'enenmkuka Kpacnonapckoro
kpast. [Ipoananusuposansl motoku CO; u H>O, a Takke mapaMeTpbl COCTOSIHAS aTMOChEpHI,
3apErucTpUpPOBaHHEIC ¢ ekaOpst 2024 r. mo maii 2025 1. ¢ TOMOIIBI0 aBTOMATHYECKO CTaH-
uu Mouuropunra LI-COR Environmental, ycTaHOBIEHHOW B 25 M OT OeperoBoil JIMHUH.
[ToTokM ra30B paccYMTHIBAIMCH METOJAOB TypOYyJEHTHBIX Mynbcauuii ¢ yactotod 10 I'm.
OCHOBHBIMH KOMITOHEHTaMH CTAHITUH SIBIISIOTCS: JATYHKHU IMOTOKOB aTMOC(HEPHOTO Teria,
BKJTFOYAs TATYUK (POTOCHHTETHUYCCKON aKTHBHOUN paJHalliN; YIETPa3BYKOBOW aHEMOMET);
ra3oaHajau3aTop; AaTYNK TeMIEpaTyphl U BIaXKHOCTH BO3AYyXa; MIOYBCHHBIC TAaTYHKH.
[IprMeHsITOCH JHEBHOE M HOYHOE pa3zefieHne YucToro notoka CO; Ha BaJIOBYIO IEPBUYHYIO
MIPOAYKIUIO M SKOCHCTEMHOE JbIXaHHe. Y CTAHOBJICHO, YTO 32 YKa3aHHBIA MEPHOJ Ha UCCTIe-
JyeMOM YYacTKe C KBaIpaTHOTO MeTpa B aTMocdepy mocTymuio okono 500 T yriekuciaoro
raza. [Ipu 3TOM Ha PKOCHCTEMHOE JbIXaHHUe MPUILIOCh 0kojo 1300 r, Ha BaJOBYIO MPOIYK-
muio — 800 r. BeIsgBiaeHa ce30HHas JMHAMHUKA OOM€EHa: B 3MMHHE MECSIIbI, a TAK)Ke B HaJasle
KaJICHIApHOM BecHbI mpeodiaamaet smuccus CO, B atmocdepy, ¢ anpess HabIr0JaeTCs ero
ycBoeHne skocucteMoi. CpenHss 3a nepuoxa HaOnrogeHnit koHneHrpanus CO, B BO3-
nyxe coctaBuia 423.2 £ 5.2 MKMOJIB/MOJIB (TIpU CpETHEMHPOBOI B 420 MKMOJIB/MOJIB).
HecmoTpst Ha ci10KHBIE YCIIOBUS PacIlOiOKEHHs CTaHIIMU B IPUOPEKHOMN 30HE MOPSI, TIOJTY-
YEeHHBIE Pe3yJIbTaThl (PU3MIECKH 000CHOBAHBI M MOT'YT MCIIOIBb30BATHCS ISl OLIEHOK IIOTOKOB
TTAPHUKOBBIX T'a30B.

KiroueBble ci1oBa: KapOOHOBBIE TIOJIMTOHEL, [ €JIEHIKHUK, TIOTOK YTIIEKUCIIOTO Ta3a, METO
TypOyJIeHTHBIX IyJbcanuii, Li-Cor

BaarogapHocTu: paboTa BIIONHEHA B pAMKaX TEMbI TOCYIapCTBEHHOTO 3aaHus IHCTUTYyTa
oxeanonorurt PAH Ne FMWE-2023-0001 nipu ¢prHancoBoit nognepxkke @onga Menms-HHYSHKO.

Jast uurupoBanust: /Jusunckuil b. B., Kyxnes C. b., Kpemeneyxuii B. B., Heoocnacos A. A.
u Op. ONBIT MOHUTOPUHTA YMUCCHHU U MOTJIONICHHS MTAPHUKOBBIX Ta30B B MPUOPEIKHOI 30HE
Mopst // Dxojorudeckasi 0€30MacHOCTh MPHOPEIKHON H IIeab(hOBOI 30H Mops. 2026. Ne 1.
C. 6-26. EDN PGBTAO.

Introduction

Greenhouse gases that determine the nature of climate change on the planet
include water vapour H20, carbon dioxide CO2, methane CHa, nitrous oxide N0,
and a group of fluorine-containing gases. Water vapour is the most abundant
greenhouse gas in the atmosphere. Its contribution to the climatic fluctuations
in air temperature V, according to various estimates, is 40-70%. At the same time,

) Atmospheric concentration of greenhouse gases: technical documentation. U.S. Environ-
mental Protection Agency, 2016. 16 p. URL: https://www.epa.gov/sites/default/files/2016-
08/documents/ghg-concentrations_documentation.pdf [Accessed: 15 December 2025].
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it is believed that human economic activities (such as land reclamation and defor-
estation) have only a small direct impact on H.O concentrations. According to
the latest bulletin of the World Meteorological Organization 2, the most important
greenhouse gas with a significant anthropogenic footprint is carbon dioxide.
Over the period from 1750 (approximately the pre-industrial era) to 2023, the CO-
share of the anthropogenic temperature increase was about 66%. For comparison:
the share of CH4 was 16%, and that of N>O was 6%. The global average concen-
tration of carbon dioxide in the atmosphere in 2023 was 420.0 + 0.1 pmol/mol,
with the average growth rate over the last decade reaching 2.4 umol/mol per year.

In the Russian Federation, research on greenhouse gas fluxes has been develop-
ing quite intensively in recent years [1-8]. In 2023, a monograph [9] was published
summarizing balance estimates of fluxes of the main greenhouse gases in Russia and
concluding that the so-called forest regions of the country (Siberian, Far Eastern,
etc.) are net sinks of greenhouse gases, while emission sources are the southern
regions with a predominance of pastures and agricultural lands (Southern, North
Caucasian, Volga).

In 2021, within the framework of the national system for monitoring greenhouse
gas dynamics, the Ministry of Science and Higher Education of the Russian Federa-
tion launched the “Carbon Polygons” project (URL: https://carbon-polygons.ru), within
which monitoring observations are carried out at nineteen separate sites located in
various natural zones of Russia (steppes, taiga forests, swamps, pastures, agricultural
lands, forest-tundra). The main task of the carbon polygons is to conduct long-term
and, crucially, continuous measurements of greenhouse gas fluxes using modern in-
strumentation. One such polygon is the measuring site in the area of Gelendzhik,
Krasnodar Krai.

Despite the expanding observation network, there is still a lack of detailed data
on greenhouse gas fluxes for the coastal resort zones of the Black Sea based on direct
instrumental measurements. The features of relief, soils, vegetation, and proximity
to the sea form a unique coastal ecosystem whose carbon balance remains poorly
understood.

This work aims at studying the fluxes of carbon dioxide and water vapour at the
Gelendzhik carbon polygon from December 2024 to May 2025.

Materials and Methods

Gelendzhik carbon polygon. The Gelendzhik polygon, with a total area of
26 hectares, consists of terrestrial and marine parts, where regular instrumental ob-
servations of carbon dioxide, water vapour, and methane fluxes, as well as associated
atmospheric state parameters, have been conducted since 2022 [10-12].

2 The state of greenhouse gases in the atmosphere based on global observations through
2023. Geneva : WMO, 2024. 11 p. (WMO Greenhouse Gas Bulletin ; No. 20). Available at:
https://library.wmo.int/idurl/4/69057 [Accessed: 15 December 2025].
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According to soil-ecological zoning?, the Gelendzhik area is located within
the Novorossiysk district of the Western Brown Earth-Forest soil-bioclimatic region
of the subboreal geographical belt. The soil cover here is mainly represented by acidic
podzolized brown earths and calcareous soddy soils. The herbaceous layer is mainly
formed by sheep fescue and heath false brome. Among the plants found are butcher’s-
broom (sp), three-leaf jasmine (sp), Anatolian blackberry (cop1), and resinous psoralea
(un). Coastal vegetation is also represented by Pitsunda pine with an average crown
attachment height of 8-9 m, downy oak, growing singly or in clumps, with an average
age of about 12 years, as well as hornbeam, dog’s bramble, Christ’s thorn, and juniper.

In November 2024, the measuring part of the polygon was supplemented with
an automatic monitoring station based on the LI-7200 gas analyzer (LI-COR Environ-
mental, USA). The installation is operated by the Southern Branch of the Shirshov
Institute of Oceanology, Russian Academy of Sciences. The station is mounted on
open natural soil 7 m from a rocky cliff and 25 m directly from the shoreline (Fig. 1).
Station coordinates: 44.576657° N, 37.977450° E.

The main components of the station (Fig. 2) are:

1. LI-7550 interface Module (a universal component of all gas measurement
systems, containing integrated tools for digital signal processing from gas ana-
lyzers).

Yo

oM
SB SIO RAS 4.
O%

Gelendzhik

Blue Bay |~ Black Sea

Fig. 1. Location of the LI-COR monitoring station at the Gelendzhik polygon

3 Information system “Soil-Geographic Database of Russia”: [website]. Available at:
https://soil-db.ru [Accessed: 15 December 2025] (in Russian).
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Fig. 2. Measuring instruments of the LI-COR monitoring station: / — LI-7550 interface
module; 2 — atmospheric heat flux sensors, including a photosynthetically active radiation
sensor; 3 — ultrasonic anemometer; 4 — gas analyser; 5 — air temperature and humidity sensor;
6 — soil temperature, heat flux and moisture content sensors; 7 — precipitation gauge

2. Atmospheric heat flux sensors, including photosynthetically active radiation
sensors (Kipp&Zonen, Netherlands and LI-190R).

3. uSonik-3 ultrasonic anemometer (Metek, Germany).

4. LI-7200 gas analyzer.

5. HMP155 air temperature and humidity sensor (Vaisala, Finland).

6. HydraProbe (Stevens Water Monitoring Systems, USA) and Hukseflux
(Hukx, Netherlands) soil temperature, heat flux, and moisture content sensors.

7. TR-525M precipitation gauge (Texas Electronics, USA).

The LI-7200 gas analyzer determines the molar fractions of water vapour and
carbon dioxide in an air sample with an accuracy of 2% and 1% of reading, respec-
tively. The station is powered from the laboratory building. The station is connected
to a server for acquisition, accumulation and storage of measurement data. The sen-
sor interrogation frequency of the measuring equipment is 10 Hz. All data are pro-
cessed by standard software and stored on the server.

The data obtained from the station form three separate arrays:

1. Half-hourly data arrays with a sampling interval of 0.1 s (total 18,000 values),
containing values of atmospheric carbon dioxide CO: and water vapour H-O, atmos-
pheric pressure, air temperature, and three wind speed components.

2. Processed data arrays with a 1-minute resolution, including the following
characteristics: surface albedo; incoming and outgoing shortwave and longwave ra-
diation; Photosynthetic Photon Flux Density (PPFD); precipitation amount; air tem-
perature and relative humidity; soil moisture content and temperature; Soil Heat Flux

(SHF).
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3. Statistical parameters characterizing the atmosphere and soil state, obtained
by processing the 30-minute raw data. The parameters include: mean values, vari-
ance, and higher moments (skewness, kurtosis) of the distributions of three wind
speed components (two horizontal and one vertical), carbon dioxide and water
vapour concentrations, soil temperature; mean values of surface albedo, incoming
and outgoing shortwave and longwave radiation, PPFD, precipitation, air humidity
and temperature, soil moisture content and temperature, SHF; mean values of sensi-
ble and latent heat fluxes, carbon dioxide and water vapour fluxes; mean atmospheric
state parameters (temperature, humidity, pressure, wind speed and direction, esti-
mate of turbulent kinetic energy, Bowen ratio); estimates of covariance between
greenhouse gas fluxes and main meteorological parameters.

The software (EddyPro) allows for correcting flux estimates based on the analysis
of outliers, airflow stability, trend components, and time delays of measuring equip-
ment.

Greenhouse gas flux calculations

Eddy covariance method. Currently, the most common and theoretically sound

method for calculating greenhouse gas fluxes is the eddy covariance method.
The basic principles of the method are outlined in guidelines ** > and are as follows.
The turbulent vertical flux of any substance (e.g., greenhouse gas) can be represented
as the covariance of the vertical wind speed and the concentration of that substance.
The high frequency of turbulent fluctuations typical of the atmosphere imposes in-
creased requirements on the recording equipment and the operating frequency of
sensors (10 Hz in our case). Important limitations of the method are the following
assumptions: 1) air density fluctuations are small and can be neglected; 2) over the
measurement period (30 min), vertical air mass movements are insignificant. In real
natural conditions, especially in areas with complex terrain, these conditions are not
always met, which leads to natural errors and measurement uncertainties.

Footprint. An important parameter of the eddy covariance method is so-called
footprint — the spatial area from which fluxes are recorded by the station’s instruments.
The footprint estimate depends on many factors: the height of the instrument instal-
lation (4 m in our case), surface roughness, and the nature of atmospheric stratifica-
tion. The horizontal extent of the footprint, defined as the distance upwind from the
sensor installation point, is described statistically in terms of distribution quantiles.

4 Aubinet, M., Vesala, T. and Papale, D., eds., 2012. Eddy Covariance: A Practical Guide
to Measurement and Data Analysis. Springer Science+Business Media B.V., 438 p.
https://doi.org/10.1007/978-94-007-2351-1

) Burba, G.G., Kurbatova, Yu.A., Kuricheva, O.A., Avilov, V.K,, etc., 2016. Eddy Covariance
Method. Brief Practical Guide. Moscow: A.N. Severtsov Institute of Ecology and Evolution RAS,
223 p. (in Russian).
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For example, the 80% footprint is the length (in meters) of the area from which
the contribution of a given substance (CO: in our case) to the flux is 80%.

Flux partitioning. Carbon dioxide flux calculated by the eddy covariance

method represents the Net Ecosystem Exchange (NEE) and can be partitioned into
the two largest components of the carbon cycle: Gross Primary Production (GPP)
and ecosystem respiration (Reco). Gross primary production is the total amount of
organic matter created by autotrophic organisms during photosynthesis (more pre-
cisely, chemosynthesis). GPP thus reflects the amount of carbon absorbed by plants
during photosynthesis. Ecosystem respiration is associated with the processes of
converting organic carbon into CO: by organisms and acts as the main pathway for
carbon release from terrestrial ecosystems into the atmosphere. In general form,
NEE = Reco — GPP.

Flux partitioning was performed according to the recommendations outlined
in [13]. Currently, several partitioning methods exist. The two most widely used al-
ternative approaches are the so-called nighttime and daytime partitioning:

1. In nighttime partitioning [14], Rec is estimated during nighttime and subse-
quently extrapolated to the daylight hours. GPP is calculated as the difference be-
tween Reco and NEE. In this case, the stochastic nature of turbulence and noise
in the measurement signals can lead to negative GPP flux estimates, even though
they are positive by definition. However, negative GPP fluxes should not be re-
moved (or set to zero), as this would lead to a significant bias in the overall estimates
of gross primary production.

2. Daytime partitioning [15] is based on model estimates of NEEnoq using light
response curves, assuming proportionality between carbon dioxide fluxes and in-
coming radiation. Given the uncertainty and error of model approximations of fluxes,
the resulting model flux, calculated as the difference (Re.co — GPP), may not exactly
match the measured NEE value.

An important detail should be noted. Since the natural system is complex and
multifactorial, data on primary production and ecosystem respiration fluxes obtained
for a specific period are likely to contain significant uncertainty. However, when
processed statistically over a long period (months, years), these data will quite cor-
rectly reflect the balance components of carbon cycle of the ecosystem under con-
sideration.

Data quality. A key assumption of the eddy covariance method is the station-
arity of the mean flow (spatial homogeneity). The initial data quality is assessed
according to the approach outlined in [16]. The initial 30-minute observation
series is divided into six 5-minute segments. For each segment, the covariance be-
tween vertical velocity fluctuations and the parameter under study is calculated.
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The flux is considered stationary if the covariances for the individual segments
differ from the covariance calculated for the entire series by no more than 30%.
Overall, a flag is assigned to each series indicating the quality of the measurements:

— flag 0 (deviation < 30%) — high-quality data;

—flag 1 (deviation < 100%) — medium-quality data but suitable for use in long-
term research programs;

— flag 2 (deviation > 100%) — low-quality data to be excluded from analysis.

The proportion of series with low-quality data (flag 2) for carbon dioxide
fluxes by month is as follows: December — 22%, January — 15%, February — 26%,
March — 21%, April — 19%, May — 22%. Thus, on average across months, about
20% of data are deemed unfit for use due to poor quality, resulting in gaps
in the overall time series. The continuity of the time series is achieved by artificially
filling these gaps using algorithms described in [13].

Results and Discussion

The main parameters used to estimate the integral values of greenhouse gas
emissions (or uptake) are: carbon dioxide flux, sensible and latent heat fluxes,
incoming shortwave radiation flux, air and soil temperature, relative humidity, water
vapour pressure deficit, and characteristics of the wind flow (wind speed, wind di-
rection, friction velocity, Monin — Obukhov length for turbulent flow).

Fig. 3-5 presents the temporal dynamics of some atmospheric parameters, as
well as the carbon dioxide and water vapour content measured over the six-month
experimental period.

As follows from Fig. 3, a steady increase in the photosynthetic photon flux den-
sity, necessary for photosynthesis, is observed from the end of January. With the
onset of calendar spring (March), the soil gradually warms up, and the sign of SHF
becomes positive. Negative average daily air temperatures were recorded only in the
second half of February. Fig. 3 presents the seasonal dynamics of key abiotic factors
determining the ecosystem’s carbon exchange. Analysis of average daily values
shows that from the end of January, a steady increase in PPFD is observed, which
creates prerequisites for the start of active vegetation. Soil warming, indicated by the
change in the SHF sign to positive, becomes stable from March, coinciding with the
onset of calendar spring. At the same time, periods with negative average daily air
temperature 7, values were noted only in the second half of February. The dynamics
of soil temperature 7 corresponded to changes in air temperature and radiation bal-
ance. This comprehensive dataset serves as a basis for subsequent analysis of the
driving forces and seasonal dynamics of greenhouse gas fluxes.

The distribution of atmospheric precipitation by month during the observation
period is uneven (Fig. 4).
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Total monthly precipitation values were (climatic norms according to the Uni-
fied State System of Information on the Situation in the World Ocean © are given
in parentheses): December — 50.7 mm (60.1 mm); January — 29.1 mm (40.4 mm);
February — 22.0 mm (31.8 mm); March — 19.8 mm (32.3 mm); April — 45.6 mm
(30.7 mm); May — 32.7 mm (31.6 mm). December was the wettest month, although
precipitation was somewhat below climatological values. January, February, and
March were abnormally dry; in April, precipitation exceeded the norm by 1.5 times;
May was characterized by average values.

The maximum carbon dioxide content (Fig.5) was observed in February
(437.8 pmol/mol), and the minimum in May (410.5 pmol/mol).

The highest water vapour concentrations were recorded in May (18.1 mmol/mol),
the lowest in March (1.9 mmol/mol). The average CO- concentration in the air over
the observation period was 423.2 + 5.2 umol/mol (compared to the global average
of 420 pmol/mol), and for H20 it was 9.0 + 3.6 mmol/mol. From December to May,
a steady negative trend in average daily carbon dioxide concentrations and a positive
trend in water vapour were observed. Such seasonal dynamics are typical for all ter-
ritories with seasonal changes in key atmospheric parameters and vegetation cover,
which determine air temperature and photosynthetic activity.

Fig. 6 presents monthly wind roses, characterizing the frequency of average
wind speeds across 45-degree directional sectors.

Fig. 6. Wind speed frequency ¥ (%) by directions in the experiment area

© Unified State System of Information on the Situation in the World Ocean (ESIMO). URL:
www.esimo.ru (date of access: 10.12.2025) (in Russian).
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As follows from Fig. 6, the wind regime is characterized by two pronounced
directional sectors: northern and southern. In December and February, winds from
northern directions dominated (60% and 73% frequency, respectively), in April —
those from southern directions (45% frequency). In January, northern winds slightly
prevailed, while in March and May — the southern ones. The average monthly and
maximum wind speeds in December were 1.8 and 20.0 m/s, respectively; in January
—2.1 and 17.1 m/s; in February — 1.7 and 18.9 m/s; in March — 1.5 and 15.7 m/s; in
April—1.5 and 18.5 m/s; in May — 1.0 and 12.7 m/s. Despite the fact that climatically
the strongest winds in the region are the northern ones (Novorossiysk bora), during
the period under review, winds from southern directions exhibited the highest
speeds.

The calculated flux footprint areas (Fig. 7) generally reflect the wind condi-
tions discussed above. The footprint is elongated in the meridional direction
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Fig. 7. Monthly flux footprint coverage areas. Isolines are drawn for 10, 20, ..., 90
percentiles of the distributions
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(north — south). The average distance contributing most to the measured flux was
60 m from the measuring station, while the distance covering 90% of the contribu-
tion (90th percentile) reached 175 m. The monthly average footprint area thus
amounts to about 11,000 m? of the underlying surface. In December and February,
the footprint extends significantly to the north. In March and May, the footprint ex-
pands to the southeast, following the increasing frequency of southeast winds.

Fig. 8 and 9 show the diurnal dynamics of water vapour fluxes and fluctuations
in net ecosystem exchange NEE, respectively, averaged by month. The graphs show
the mean values, 95% confidence intervals for the mean, and the medians of the
distributions. Differences between mean and median values indicate deviations of
flux distributions from normality. The discrepancies are particularly pronounced in
winter months, possibly due to difficulties in interpreting measurement results dur-
ing this period. Nevertheless, the behavior of mean and median curves generally co-
incides.

Water vapour fluxes reach their daytime peak from 10:00 to 16:00 in winter;
with the onset of spring, the peak period expands. A second maximum of water
vapour fluxes, occurring at night (23:00-01:00), is noteworthy, and is discernible
in December and (more weakly) in January.

Winter months are characterized by a prevailing emission of carbon dioxide into
the atmosphere (Fig. 9) with a relatively weak diurnal cycle.

Starting in March, a stable diurnal cycle of CO: flux fluctuations is established:
during the daytime, carbon dioxide is actively absorbed, and at night it is released.
In May, the time range of carbon dioxide uptake is about 12 hours (from 6:00 to
18:00). The largest CO:2 emission was observed in December, and the largest
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Fig. 8. Diurnal water vapour fluxes
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Fig. 9. Diurnal carbon dioxide fluxes

uptake in May, with characteristic flux values of 4-5 and 3—4 pmol/m?s, respec-
tively. Diurnal fluctuations in water vapour and carbon dioxide fluxes are noted by
almost all researchers (e.g., in studies [17—19]). These fluctuations are driven by air
temperature and photosynthetic activity. Naturally, the parameters of these fluctua-
tions (amplitude, timing of peaks) depend on many other factors related to soil mois-
ture, the state of the underlying surface, and atmospheric conditions.

As already mentioned, the carbon dioxide flux NEE can be partitioned into two
important components of the carbon cycle, namely gross primary production GPP
and ecosystem respiration Reco; the graphs of their diurnal fluctuations are shown
in Fig. 10. GPP and R.., estimates are calculated using two alternative methods as-
sociated with daytime and nighttime partitioning of carbon dioxide fluxes.

Thus, gross primary production GPP quantifies the photosynthetic uptake
of carbon by the ecosystem. Positive extremes of GPP correspond to maximum up-
take of carbon dioxide by the ecosystem. In the context of ecosystems, negative res-
piration R, refers to the uptake of carbon dioxide, while positive respiration refers
to its release. Recall: in the nighttime partitioning scheme, ecosystem respiration Reco
is modeled, and gross primary production GPP is calculated as the difference be-
tween Rec, and NEE. In daytime partitioning, both GPP and R, are modeled. In
this case, the resulting model ecosystem exchange, calculated as NEE-
mod = Reco(day) — GPP(day), considering the inevitable modeling error, will differ
from the experimentally measured NEE.
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In Fig. 10, the second peak of ecosystem respiration occurring at night is quite
remarkable. The stepped shape of the GPP curve in the daytime partitioning scheme
is noteworthy, due to the features of the algorithmic approximation based on light-
response curves. Nevertheless, with the onset of calendar spring and the intensifica-
tion of photosynthesis, the “daytime” and “nighttime” GPP estimates show satisfac-
tory agreement, especially in April and May.

Fig. 11 and 12 present the total daily and total monthly masses of carbon dioxide
emitted into the atmosphere or absorbed from the atmosphere, respectively. The cal-
culations were performed using the nighttime flux partitioning scheme.

mmm NEE —ﬁ’eco = GPP
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i
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Fig. 11. Daily masses of carbon dioxide corresponding to net ecosystem
exchange NEE, gross primary production GPP and ecosystem respiration Reco
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Fig. 12. Total monthly masses of carbon dioxide corresponding to net ecosystem
exchange NEE, gross primary production GPP and ecosystem respiration Reco
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Thus, from December to March, CO: emission into the atmosphere was observed.
Net ecosystem exchange NEE in December amounted to 278 gCO2/(m?-month),
in March — 76 gCOz/(m*month). From April onwards, a tendency towards atmo-
spheric carbon dioxide uptake was observed, which reached 88 gCO./(m? month) in
May.

In total, over the six months of measurements, the net volume of carbon di-
oxide emissions NEE amounted to 529 gCO./m?. Ecosystem respiration accounted
for Reco(night) =1338 gCO2/m?, and gross primary production accounted
for GPP(night) = 809 gCO»/m>.

Estimates obtained using the daytime flux partitioning scheme demonstrate
comparable results: Reco(day) = 1271 gCO2/m?, GPP(day) = 768 gCO2/m?. These
values yield a model estimate of NEE(day) = 503 gCO»/m?.

Thus, the experimental value of total emissions (NVEE) for the six months was
529 gCO2/m?, while the model value was 503 gCO2/m?. The close values suggest the
correctness of the measurements and calculations performed.

As a small addition, we are to examine the fluctuations of carbon dioxide and
water vapour fluxes in the frequency domain. Fig. 13 shows the frequency spectra
of these fluctuations.
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Fig. 13. Normalized spectra of carbon dioxide (black curve) and water
vapour (blue curve) concentration fluctuations

For ease of comparison, the spectra are normalized to the spectral density values
corresponding to the peak frequencies. Note also that the spectra are constructed
from smoothed raw data, which eliminates fluctuation components. As follows from
Fig. 13, two periods dominate the spectra of greenhouse gas flux fluctuations: diurnal
(24 h) and a period of 17.2 days. For the CO: spectrum, these periods are comparable
in amplitude, whereas in the H2O fluctuation spectrum, the diurnal cycle is clearly
dominant. Fluctuations in carbon dioxide fluxes on synoptic (several days) and sea-
sonal (about 40 days) variability scales are of independent interest but require more
detailed study and will form the subject of a separate task.
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Conclusion

In light of the adoption in 2025 of the new national project “Ecological well-
being” in Russia, research on greenhouse gas fluxes is an important not only ecolog-
ical but also economic, social, and political task. At the same time, direct instrumental
measurements of fluxes are far from trivial. The eddy covariance method used in
this work imposes several significant limitations on the experimental conditions.
Here we point out only the most important ones: 1) the site under consideration must
be spatially homogeneous, without natural or artificial obstacles;
2) the energy balance (including sensible and latent heat fluxes, as well as soil fluxes)
must be closed. Literal adherence to these conditions is practically unattainable, es-
pecially in areas of intense economic activity. Vast steppe (or tundra) areas may meet
the first condition, but even for them, the energy balance will most likely be unclosed
due to unaccounted advective heat fluxes, internal sources or vertical currents asso-
ciated with uneven surface heating.

Despite the undeniable problematic aspects, we note that the greenhouse gas
monitoring station in Gelendzhik is located on a typical site in the resort zone of
the Krasnodar Krai Black Sea coast. Measurements at such sites seem necessary
from both a scientific and practical point of view. The Gelendzhik carbon polygon
is essentially the first experience of measurements under such conditions. Further-
more, the experimental results are based not on single (random) measurements
but on long-term continuous data, which lends them a certain statistical reliability.
Let us add that currently the eddy covariance method is successfully applied not only
to natural environments but also to urban settlements. For example, study [20] uses
greenhouse gas measurement data obtained from two stations located directly within
the city limits of Basel (Switzerland).

Let us point out the main results obtained:

1. The measuring station of Gelendzhik polygon, operating since December
2024, automatically records the fluxes of the main greenhouse gases, as well as at-
mospheric state variables. The station is part of the Russian greenhouse gas monitoring
project.

2. Based on the experimental results, it was found that from December 2024
to May 2025, about 500 g of carbon dioxide per square meter was emitted into
the atmosphere from the study area. Ecosystem respiration accounted for about
1300 g, and gross primary production for 800 g.

3. Seasonal dynamics of carbon exchange were revealed: in the winter months,
as well as at the beginning of calendar spring, CO. emission into the atmosphere
prevails; from April onwards, its uptake by the ecosystem is observed.

Summing up, we note that despite a certain questionability of the station’s
location, the obtained results can be interpreted from a physical point of view.
In particular, the diurnal and seasonal cycle of water vapour and carbon dioxide con-
tent agrees well with generally accepted concepts. This confirms the correctness of
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the obtained data and the promise of instrumental measurements of greenhouse gas
fluxes under complex conditions with further improvement of data processing methods.

The continuation of the experiment and, most importantly, obtaining continuous

data will allow for further analysis of greenhouse gas fluxes and associated meteor-
ological elements over a wide range of temporal variability, including seasonal and
interannual fluctuations.
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Abstract

Spatial heterogeneity of the thermohaline structure, biotope dynamics and organism interac-
tions form layers of high abundance and biomass. Based on expedition data obtained during
the summers of 2010-2024, this paper analyses characteristics of surface and subsurface
peaks in phytoplankton biomass, chlorophyll a, total suspended matter, zooplankton (prey
and gelatinous), bioluminescence intensity and sound-scattering layers (indicators of
the abundance of small pelagic organisms) on the shelf off the coast of Crimea. Characteris-
tic parameter values, layer thicknesses and depths are presented. The mechanisms of layer-
ing formation and the relationship between the structural and functional properties of
the pelagic community are discussed. It was noted that at lower trophic levels, layering was
regulated primarily by thermohaline stratification of the water column. At intermediate
trophic levels, represented by copepods and small pelagic fishes, the dominant factor regu-
lating stratification was the organisms' motor activity, associated with feeding behavior,
reproductive behavior, defense and other behaviors. In terms of the relationship between
the structure and function in a pelagic ecosystem, it was noted that the stratified distribution
of organisms created vertical heterogeneity in the density of trophic interactions and conse-
quently vertical heterogeneity in the flow of matter and energy within the community.
Trophic interactions were most intense in the layers of maximum thickness due to their
greater ecological capacity. These include the surface and subsurface biomass peaks of phy-
toplankton, zooplankton and small pelagic fishes, primarily common anchovy and sprat.
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AHHOTANNA

[IpocTpaHcTBeHHas: HEOJHOPOAHOCTh TEPMOXAIMHHOM CTPYKTYphl M JAWHAaMHKH OHOTOIA,
a TaKkKe Tpouueckne B3auMOJICHCTBUSI OPraHU3MOB (JOPMHPYIOT CJIOM MX BBICOKOW YMCIICH-
HOCTH M Omomacchl. Ha OCHOBE 3KCIEAMIMOHHBIX JaHHBIX, ITOJIYYCHHBIX B JISTHUH TEPUOL
2010-2024 rr., npoaHaTM3MPOBAHBI XapaKTEPUCTUKU MOBEPXHOCTHOTO U MOJNOBEPXHOCTHO-
TO MaKCHUMyMOB OMOMAacChHl (PUTOIDIAHKTOHA, XJIOpOo(mimia @, OOMero B3BEIICHHOTO BeTle-
CTBA, 300IUIAHKTOHA (KOPMOBOTO H JKEJICTEJIOr0), MHTEHCHBHOCTH OHMOJIOMUHECIICHIINH
1 3ByKOPACCEHBAIOIIHX CIIOEB (MHAUKATOPOB OOMIINS MEIIKUX TEJIarMIeCKUX OpPraHu3MOB) Ha
mwenbpe Kpeva. [IpuBoasTcs xapakTepHble 3HAUSHHs ITapaMeTPOB, TOJILMHA CJIOEB M TIIy-
6una nx 3ameranua. OOCYXIatOTCSI MEXaHU3MBI ()OPMUPOBAHUS CIIOMCTOCTH M B3aUMOCBSI3b
CTPYKTYPHBIX M (JyHKIMOHAIBHBIX CBOMCTB IEJIarnyeckoro cooduiecta. OTMEUCHO, 4TO Ha
HHM3UIMX TPO(PUUECKHUX YPOBHSX CIOHUCTOCTh PEryJIHPYETCs MPEUMYIIECTBEHHO TEPMOXaIHH-
HOI1 cTparudukanueit BoxHoit Tomu. Ha cpennux Tpoduueckux ypoBHSIX, TPEACTaBICHHBIX
KOIIETIOJaMH 1 MEJIKUMH TIeIarnuecKUMH PhIOaMK, TOMHUHUPYIOMIUM (DPaKTOPOM B PEryJIsiLiiN
CIIONCTOCTH BBICTYIIAET JBHUTATebHAs aKTUBHOCTh OPraHU3MOB, CBSI3aHHAS C ITHUIIEBBIM, pe-
NPOAYKTUBHBIM, 3allIUTHBIM ITOBEJICHUEM M NPOYMMH ero (opMamu. B KOHTeKcTe B3anmo-
CBSI3M CTPYKTYpPBI ¥ (DYHKIMH B MEJArMYECKON IKOCHCTEME OTMEUYEHO, YTO CJIOMCTOCTh pac-
TIpe/ieNIeH s OPraHn3MOB (POPMHPYET BEPTUKAIBHYIO HEOHOPOJHOCTH IUIOTHOCTH Tpodurye-
CKHX B3aMMOJICHCTBUI 1, KaK CIICICTBUE, BEPTUKAJIBHYIO HEOJHOPOAHOCTh TIOTOKA BEIIECTBA
1 3Hepruu B cooOmectBe. Tpodudeckre B3aUMOJCHCTBUS HanOonee MHTEHCUBHBI B CIIOSIX
MaKCHMAaJIbHOH TONIIMHBI B CBA3H C X OOJbBIICH SKOIOTHYECKOH eMKOCThI0. K TakuM ciosiM
OTHOCATCSI TIOBEPXHOCTHBIN ¥ MOANOBEPXHOCTHBIH MaKCHMyMBI OMOMAcChl (PUTOMIIAHKTOHA,
300ITAHKTOHA 1 MEJIKUX MEAarmIecKHX PhIO, PEX/IE BCET0 MAcCOBBIX (XaMCBhI | IITPOTA).

KaroueBnble ciioBa: UepHoe mMope, mieibg, TEpMOXaIUHHASL CTPYKTYpa BOJI, (PUTOILUIAHKTOH,
XJI0pO(UILT @, KOHIIEHTPAIMsa OOIIET0 B3BELIEHHOIO BEIECTBA, 300IUIAHKTOH, OHOIIOMU-
HECLIEHIIUS, 3ByKOPACCEUBAIOIIUE CIIOH, TIEIarnuecKoe COOOIIECTBO

BaarogmapHocTn: pa0oTa BEINOJHEHAa B paMKaX TOCYJAapCTBEHHBIX 3aJaHUM
OUIl MabIOM Ne 124030400057-4, 124022400148-4-0556-2024-00, 124030100127-7,
CeBl'Y Ne FEFM-2023-0005 u ®I'BYH OUI] MI'1 FNNN-2024-0014. DxcreIuuoHHbIC
HCCIIeIOBaHus ObUTH BBITTONHEHH B [[eHTpe komrektuBHOTO monk3oBanus «HUC TIpodec-
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menbga B JCTHUH ce30H // JKonorndeckas 0€30macHOCTh MPUOPESIKHON U MIeTb(OBOM 30H
Mopsi. 2026. Ne 1. C. 27-51. EDN MBADAW.

Introduction

Numerous global and regional studies have been devoted to the spatial distri-
bution of marine organisms in the pelagic zone [1-3]. Of particular interest are
the properties of the vertical component in the spatial structure of pelagic commu-
nities, where the steepest gradients in organism abundance and biomass are con-
centrated. For example, within the upper 100-m layer of the tropical World Ocean,
the spatial scales over which mesozooplankton biomass varies by an order of
magnitude are approximately 1,000 times smaller vertically than horizontally [4].
This ratio indicates that the vertical variability of biomass is 1,000 times greater
than the horizontal variability.

In complex systems, particularly ecosystems, their structure determines their
functional properties [5], therefore, the maximum gradients of primary production,
organic matter decomposition, bioluminescence, trophic intensity and other func-
tional parameters are also characteristic of the vertical component of spatial dis-
tribution.

The layering of the vertical distribution is of significant ecological importance
for survival. For example, anchovy larvae obtain their daily food intake by feeding
within narrow, dense layers of food concentration. Weak layering or its absence
leads to increased larval mortality [6]. On the Crimean shelf, the larvae of Engrau-
lis encrasicolus (L., 1758) reach their peak abundance in the surface layers at max-
imum temperatures, high concentrations of forage zooplankton [7] and minimal
water dynamics [8]. “Forage” refers to zooplankton that forms part of the diet of
small pelagic fish in the Black Sea. On the Crimean shelf, this diet predominantly
includes copepods and pelagic larvae of benthic organisms.

Regional studies help us understand the diverse conditions under which vari-
ous vertical gradients in the characteristics of the pelagic community develop.
In this respect, the Crimean shelf is of interest due to a number of unique features.
Firstly, its width varies significantly (from hundreds of metres to tens of kilometres
from the coast down to a depth of 200 metres), which affects its ecological capaci-
ty, understood as the ecosystem’s carrying capacity with regard to the component
under study, e. g., the biomass of organisms [9]. Secondly, the variable shelf geo-
morphology influences the characteristics of coastal currents and macroscale tur-
bulence, which is reflected in the structural and functional characteristics
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of the pelagic community [10, 11]. Thirdly, dynamic processes on the shelf and
in its pelagic communities are subject to significant synoptic and seasonal variabil-
ity [12—-14].

The study aims to identify characteristic vertical gradients in the structural and
functional parameters of the pelagic community, based on data from expedition
surveys conducted on the Crimean shelf during the summers of 2010-2024.
This particular season was chosen because the thermohaline stratification of
the pelagic community’s habitat reaches its maximum during this period.

Materials and methods

This study relies on data from expeditions conducted onboard the research
vessel (R/V) Professor Vodyanitsky. From the total number of surveyed oceano-
graphic stations, we selected those located in the shelf zone and involving a range
of physical, chemical and biological measurements (Table 1, Fig. 1). Some cruises
spanned the autumn season, but the data used from those cruises corresponded
to the start of the expeditionary measurements.

In the cruises conducted under various departmental programmes, the sets of
measured characteristics varied, which made data comparison difficult and also
meant that the statistical sufficiency of the data was inconsistent.

Table 1. A general characteristic of expedition studies aboard R/V Professor Vodyanitsky

Number ' ' Number of ' Number of Number of
of cruise Field work period oceanographlc Salpq—M pla}nkton sam-
stations soundings pling stations
64 01.07.2010-06.07.2010 31 142 -
70 18.08.2011-29.08.2011 45 451 40
72 21.05.2013-30.05.2013 50 433 49
87 30.06.2016-18.07.2016 106 990 -
95 14.06.2017-04.07.2017 113 - 5
96 19.07.2017-09.08.2017 106 578 49
102 09.06.2018-01.07.2018 122 583 44
103 28.08.2018-20.09.2018 147 - 40
108 11.07.2019-05.08.2019 174 789 40
113 04.06.2020-29.06.2020 164 447 52
123 16.08.2022-10.09.2022 200 - 40
128 03.08.2023-21.08.2023 107 299 66
133 11.09.2024-03.10.2024 100 116 56
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Fig. 1. Examples of transects and station grids of R/V Professor Vodyanitsky
summer expeditions: the 70" (a), 96" (b), 102™ (c) and 128" (d) cruises.
The grey curve marks the shelf boundary (200 m)

Thermohaline structure of the water. The temperature, electrical conductiv-
ity and hydrostatic pressure of seawater were measured at each station, general-
ly during daylight hours, at depths of up to 500-1000 m using IDRONAUT
OCEAN SEVEN 320 PlusM and SBE 911plus CTD profilers (Available at:
http://www.technopolecom.ru/downloads/doc_212.pdf). The zonal and meridional
components of current velocity and direction were measured using an ADCP
WORKHORSE-300 kHz acoustic Doppler current profiler.

Phytoplankton. Phytoplankton samples of 2 L were collected using the CTD
probe’s water sampler. Sampling depths were selected based on the vertical tem-
perature profile and water transparency, estimated by the Secchi disc’s visibility
depth. The species composition and phytoplankton cell sizes were determined
under an XY-82 microscope using a Nauman chamber. Cell volumes and phyto-
plankton biomass were calculated using the standard method .

Chlorophyll a. The fluorescence intensity of chlorophyll a was measured using
the IDRONAUT OCEAN SEVEN 320 Plus M, SBE 911plus and Salpa-M ?

) Radchenko, 1.G., Kapkov, V.1. and Fedorov, V.D., 2010. [4 Practical Guide to the Collection
and Analysis of Marine Phytoplankton Samples: A Teaching Guide for University Biology Students].
Moscow: Mordvintsev, 60 p. (in Russian).

2 Available at: http://ecodevice.com.ru/wp-content/manuals/salpa-manual.pdf [Accessed:
10 February 2026] (in Russian).
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immersion probes. The fluorescence intensity data obtained from the immersion
probes were converted into chlorophyll a concentration using direct proportion-
ality ?.

Zooplankton. Zooplankton samples collected with a Juday plankton net (en-
trance diameter 36 cm, mesh size 140 um) and concentrated to 100 mL were fixed
with a neutral formalin solution to a concentration of 4% in the sample. Biomass of
forage zooplankton per unit volume of the sampled layer was calculated using size-
weight relationships known for Black Sea species [15, 16].

Suspended matter. To determine the concentration of total suspended matter
(Crsm) at the stations, the directed light attenuation index (DLAI) was measured
using a SIPO 4 spectral probe in the red region of the spectrum at a wavelength of
625 nm, with a vertical resolution of 0.1 m from the surface to a maximum
measurement depth of 200 m. Crsm was calculated using the empirical relation-
ship Crsm = 1.514 x DLAI(625) — 0.23, derived for the northern part of the Black
Sea [17].

Bioluminescence. Bioluminescent potential (BP) was recorded during vertical
casts using the Salpa-M instrument system. BP characterises the maximum lumi-
nous flux (W-cm L") of all organisms entering the instrument’s measuring
chamber. The system enables synchronous measurements of mechanically stimu-
lated bioluminescence in planktonic organisms. The methodology for measuring
BP has been described previously [18].

Small pelagic organisms. Data from hydroacoustic measurements taken using
FURUNO FCV 1200 and Lowrance Elite 7 Ti echo sounders at frequencies of
50 and 200 kHz were used to assess the vertical distribution (layering) of small
pelagic organisms. The Lowrance Elite 7 Ti echo sounder is equipped with
an HST-DFSBL 50/200 kHz Transom Mount Skimmer transducer with a narrow
beam angle (12°) at 200 kHz.

Results and discussion

Thermohaline structure and dynamics of the waters

The general thermohaline stratification of the Black Sea waters is known
to exhibit thermal stability in the surface layer that exceeds salinity stability by
a factor of two to three. Thermal stability is defined as E; = adT/dz, where a is
a coefficient; T is the temperature; z is the depth. Below the core of the cold
intermediate layer (at 60 m), the contribution of thermal stability is negligible;
from a depth of 40 m, salinity stability predominates, exceeding thermal stability
(in the pycnocline) by two orders of magnitude . This study examines the summer
season, which is characterised by a significant (by more than an order of magni-
tude) prevalence of thermal stability over salinity stability.

3 Schmechtig, C., Poteau, A., Claustre, H., D’Ortenzio, F. and Boss, E., 2015. Processing Bio-
Argo Chlorophyll-A Concentration at the DAC Level. Ifremer, 12 p. https://doi.org/10.13155/39468

4 Belokopytov, V.N., 2017. [Climate Changes of the Black Sea Hydrological Regime. Doctoral
Thesis]. Sevastopol: MGI RAN, 377 p. (in Russian).
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According to the data from the summer expeditions, the surface water temper-
ature was 25-27°C, with the upper quasi-homogeneous layer being 5-20 m thick,
which corresponds to the climatic norm for the Crimean region. During the studies,
the difference in surface temperature between the eastern and western parts of
the shelf reached 2—4°C, and on cross-shelf sections within individual field surveys
it was 0.5-1.5°C. The summer water structure was characterised by zones of re-
duced salinity in the surface layer (isohaline 18.1), which extended along the east-
ern shelf. These areas of desalinated water had formed as the result of the outflow
of low-salinity Azov Sea waters from the Kerch Strait and their westward transport
by the Rim Current along the Crimean coast, as well as the north-westward advec-
tion of the Caucasian coastal waters (which had been desalinated due to river run-
off) by the Rim Current coastal flow.

Overall, cyclonic eddies prevailed in the summer water dynamics to the left
of the main Rim Current stream, corresponding to the large-scale circulation
in the Black Sea. Due to the decrease in the Rim Current velocity in summer,
mesoscale and sub-mesoscale anticyclonic eddies were also recorded on the shelf,
observed at depths of 10, 25, 75 and 100 m and exhibiting orbital velocities of
around 25-30 cm's ', The number of eddies varied significantly between individu-
al surveys (Fig. 2).

The direction of currents on the Crimean shelf is modulated by prevailing
winds (which sometimes cause the flow to reverse by 180°) and the geomorpholog-
ical features of the coastline. Thus, in the area of the Southern Coast of Crimea,
there are a regime of unimodal coastal current and a regime of bimodal modulation
of the coastal flow direction. A bimodal structure forms in cases where the mag-
nitude of the orbital velocity of the collinear counter-phase oscillation exceeds
the magnitude of the unimodal current velocity, leading to inverse oscillations
in the direction and velocity of the current [19]. The average monthly normalised
current velocity in the summer season is highest in the surface layer and decreases
with depth to 0.3 of its maximum value in the bottom layer [13].

The geomorphology of the bottom, mesoscale eddies and the break of internal
gravity waves form a spatially heterogeneous turbulent exchange, where the verti-
cal turbulent diffusion coefficient in the 20—-80 m layer along the Crimean shelf can
vary by a factor of four [10]. Short-lived coastal upwelling represents dynamic
anomalies in the summer turbulent regime. Upwelling events are most pronounced
in the surface temperature field in areas of a steep shelf with minimal width.
Thus, in the area of the Southern Coast of Crimea during the summer seasons of
2014-2018, 21 events of complete wind-induced upwelling were recorded, with
an average temperature decrease of 5°C [20]. Upwelling leads to a 3—6-day erosion
of the thermocline and the appearance of associated subsurface maxima in the ver-
tical distribution of plankton biomass.
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Fig. 2. Vectors of in situ-measured currents across various depths according to
the 102" (a) and 103 (b) cruises of R/V Professor Vodyanitsky. The black curve
indicates the location of the Rim Current main stream. The blue ellipses indicate
cyclonic eddies and meanders. The red ellipses indicate anticyclonic eddies
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Phytoplankton and its pigments

The main contributors to the total phytoplankton biomass were the dinoflagel-
lates (Dinophyceae) and diatoms (Bacillariophyceae) (Fig. 3).

In the surface layer, the biomass was most often dominated by the diatoms
Pseudosolenia calcar-avis (Schultze) B. G. Sundstrém and Proboscia alata (Bright-
well) Sundstrém, which accounted for up to 90% of the phytoplankton biomass.
In the thermocline, the dinoflagellates Ceratium furca (Ehrenberg) Claparede &
Lachmann and Dinophysis rotundatum Claparéde & Lachmann predominated,

Bacillariophyceae Dinophyceae Prymnesiophyceae
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Fig. 3. Vertical distribution of phytoplankton biomass (a, ), bioluminescent
potential (BP), temperature and salinity (c, &), during the 64™ cruise in July
2010 (a, ¢) and 108™ cruise in July 2019 (b, d) of R/V Professor Vodyanitsky
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accounting for up to 50% of the phytoplankton biomass, along with the diatom
Pseudosolenia calcar-avis (Schultze) B. G. Sundstrom, 1986. Many species of
dinoflagellates are capable of bioluminescence (light emission). The distribution of
total plankton bioluminescence at night was characterised by two types of vertical
profiles: one with a maximum at the surface and one with a deep maximum below
the thermocline. The unimodal distribution (with a deep maximum) was the most
common (Fig. 3). Another widely used indicator of phytoplankton biomass is chlo-
rophyll a fluorescence, from which its concentration is calculated. The vertical dis-
tribution of this parameter was also characterised by a deep maximum within
or below the seasonal thermocline (Fig. 4).

A deep maximum was also observed in the deep sea, where numerous fluores-
cence measurements taken by ARGO drifting buoy sensors made it possible to
track the seasonal and long-term variability of the deep maximum in chlorophyll
concentration [21]. The taxonomic structure of large-celled phytoplankton during
the summer season was characterised by a high biomass of the dinoflagellate Nocti-
luca scintillans (Macartney) Kofoid and Swezy, 1921 [13]. Unlike other phyto-
plankton species, the Black Sea N. scintillans is a heterotrophic organism [22, 23].
Its biomass can reach 85% of the total biomass of heterotrophic plankton on
the Crimean shelf [23]. The vertical distribution of biomass was characterised
by two maxima: at a depth of about 15 m and in the pycnocline.

The presence of a subsurface maximum in summer was also observed
on the highly productive north-western shelf, as well as in the north-eastern and
southern parts of the highly eutrophic waters of the Marmara Sea [24-26].
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Chlorophyll a Chlorophyll a Chlorophyll a
concentration, pg/dm3 concentration, pg/dm?3 concentration, pg/dm3
0.5 1 1.5 2 05 1 15 2 25 3 0.5 1 1.5
20 §
40 §
E 601
g E
5 80 1
) E
100 1
120 1
140 ]
§ 10 12 14 16 10 12 14 16 18 20 10 12 14 16 18
Temperature, °C Temperature, °C Temperature, °C

Fig. 4. Vertical distribution of chlorophyll a concentration and temperature across
the Crimean shelf in June 2020 (113" cruise of R/V Professor Vodyanitsky)
at three stations
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Zooplankton

The forage zooplankton included six dominant copepod species, as well as ar-
row worms, oikopleura and pelagic larvae of benthic organisms (Fig. 5).

In the vertical distribution of the total abundance of forage zooplankton spe-
cies, a subsurface peak was often observed in early summer, while a more pro-
nounced peak was seen in the layer below the thermocline by late summer (Fig. 5).
Acartia clausi dominated the surface layer, with Pseudocalanus elongatus and
Oithona davisae acting as subdominants. 4. clausi also prevailed in the thermo-
cline layer. Below the thermocline, Pseudocalanus elongatus dominated in terms of
abundance, whereas Calanus euxinus dominated in terms of biomass. The vertical
distribution of biomass may differ (Fig. 5). Overall, the profiles were characterised
by high variability, as the vertical distribution of zooplankton was significantly in-
fluenced by its diurnal vertical migrations. This was most evident in the relatively
large copepods C. euxinus and P. elongatus, which rose to the surface at night and
descended below the thermocline during the day.

Apart from forage mesoplankton (with organisms typically ranging in size
from 0.5 to 2.5 mm), macroplankton—specifically the jellyfish Aurelia aurita (L.) —
contributed significantly to the total biomass of the planktonic fraction. Their bio-
mass on the shelf exceeded that of the forage mesoplankton by one or two orders of
magnitude [25]. With an average size of about 7 cm and high biomass values, indi-
viduals formed dense aggregations near the surface and at depth. Fig. 6 exemplifies
such an aggregation at a depth of 30 m (light orange) and near the bottom (dark
orange). Presumably, the isolated small patches visible on the echogram above
the main (light orange) layer are jellyfish of a larger species — the root-mouthed
jellies Rhizostoma pulmo [Macri, 1778], which are 5—6 times larger than 4. aurita.
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Fig. 5. Vertical distribution of forage zooplankton total abundance and biomass
across the Crimea shelf in May 2013 and August 2011 at night
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Fig. 6. Vertical stratification according to a FURUNO FCV 1200 echo sounder
(left) at a sound frequency of 50 kHz (wave length from 2.8 cm to 3.0 cm) on 3 Octo-
ber 2024 at 6 a. m. in Laspi Bay, Southern Coast of Crimea (the 133" cruise of
R/V Professor Vodyanitsky). Vertical profiles of bioluminescent potential (BP), tem-
perature and relative density (right)

The foregoing layer was situated above the pycnocline, which is characterised
by sharp gradients in temperature and salinity (Fig. 6). Deep maxima of jellyfish
abundance had previously been observed at depths of 11-20 m on the north-
western shelf of the Black Sea, where their biomass is at its highest in summer
[26]. The dense, deep-water layers of jellyfish are likely to act as a kind of “deep-
water bomb”, episodically and explosively supplying large amounts of biomass to
the waters above the shelf during storms or short-lived coastal upwelling. Simulta-
neously, reproduction and rapid biomass growth occur due to the high specific
productivity of jellyfish >. These peculiarities partly explain the rapid formation of
coastal maxima in jellyfish biomass.

Suspended matter

Dying biomass of the pelagic community forms the organic fraction of sus-
pended matter. The mineral fraction of suspended matter in the Crimean shelf
waters is formed by erosion of the sandy-clay shores and by suspended matter en-
tering from the Sea of Azov via the Kerch Strait and subsequently transported
by the westward-flowing coastal current.

3 Greze, V.N,, ed., 1979. [Fundamentals of Biological Productivity in the Black Sea). Kiev:
Naukova Dumka, 392 p. (in Russian).
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Fig. 7. Vertical profiles of total suspended matter concentration (a), vertical
gradients of temperature (b) and density (c) in the upper 60-meter layer

The total concentration of organic and inorganic suspended matter in the water
column above the Crimean shelf was relatively high, reaching 1-4 g-m, which
was comparable to the biomass of plankton. In certain areas, it might be even high-
er. The vertical distribution of suspended matter was characterised by a subsurface
maximum located in the layer of maximum (in absolute terms) vertical gradients of
temperature (VGT) and density (VGD), i. e. in the layer of the seasonal thermo-
cline and pycnocline. In this layer, the suspended matter concentration was
1.5 times higher than the background values in the adjacent layers (Fig. 7).
The thickness of the layer with the maximum concentration is linearly dependent
on the vertical temperature gradient [17]. The results of summer expedition studies
revealed a significant negative correlation between the total concentration of sus-
pended matter and the temperature at the lower boundary of the upper quasi-
homogeneous layer, and a positive correlation beneath the thermocline ©.

Small pelagic organisms

The layering of the distribution of nekton organisms, which move actively
through the water column, depends significantly on the time of day due to their
vertical migrations. The most abundant small pelagic fish actively moving
in the waters above the Crimean shelf are anchovy and sprat; they dominate
the catches [27].

The Lowrance Elite 7 Ti echo sounder, used to record small pelagic organisms,
is classified as a recreational device. However, its full backscatter profile recording
function allows it to be used for detecting marine organisms that form sound-
scattering layers (SSLs) [28, 29]. SSLs are known to consist of an assembly of spa-
tially random acoustic inhomogeneities: marine organisms capable of varied sound
scattering (having backscatter cross-sections). At the same time, the scattering

9 Latushkin, A.A., 2022. [Spatio-Temporal Variability of Total Suspended Solids in the Russian
Sector of the Azov—Black Sea Basin Based on Hydro-Optical Measurements. PhD Thesis]. Sevasto-
pol: MGI RAN, 186 p. (in Russian).

Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2026 39



cross-sections of pelagic fish species with gas-filled swim bladders exceed those
of other categories of SSL inhabitants (crustaceans, gelatinous organisms, etc.)
by several orders of magnitude 7.

In the single-scattering approximation, the volume backscattering strength SV,
in dB, characterises the total backscattering cross-section of all discrete inhomoge-
neities present, on average, in a unit volume of the medium. Recording the charac-
teristics of SSLs using the Lowrance Elite 7 Ti echo sounder at a frequency of
200 kHz showed that, during the night, small migratory nekton and zooplankton
could form a dense layer near the surface and a layered structure, most pronounced
down to the depth of the thermocline (Fig. 8). This is evidenced by the positions of
the maxima of the volume backscattering strength SV, as this parameter is related
to the bioproductivity of the water masses. Notably, the vertical profile roughness
of the volume backscattering strength decreases with depth.

Assessments of sprat aggregations using a Simrad EK-400 echo sounder and
a SIORS echo integrator, combined with simultaneous sampling of forage zoo-
plankton using plankton nets and analysis of fish stomachs, showed that sprats
concentrated in the pycnocline layer, where they fed on copepods [7].

SV, dB
-80 -60  -40 -20 0

Depth, m

Fig. 8. Echogram of the sound scattering layer (SSL) and the averaged
profile of the volume backscattering strength SV, dB, at station 190 during
the 123" cruise of R/V Professor Vodyanitsky abeam of the Karadag Scien-
tific Biological Station on 1 September 2022 at 1:30 a. m. The data were
obtained using a Lowrance Elite 7 Ti mobile echo sounder at a frequency of
200 kHz and processed by the WaveLens program [30]

7 Andreeva, L.B. and Samovolkin, V.G., 1986. [Acoustic Wave Scattering on Marine Animals].
Moscow: Agropromizdat, 104 p. (in Russian).
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Bioluminescence

The vertical distribution of BP in coastal waters was characterised by surface
and deep (at a depth of around 40 m) maxima. The formation of the summer deep
maximum is presented in Fig. 9, which shows the peak becoming more pronounced
while thermohaline stratification of the water column intensifies seasonally.

The vertical profiles of the BP shown here reveal layers of varying modality
and spread: apart from the main seasonal peak, there are numerous less pronounced
ones. The thickness of such layers ranges from 3 to 7 m, whereas the horizontal
spread of the main layer (the seasonal maximum) is estimated at several kilo-
metres. Therefore, the ratio of the typical dimensions of spatial heterogeneities
in the horizontal and vertical directions is approximately 1000 [31].

Bathyphotometers of the used configuration primarily measure the BP of phy-
toplankton [32-34], in which dinoflagellates generate a significant proportion of
the total bioluminescence. This group is also characterised by a high chlorophyll a
content. A comparison of chlorophyll a concentrations and BP shows a high corre-
lation in the 1-5, 1-34 and 10-60 m layers, with r values of 0.75, 0.78 and 0.71,
respectively, (p < 0.001) [35]. The contribution of individual species to BP was
difficult to assess, as luminescent dinoflagellates included 38 species [36, 37],
the characteristics of which are poorly understood and subject to seasonal and
interannual variability.

May June August

BP-10'2, W- cm2-L-! BP-10"12, W- cm-2-L-! BP-10"'2, W.cm-2-L!
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Fig. 9. Vertical distribution of bioluminescent potential (BP), temperature and
relative water density in front of the Kruglaya Bay entrance in 2012 two miles off
the Sevastopol coast
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Fig. 10. Averaged profiles of bioluminescent potential (BP) vertical distribution
at night: a — at the northwestern shelf of Crimea (866 profiles); b — at the western shelf of
Crimea (752 profiles); ¢ — at the Southern Coast of Crimea (267 profiles); d — at the eastern
shelf of Crimea (556 profiles). The black lines are average values, the blue lines are SD

To analyse the trend in the vertical component of the spatial structure of
the plankton community along the shelf, given the influence of microlayering, it is
reasonable to smooth the vertical profiles of the parameters. Thus, a positive large-
scale trend can be observed in the distribution of BP along the northern Black Sea
shelf: the layer with maximum BP values is becoming shallower, while its ampli-
tude is increasing in the direction from the eastern part of the Crimean shelf
towards the north-western shelf of the sea (Fig. 10). Primary production also increas-
es in this direction [38]. The coefficient of vertical turbulent diffusion in the upper
active layer on the western Crimean shelf is lower than on the eastern shelf [10].
This regime of turbulent diffusion is likely to contribute to the smoothing of
the fine-scale layering of bioluminescence.

The estimates of deep maxima obtained during expeditions and found
in the literature are summarised in Table 2. It shows that the parameters vary by
a factor of two to four during the summer season, whereas for the biomass of
forage zooplankton in subsurface maxima, the variation is of the order of one.

Mesoscale variability is likely to account for a significant proportion of
the variation, as the calculations included stations covering a relatively large water

area (see Fig. 1).
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Table 2. Characteristics of deep (subsurface) maxima of investigated parameters

in the summer period

Parameter D B L Data
source
Measurements
. during cruises
M B
. a);lm;lr? v I with CTD-complexes
EIS’;SZ‘I’]; ¢ value 5-15 N/d 5-12 | IDRONAUT OCEAN
thermocline) SEVEN 320 Plus M,
SBE 911plus and
Sea-Bird 911plus
Maximum UPB
(seasonal 5-15 N/d 5-10 -
pycnocline)
Total suspended
matter 10-15 N/d 4-16 LAC measurements
. using SIPO 4
concentration
Measurements
during cruises
hlorophyll
¢ norﬁfr zi j 23-54 N/d 3-5 with CTD-complex
coneentrato IDRONAUT OCEAN
SEVEN 320 Plus M
Phytoplankt .
Jytoplatidion 0-20 100-340 10 Cruise reports
biomass
Dinophytes
biomass 15-20 40-190 5-10 Cruise reports
(Dinophyceae)
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Table 2 concluded

Parameter D B L -
source

Nocttluca scintillans 35.20% 108 15 Cruise reports
biomass
C d i

.opepo es 76-104 243 29 Cruise reports
biomass
Forage
zooplankton 76-104 345 29 Cruise reports
biomass
Aureli ” .

'ure ia aurita N/d 190 g'm? N/d Cruise reports
biomass
Blolumlnlscent 15-35 N/d 5-10 Salpa-M
potential

L Elite 7 Ti
o 20.30 N/d 15-25 owrance Elite 7 Ti
transducer

Note: D — typical depth of a deep maximum, m; B — biomass at the maximum, mg-m~3; L — maxi-
mum layer thickness, m; UTB — the upper thermocline boundary; UPB — the upper pycnocline bound-
ary; SV — the sound backscattering volume strength, dB, at a frequency of 200 kHz; N/d — no data.

* Thermocline layer.

General discussion

We have presented the layering of the vertical distribution as individual epi-
sodes and trends based on averaged data. It is clear that, in the latter case, the peak
amplitudes are smoothed and primarily reflect the main seasonal maximum of
the parameter, which is usually associated with the position of the pycnocline.
As for the fine structure of the vertical distribution, showing the location of
the layers and their amplitudes, such estimates for most biological parameters are
limited by the technical capabilities of the measurement methods. Exceptions are
vertical profiles of chlorophyll fluorescence, bioluminescence intensity and volume
backscattering. However, these provide indirect estimates of organism abundance
and biomass.
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The factors determining the formation of deep summer maxima for the phy-
sical and biological characteristics under consideration are of different natures.
Thus, while the depth and thickness of the peak concentration of total suspended
matter are linked to vertical gradients of temperature and density, the depth and
thickness of the seasonal maximum concentration of chlorophyll a are regulated
by phytoplankton adaptation to light conditions and the concentration of nutrients.
At the same time, the peaks of chlorophyll a and phytoplankton biomass may not
coincide in depth [39]. The mechanism governing the formation of deep zooplank-
ton abundance maxima is different. The heterogeneity in the vertical distribution of
copepod abundance is due to their motor activity associated with foraging and
to sensory interactions with other zooplankton organisms and small nekton —
potential predators [40]. Motor activity and trophodynamic processes also deter-
mine the characteristics of aggregations of small pelagic fish (e.g., anchovy and
sprat).

In view of further studies, it stands to mention that bioluminescence within
layers formed by organisms of varying taxonomic composition is still a poorly un-
derstood aspect of the layering of the pelagic community on the Crimean shelf.
Due to the complex interactions between organisms, their dense, deep-located
aggregations may glow. This applies to deep maxima of phytoplankton, copepods
and gelatinous organisms (jellyfish, comb jellies, etc.). The phenomenon requires
both visual observations using underwater vehicles and video recording.

This article examines the layering observed in summer. In temperate latitudes,
seasonality contributes significantly to the multi-scale spatio-temporal variability
of pelagic community characteristics. In this regard, the formation of seasonal
subsurface maxima is particularly telling. On the Black Sea shelf, these appear
in spring and reach their maximum seasonal amplitudes in July—September.
For example, the maximum concentration of chlorophyll a forms by this time
at a depth of 3040 m and accounts for up to 65% of total chlorophyll [41].

Without getting into details about the diurnal variability of the vertical struc-
ture, it should be noted that this variability defines the scope of “biological layer-
ing”, limiting it to a 24-hour cycle: it is at this interval that nocturnal vertical
migrations of zooplankton and small pelagic fish from the depths to the upper lay-
ers occur. Migrations and trophic interactions influence abundance and transform
the layered structure of zooplankton and small nekton.

Another characteristic feature is the spatial heterogeneity (discontinuity) of
the layers, which leads to a patchy distribution of organism abundance. The discon-
tinuity is clearly evident from data from high-frequency measurements of biolumi-
nescence intensity using bathyphotometers and in the sequence of vertical profiles
obtained by echo sounders as the vessel was underway. The phenomenon of dis-
continuity has both hydrophysical (break of internal waves, mesoscale eddies etc.)
and biological regulatory mechanisms based on trophic interactions between indi-
viduals.

In general, the patchiness of spatial distribution is characterised by an increase
in its intensity along the trophic cascade (and thus across the size spectrum of
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the pelagic community): from phytoplankton to zooplankton and on to small nek-
ton. In this context, the intensity can be indicated by the variance normalised to
the mean [4]. In highly productive areas, the layers exhibit greater contrast in their
vertical gradients, since, in terms of statistics (outside the conditions of a normal
distribution, which is typical for pelagic community parameters), the parameter
variance depends on the mean [42].

In terms of the decadal variability, the layering of the Black Sea’s thermo-
haline structure shows changes that are linear in nature rather than periodic
(as with seasonal variability), a phenomenon attributed to the short duration of
the time series. For example, the cold intermediate layer, a unique element of
the vertical thermohaline structure of the Black Sea waters, has been noted to
weaken and gradually disappear ® [43]. Moreover, model calculations show
a gradual decrease in the vertical salinity gradient against its increase in the upper
200-metre layer [44]. Such long-term transformations of the thermohaline structure
are likely to be reflected in the layering characteristics of the pelagic community;
however, this aspect has been poorly studied.

The spatio-temporal structure of the pelagic community determines the fea-
tures of its functioning. In the Crimean shelf waters, the organic carbon content
in the gelatinous fraction of zooplankton (where 4. aurita dominates in terms of
biomass) is 3—4 times higher than its content in the forage zooplankton, which is
dominated by copepods [25]. This indirectly indicates that a significant portion of
the organic carbon flux passes through the detritus-based, rather than the grazing,
trophic chain of the pelagic ecosystem. The dominance of the detritus pathway has
been noted previously [38]. In the grazing chain, the main part of the flux in the link
between producers and consumers is accounted for by microzooplankton, which
consumes about 50% of primary production [45], as well as by mesozooplankton,
including small copepods, phytoplankton filter feeders [46]. The latter include:
Paracalanus parvus, Pseudocalanus elongatus and the copepodid stages of Acartia
clausi.

Conclusion

The layering of vertical biomass distribution during the summer season, with
maxima in the surface layer and the thermocline (or adjacent layers), is characteris-
tic of all the groups of organisms in the studied pelagic community of the Crimean
shelf. At the lower trophic levels, this layering is regulated primarily by thermoha-
line stratification of the water column. At the middle trophic levels, represented
by copepods and small pelagic fish, the dominant factor in the layering formation is
the motor activity of organisms, associated with feeding behaviour, reproductive,
protective and other forms of activity.

8 Vandenbulcke, L., Capet, A., Macé, L., Meulders, C., Mouchet, A. and Grégoire, M.,
2023. Synthesis Quality Overview Document (SQQ). Copernicus. CMEMS-BLK-SQO-007-005,
iss. 4.0. Available at: https://catalogue.marine.copernicus.eu/documents/SQO/CMEMS-BLK-
SQO-007-010.pdf [Accessed: 22 February 2026].
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In the context of the relationship between structure and function in a pelagic

ecosystem, the layering of organism distribution forms vertical heterogeneity
in the density of trophic interactions and, therefore, vertical heterogeneity in the flow
of matter and energy within the community. Trophic interactions appear to be
the most intense in the layers of greatest thickness due to their greater ecological
capacity. These layers include the surface and subsurface maxima of phytoplank-
ton, zooplankton and small pelagic fish biomass, primarily mass-producing species
(anchovies and sprats).
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Abstract

As a result of the fuel oil spill from Volgoneft-212 and Volgoneft-239 tankers in the Kerch
Strait on 15 December 2024, the coast of Crimea and the Krasnodar Krai was polluted.
The aim of the work is to study hydrocarbon pollution of water and suspended matter
in the coastal waters of the Kerch Peninsula and Krasnodar Krai affected by fuel oil emis-
sions from December 2024 to January 2025. Although in the first days after the tanker
accident (16—18 December 2024) the hydrocarbon content in the water exceeded the MPC
(0.05 mg-L™") at 70% of the stations, the n-alkanes composition and marker values indicat-
ed that the main sources of hydrocarbons in the water and suspended matter of the study
water area were natural sources. Signs of degraded petroleum products were noted, indicat-
ing chronic oil pollution of the water area. During the petroleum product emissions (Janu-
ary 2025), average hydrocarbon concentrations in the coastal waters of the Kerch Peninsula
and Krasnodar Krai did not exceed MPC. The hydrocarbon content in suspended matter
in the study area ranged from 13 to 67 pg-L™!, which can be characterised as high. The dis-
tribution and composition of n-alkanes in suspended matter in January 2025 indicated prob-
able oil pollution. An analysis of hydrocarbon genesis markers confirmed this conclusion.
Thus, the fuel oil pollution that arrived by January 2025 did not cause an increase in hydro-
carbon concentrations in the water. In January 2025, evidence of oil pollution was detected
only in suspended matter in seawater. Given that the fuel oil spill had a certain impact
on individual components of the coastal ecosystem, further studies are needed to assess
the long-term impact of hydrocarbons on the ecosystem of these waters.
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YrieBoaopoasl B BOAE M B3BCHICHHOM BelleCTBe
npudpexxkHbix akBaTopuii Kpsima u KpacHogapckoro kpas
nocJie pa3jiuBa Ma3yrta B aexkaope 2024 roaa
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* e-mail: tikhonova_ea@jibss-ras.ru

AHHOTAIHUA

B pesynbraTe paznnBa MazyTta ¢ TaHKepoB «BonronedTs-212» u «BonronedTs-239» B Kep-
4yeHckoM TpoimBe 15 nmekabpst 2024 r. moaBepriioch 3arpsi3HeHHIO Tobepexxbe Kpbima
u Kpacnogapckoro kpas. Llens pabGoTbl cOCTOMT B MCCIECIOBAaHHM YTJIEBOJOPOIHOIO 3a-
TPSA3HEHUS BOABI M B3BEIIEHHOTO BEIECTBA MPHOpPEXHBIX akBaTopuii Kepuenckoro momy-
octpoBa U KpacHomapckoro kpasi, MOJIBEPIIIMXCsS BhIOpocaM MasyTa ¢ nekadps 2024 r.
o stuBapb 2025 r. XoTs B mepBbie IHU MOCie aBapuu TaHKepoB (16—18 mexabps) comep-
YKaHHE YTIEBOAOPOIOB B Boae Ha 70 % crammmii npesbimano IIJK (0.05 mr-m '), cocras
H-aJIKAHOB W 3HAYEHHs MapKepoB YKa3bIBAaIOT, YTO OCHOBHBIMHM MCTOYHHKAMH OOHApPY>KEH-
HBIX YIJIEBOZIOPOAOB B BOJE U B3BEIICHHOM BEIECTBE HCCIIELYyEeMON aKBaTOPUM ObLIX TPH-
poaHble NCTOYHMKH. OTMEUEHB! MPU3HAKH HAIMYWS AErpaJipOBaHHBIX HE(TEIPOIYKTOB,
YTO CBUAETEILCTBYET O XPOHUYECKOM HE(TSIHOM 3arpsi3HEHUH akBaTopuu. B mepuon BbI-
OpocoB HedrenpoaykToB (ssHBaph 2025 T.) CpeHHE KOHIICHTPAIMU YIIICBOIOPOJIOB B BOJIE
mobepexns Kepuenckoro momyoctpoBa u KpacHomapckoro kpast He mpeBbimanu [1JIK.
Conep:kaHye yrieBoJIOpPOOB BO B3BECH HCCIIENyeMOro paioHa, KojeOaBlieecss B JUaria-
30He 13-67 MKIJI!, MOKHO XapaKTepu3oBaTh KaK BBICOKOE. PacmpesesieHue U cOCTaB
H-aJIKAaHOB BO B3BEIIEHHOM BelecTBe B ssHBape 2025 T. yKa3bIBalOT Ha BeposATHOE HEeDTS-
HOE 3arpsi3HEHre. AHAIIN3 MapKepoB IreHe3rca yriaeBOA0POA0OB MOATBEPKIACT NaHHBIN BbI-
Boj. Takum oOpazom, MasyT, mocTynuBmIMKA K sHBapio 2025 r. B pe3ynbrare aBapuw,
HE BBI3BJI TOBBIIICHHSI KOHLEHTPAIMK YIIIEBOJOPOIOB B Boje. [IpuszHaku HedTsHOTO 3a-
rps3HeHus B stHBape 2025 1. 3aUKCHPOBaHBI TOJIBKO BO B3BEIICHHOM BEIIECTBE B MOPCKON
Boze. C yueToM TOro, 4TO pa3ivB Ma3yTa OKa3all ONpe/eleHHOe BIMSIHHUE Ha OTAEIbHbIC
KOMITOHEHTBI IIPUOPEKHON 3KOCUCTEMBI, HEOOXOIUMBI JalbHEHIINE UCCIIEN0BAHMUS B JAaH-
HOM HalIpaBJICHUH VTS OIIEHKH JOJITOBPEMEHHOTO BO3ACHCTBUS YTIIEBOAOPOJIOB Ha KOMIIO-
HEHTBI DKOCHCTEMBI aKBATOPHH.

KuroueBsbie cioBa: npuOpexHas akBaTOpHs, pa3liuB Ma3yTa, yIriieBoAopoasl HedTH,
3arpsa3HeHne He()TENMPOIyKTaMu, MOPCKas BOJa, B3BEIICHHOE BELIECTBO, UepHOE MOpe

Baaronapuocru: pabora BeinonHeHa B pamkax roc3aganust @I UubIOM mo teme «Co-
CTOSIHHE MOPCKO# cpenbl M €€ CIOCOOHOCTh K CaMOOYHMIIEHHIO B MPUOPEKHBIX paioHax
KpsiMckoro nomyoctpoBa 1 KpacHomapckoro kpas mocie pasiuBa He(TEIPOAYKTOB B Jie-
kabpe 2024 r.» (FNNZ-2026-0016).

Jast murupoBanus: Tuxonosa E. A., Conosvésa O. B., Mupornos O. A., Anémos C. B. u op.
YrineBoaopoasl B BOJE M B3BEIICHHOM BEIIECTBE HPUOPEKHBIX akBaropuil Kprima u
Kpacromapckoro kpast mocie pasnuBa Maszyta B aekabpe 2024 roma // Dxomormdeckas
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Introduction

The Kerch Strait is a key transport route connecting the ports of the Sea of Azov
and the Don and Volga River basins with the Black and Mediterranean Seas.
The Kerch Sea Port and the Port of Kavkaz operate in its waters, with petroleum
cargoes accounting for the major part of their cargo turnover [1, 2]. According to
the Association of Sea Commercial Ports, in December 2024, oil and petroleum
products were 30.2 and 20.3% of the total transshipment volume, respectively ".
Due to the fact that the Kerch Strait has recently become one of the main thorough-
fares for Russian oil exports ?, the risk of accidents has increased significantly.

During a storm on 15 December 2024, two oil tankers (Volgonefi-212 and
Volgoneft-239) suffered shipwreck in the Kerch Strait. As a result of the hulls
breaking apart, some of the transported fuel oil leaked into the Black Sea. The fuel
oil spill had serious consequences. On 17 December, a state of emergency was de-
clared in Anapa and several settlements in the Temryuk District of the Krasnodar
Krai, which was raised to the federal level on 26 December. By mid-January,
at least 54 km of the Krasnodar Krai coastline (from the village of Veselovka
in the Temryuk District to the village of Blagoveshchenskaya near Anapa) and
15 km of the Crimean coast (including the Kerch, Feodosia, Sudak, Alushta and
Sevastopol areas) had been polluted with fuel oil.

The volume of fuel oil spilled as a result of the accident has not yet been de-
termined. However, preliminary estimates suggest that it exceeds the amount
leaked in a similar disaster that took place in the Kerch Strait in November 2007
after the wreckage of the tanker Volgoneft-139, which resulted in approximately
1,300 tonnes of fuel oil entering the water area [3—5]. These incidents not only
harm the ecosystem of the strait, but also highlight critical issues concerning
the safety of maritime transportations, corporate responsibility and the necessity
for strict enforcement of environmental standards.

The relevance of the oil pollution problem cannot be overrated. Organic sub-
stances in petroleum products have a devastating effect on marine flora and fauna,
causing irreparable damage to living organisms and ecosystems. Oil spills negatively
affect biochemical processes in water bodies, which can lead to long-range effects,
including loss of biodiversity and deterioration of water quality [6].

Hydrocarbons (HCs) in water and suspended matter are key indicators of pol-
lution levels and sources. Analysis of these HCs allows for a rapid assessment
of the scale of pollution and its spread. Given the increasing frequency of oil spills
around the world, it is necessary to study the consequences of such disasters and
develop strategies to prevent and minimise damage. In this article, we study
the state of individual components of the coastal ecosystem in the affected water
areas caused by the fuel oil spill in the Kerch Strait in December 2024.

) Available at: https://www.morport.com/rus/news/gruzooborot-morskih-portov-rosszayanvar-
dekabr-2024-goda [Accessed: 13 May 2025] (in Russian).

2 Grogoriev, L., ed., 2016. [Energy Bulletin]. Analytical Centre under the Government of
the Russian Federation, 10 p. Iss. 36: Development of Oil Transportation (in Russian). Available at:
https://ac.gov.ru/files/publication/a/9072.pdf [Accessed: 12 February 2026] (in Russian).
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The work is aimed to assess the condition of water and suspended matter in the
coastal waters of the Kerch Peninsula and Krasnodar Krai, which were polluted
with fuel oil from December 2024 to January 2025.

In accordance with the objective, the following tasks have been stated:

1) to study the content and composition of HCs, as well as to identify the most
probable sources of HCs in the water and suspended matter off the coast of the Kerch
Peninsula and Krasnodar Krai immediately after the accident (16—18 Decem-
ber 2024) and one month after it (20-23 January 2025) to obtain baseline data on
the pollution of the studied coast and indicators corresponding to the period of in-
tensive petroleum product wash up;

2) to assess changes in the studied parameters as a result of fuel oil entering
the water area after the accident.

Material and methods

Water samples from the surface layer were collected during two expeditions
conducted on 1618 December 2024 (immediately after the accident) and 20-23 Janu-
ary 2025 (Fig. 1). Seawater samples were collected at 10 stations on 1618 Decem-
ber 2024. Since fuel oil spills continued on the coast a month after the tanker wreck-
age, we added areas where, according to media reports, volunteers had recorded
spills to the station map (Fig. 1).

Sample preparation for determining HCs in water. A water sample and 20 mL
of n-hexane were placed in a separating funnel and the mixture was shaken for
10 minutes. After separation of water and n-hexane, the water was poured back
into the container, and the hexane extract was poured into a flask for concentration
through a chemical funnel filled with freshly calcined sodium sulphate on a cotton
wool plug. The water samples were re-extracted for 10 minutes in a separating fun-
nel with the addition of 15 mL of n-hexane. After separation of the water and
n-hexane layers, the water layer was discarded and the hexane extracts were com-
bined. The vessel and separating funnel were rinsed with 2—3 mL of n-hexane and
added to the extract. The resulting extract was passed through a glass column filled
with aluminium oxide and concentrated to a volume of 1 mL.

Sample preparation for determining HCs in suspension. Membrane nitrocellu-
lose filters 0.45 um were weighed on a VLR-200 analytical scale, then 1 L of water
was passed through the filtration unit. The suspension obtained on the filters
was dried under natural conditions. The analysis for determining HCs was based
on the extraction of HCs from the suspension collected on the filters with an alka-
line solution of ethyl alcohol, with the transfer of the analysed ingredient to hexane
and the removal of interfering compounds by sorption on aluminium oxide.
The resulting extract was concentrated to a volume of 1 mL.

Determination of HCs and n-alkanes. An aliquot of the concentrated extract
(1 puL) was injected with a microsyringe into a Crystal 5000.2 gas chromatograph
evaporator heated to 250°C with a flame ionisation detector. HCs were separated
on a TR-1MS tubular column 30 m long, 0.32 mm in diameter, with a stationary
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Black Sea

@ - stations completed in December 2024 and January 2025
A - stations completed only in January 2025

Fig. 1. Location of sampling stations off the coast of the Kerch Peninsula and Kras-
nodar Krai, December 2024 and January 2025. The inset shows the study area (red box)

phase film thickness of 0.25 pm (Thermo Scientific). The column temperature was
programmed from 70 to 280°C (temperature rise rate: 8°C/min). The carrier gas
(nitrogen) flow in the column was 2.5 mL/min without flow splitting. The detector
temperature was 320°C.

The total HC content was quantified by absolute calibration with a flame ioni-
sation detector using a HC mixture prepared by the gravimetric method with a HC
content in the range of 0.02—5.0 mg/L. A standard sample of ASTM D2887 Refer-
ence Gas Oil (SUPELCO, USA) was used as the HC mixture. The total HC content
was determined by the sum of the n-alkanes peak areas. The results were processed
using the Chromatec Analyst 3.0 software, the absolute calibration method and
percentage normalisation.

N-alkanes were identified using a standard sample of a mixture of paraffin hy-
drocarbons in hexane with a mass concentration of each component of 200 pg/mL.
Pristane (Pr) and phytane (Ph) were identified using a sample with a concentration
of 100 pg/mL in hexane (SUPELCO, USA).
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Identification of the HC origin. The origin of HCs was determined based on
the chromatographic pattern, the distribution of n-alkanes and biogeochemical
markers (Table 1).

Statistical analysis of data. The difference between the mean values of the two
samples was determined based on box plots (Microsoft Excel) with outlier fences
showing the distribution of data by quartiles with the median and outliers high-
lighted.

Table 1. Diagnostic molecular ratios and their typical values

Diagnostic index Val Typical value
calculation formula ue interpretation
( 1p

>1 Oil origin
LWH/HWH =
=3(Ci1—C)/Y(C2—Css)

Terrigenous,

<1 higher plant

Large portion
~1 of petroleum
hydrocarbons

CP]2:(1/2) {(C25+C27+C29+C31 + <1 Mainly
+Cxi3+ C35)/(C24 +Cre+Cog+C30+Cso+ biogenic origin
T C30) T (Cos +Cor+ Coo+C51 +Cs3 +
+C35)/(Cas+ Cag + C30+ Can + Caa) Biogenic, influence
on hydrocarbon
> 1 composition

of terrigenous
organic matter

Presence
0.8<Ki<1.5 of moderately
degraded oil

) Presence
Ki = (Pr+ Ph)/(n-Cy7 + Cis) 03<Ki<0.8 of mildly

degraded oil

Presence

Ki<0.3 of fresh ol

Presence

of oil
PriPh <1 in bottom

sediments
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Table 1 concluded

Diagnostic index Value Typical value
(calculation formula) interpretation
Traces
0.1 of terrigenous
degraded plants
Pag=(Ca3+Cs5)/(Cp3+Cos+Cr+Csi) 0.1 <Py <04 - Fres}lll
acrophytes
Water
04<Pyg<10 macrophytes
Prevalence
TAR=(Cy7+ Ca9+ C31)/(Ci5+Ci7+Cio) High TAR of terrigenous
material
ACL:[25C25+27C27+29C29+31C31+ . ..
1 33C53]/[Cas + Cor +Cag + a1 + o] Lowered ACL Oil emissions

Sampling stations were grouped according to their HC content and alkane
composition using tree-type clustering with the Euclidean distance as a measure.
The Statistica 12 software package was used for statistical data processing.

Results and discussion

Results of the expedition to the coast of the Kerch Peninsula and Krasnodar
Krai, December 2024 (after the accident)

Seawater. The content of HCs in water ranged from 0.029 to 0.103 mg-L™
(Fig. 2), averaging 0.061 mg-L ™" along the coast. In 70% of samples, the maximum
permissible concentration (MPC) (0.05 mg-L™") was exceeded. At station 8, where
oil spills were recorded on the coast immediately prior to sampling, the HC content
in water did not exceed the MPC and amounted to 0.048 mg-L™". The proportion of
n-alkanes in HCs was typical of seawater and ranged from 0.31 to 0.48, with
an average of 0.37.

Isoalkane Pr was absent or found in low concentrations (around 10 mg-L™),
while Ph was found in concentrations of the order of 10° mg-L™".

These indicators show no recent input of petroleum HCs [7].

The distribution of n-alkanes was generally bimodal (Fig. 3). The first maximum
occurred at odd-numbered C;7 and C,9, characterising the development of the phyto-
community [8]. The second group of maxima was in the C2—Cs; range and included
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Fig. 2. Hydrocarbons content in the water off the coast
of the Kerch Peninsula and Krasnodar Krai, December
2024 (after the accident)

both even-numbered compounds of bacterial origin [9] and odd-numbered allochtho-
nous compounds [10]. This distribution of n-alkanes indicates active bacterial trans-
formation processes and the input of organic matter from land, which is typical of
coastal areas [7].

Of note, at certain stations in the Kerch water area (stations 2, 3, 9) and the vil-
lage of Taman (station 7), the proportion of Cy7 was reduced. This can be attributed
both to anthropogenic pollution, which inhibits the growth of green microalgae
[11], and to the rapid biotransformation of this homologue [12]. The high content
of the even-numbered homologue Cso at most of the mentioned stations [7] may
indicate the activity of the microbial community.

To specify the sources of heavy metal input into the water of the studied area,
so-called biogeochemical markers were calculated (Table 2).

Percentage, %

Cl6 C17 C8 C19 €20 C21 C22 C23 C24 C25 C26 C27 (28 C29 C30 C31 C32 (33

n-alkanes
Fig. 3. Average distribution of n-alkanes in the water off the coast

of the Kerch Peninsula and Krasnodar Krai, December 2024 (after
the accident)
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Table 2. Values of hydrocarbons genesis markers in the water off the coast of Kerch
Peninsula and Krasnodar Krai, December 2024 (after the accident)

Marker
Station
number | p 1 AR | AcL | Lwhmwa | C7TCetCr 1 opp
n-alkanes

1 0.4 1.3 28 0.6 0.2 1.3
2 0.5 1.4 28 0.4 0.2 0.7
3 0.1 3.0 30 0.3 0.1 1.1
4 0.4 6.1 28 0.1 0.1 0.4
5 0.5 0.4 27 0.9 0.4 0.9
6 0.4 1.6 28 0.3 0.2 0.9
7 0.5 1.0 28 0.3 0.2 0.6
8 0.4 1.3 28 0.4 0.2 0.8
9 0.2 4.8 29 0.1 0.1 1.1
10 0.3 1.0 28 0.4 0.3 1.1

Average 0.4 2.2 28 0.4 0.2 0.9

The main marker for diagnosing oil pollution, CPI,, had values characteristic
of the presence of petroleum products (= 1) at stations 3, 5, 6, 8, 9 and 10.
This may be due to chronic oil pollution of the Azov-Black Sea coast. However,
the chromatographic pattern and the low content of isoprenoid alkanes indicate
the predominance of a biogenic background. Even if oil pollution is present, which
is typical of this area [11], it is not accident-induced but chronic in nature and is
transformed.

Another sign of fresh petroleum product input may be an elevated LWH/HWH
ratio (> 1). This ratio averaged 0.4 and did not reach unity at any of the stations,
confirming the absence of fresh oil input. Stations 7/ (0.6) and 5 (0.9) stood out with
an elevated proportion of low-molecular-weight homologues. However, these val-
ues result from the high content of Ci7 and Cy and are therefore related to natural
primary production processes [13]. The increased content of autochthonous com-
pounds at stations 5 and /0 is further supported by the ratio of these compounds
to the total n-alkanes in water.

The P,q moisture index values corresponded to the presence of traces of both
fresh and degraded aquatic vegetation, which is typical of coastal areas [14].

The average terrigenous/aquatic ratio (TAR) value was 2.2, indicating a pre-
dominance of terrigenous organic matter. At stations 5, 7 and /0, this indicator had
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lower values, suggesting a low proportion of allochthonous matter. Given the com-
position of n-alkanes at these stations, such values are likely to be formed due to
the high proportion of autochthonous compounds (Ci7, Ci9) in the composition
of n-alkanes. Two of the three stations with reduced allochthonous substance con-
tent are located in the Sea of Azov, and one station is located in the Kerch Strait.
The peculiarities of n-alkane distribution may be determined by the character of
the production processes in the Sea of Azov.

Clustering stations based on the composition of alkanes in water allows sta-
tions 2—4 and 9 to be placed into a separate cluster. At these stations, the HC con-
tent exceeded the MPC for fishery water bodies. All stations are located in the wa-
ter area adjacent to the Kerch Peninsula. This water area is under significant
anthropogenic pressure [15] as a result of the city's activities and intensive shipping
in the strait.

Thus, the HC content in the water of the studied water area exceeded the MPC
due to the combined effect of natural and anthropogenic factors. The main sources
of HCs were primary and bacterial production, as well as allochthonous matter.
Oil pollution was present in a transformed form. This fact probably indicates a con-
stant input of pollutants into the water area and a high rate of their biotransfor-
mation. A similar phenomenon was observed in the Kerch Strait before, when,
despite permanent pollution of the water area, there were no signs of fresh oil pol-
lution in the water due to its active biodegradation [16].

Suspended matter. The HC content in the suspended matter ranged from 31
to 495 pug-L™"' (Fig. 4), with an average of 121 pg-L™'. These concentrations
are considered high [16]. Elevated values relative to the average were recorded
at stations 3, 5 and 8. Stations 3 and 5 are located in the Kerch Strait.

600 1

Content of hydro-
carbons, pg-L™!

500

400 1

300 A

200 1

wol ------ ﬂ ______________________ Average
q 2 3 4 3 6 7z 8 2 10

Station

Fig. 4. Content of hydrocarbons in the suspended
matter off the coast of the Kerch Peninsula and Kras-
nodar Krai, December 2024 (after the accident)
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At station 8, located near the village of Veselovka (Krasnodar Krai), petroleum
products were spilled onto the coast during the sampling period, while the sea was
stormy. This could have led to resuspension of coastal sediments and emulsifica-
tion of the floating fuel oil.

The proportion of n-alkanes in the HC composition ranged from 0.22 to 0.42,
with an average of 0.31. The average values were mildly elevated at stations 6, 7
and 9, which suggests an intense input of this class of compounds into the suspend-
ed matter.

Compounds Ci5—Cs33 were recorded in the n-alkane composition in the suspen-
sion (Fig. 5), with a bimodal distribution of n-alkanes. The first maximum was
dominated by C;7 and Ci9 of phytoplankton origin [8]. The second maximum was
in the Cy4—C3; range, which included both bacterial even-numbered peaks and Css,
the presence of which is associated with the presence of aquatic macrophytes [17].
Allochthonous Cy7, Cy9 and Csi, coming from the coast, stood out particularly
in this group of peaks [7].

A quite high content of Pr and Ph was recorded comparable to that of individ-
ual n-alkanes, which suggests oil pollution [7].

The values of the P,q marker (Table 3) indicate the presence of traces of aquat-
ic macrophytes in the suspended matter [14].

The TAR marker averaged 3.2, which is due to the predominance of terri-
genous organic matter. However, at station /, its value was less than unity, which is
typical of the predominance of autochthonous compounds. This station also
showed elevated P,q (0.5), characterising the input of organic matter from macro-
phytes, and an increased proportion of autochthonous n-alkanes (0.3).

The average length of the hydrocarbon chain was quite high (30) and ranged
from 29 to 31. This fact indicates an increased proportion of high-molecular-weight
compounds and a small proportion of low-molecular-weight n-alkanes, which are
indicators of fresh oil pollution [18].

Percentage, %

C15 €16 C17 C18 C19 C20 C21 C22 C23 C24 C25 C26 C27 (28 C29 C30 C31 C32 C33

n-alkanes
Fig. 5. Average distribution of n-alkanes in the suspended mat-

ter off the coast of the Kerch Peninsula and Krasnodar Krai,
December 2024 (after the accident)

62 Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2026



Table 3. Values of markers of hydrocarbons genesis in suspended matter off the coast
of the Kerch Peninsula and Krasnodar Krai, December 2024 (after the accident)

Marker
Station
MUmOr | py, | TAR | acL | EWHECotCot ol oy, | pepy |k
I 05 07 30 07 03 14 03 LI
2 04 19 31 03 02 12 03 13
3 04 32 29 04 0.1 15 02 19
4 03 42 29 03 0.1 15 02 20
5 02 47 30 02 0.1 L0l LS
6 02 45 30 02 0.1 19 03 11
7 04 39 31 02 0.1 14 01 08
8 03 22 30 06 02 18 o1 18
9 04 40 31 02 0.1 13 - -
0 | 04 24 30 03 02 6 02 16
Average | 04 32 30 04 02 15 02 14

High-molecular-weight compounds prevailed at most stations. The exceptions
were station / (LWH/HWH = 0.7) due to the high content of autochthonous C;s,
Ci7 of phytoplankton origin [10] and Cyo of bacterial origin [19], as well as sta-
tion 8§ (LWH/HWH = 0.6) due to the high content of Ci9 of phytoplankton origin
[7] and Cy of bacterial origin. The proportion of compounds of phytoplankton
origin at these stations was also elevated, amounting to 0.3 and 0.2, respectively,
with an average value of 0.2. Consequently, signs of actively developing phyto-
plankton and bacterial communities were recorded in these areas.

The Pr/Ph ratio values indicate oil pollution in the suspended matter. The iso-
prenoid coefficient value (K; = 0.8...2.0) aligns with the presence of moderately to
highly degraded petroleum products.

The main marker of oil pollution, CPI,, had values in the range of 1.1-1.9,
which is typical of suspended matter. Slightly elevated values at stations 6 and &8
were associated with the high content of allochthonous n-alkanes in the composi-
tion of the suspended matter at these stations.

From the cluster analysis, the composition of alkanes at station / differed sig-
nificantly from that at other stations, where the proportion of low-molecular-weight
n-alkanes, starting with C;s, was increased. At the other stations, the hydrocarbon
background was fairly uniform.
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Results of the expedition to the coast of the Kerch Peninsula and Krasnodar
Krai, January 2025

Seawater. The HC concentration in the water (Fig. 6) ranged from 0.012 to
0.097 mg-L™', with an average of 0.035 mg-L™". The MPCs were exceeded at two
stations: /2 (1.3 times the MPC) and /6 (2 times the MPC). At the remaining sites,
the sanitary standards for fishery waters were not exceeded.

There was no statistically significant difference in the HC content in the water
at stations around which fuel oil was detected and at stations where it was not pre-
sent.

The proportion of n-alkanes in the HCs ranged from 0.26 to 0.54, with
an average of 0.41. An elevated value (0.54) was recorded at station 5, indicating
a recent input of n-alkanes in this area. A reduced value (0.26) was observed at sta-
tion /6, which most likely indicates active transformation of n-alkanes.

We identified n-alkanes ranging from Ci7 to Cs3, with Ci7—Cs3; compounds be-
ing present almost throughout the study area, while C3,—Cs3 compounds were found
only in a few samples. The distribution of n-alkanes was bimodal (Fig. 7), with
the first peak corresponding to C;7, an n-alkane of phytoplankton origin (its aver-
age proportion was 16%), and the second peak corresponding to Cy9 of allochtho-
nous origin (16%). This distribution pattern indicates that natural pathways prevail
in the HC input into the coastal waters.

At station /2, where peaks were observed in the Cy—Cs; range (11-21%),
the distribution of n-alkanes in the high-molecular-weight fraction may correspond
to the presence of transformed petroleum products, as well as to the active devel-
opment of certain components of the microbial community. At the other stations,
the distribution of n-alkanes corresponded to the average value for the study area.

The isoprenoid alkanes Pr (10 mg-L™") and Ph (10~ mg-L™") were detected
at low concentrations, which corresponds to their natural levels.

The P.q marker values (Table 4) indicate the presence of traces of macro-
phytes; however, at station /2, its reduced value can be attributed to a significant
contribution from degraded terrestrial vegetation.

The TAR value generally indicates a slight predominance of terrigenous n-alka-
nes. At stations 5, 6 and 9, the TAR values were less than unity, which indicates

0.12 1
0.1 1 —
0.08
0.06 1
0.04

= lnnl0=nln0ln

Station

- MPC
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12 16

Fig. 6. Content of hydrocarbons in the water off the coast of
the Kerch Peninsula and Krasnodar Krai, January 2025
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Fig. 7. Average distribution of n-alkanes in the water off
the coast of the Kerch Peninsula and Krasnodar Krai, January
2025

Table 4. Values of markers of hydrocarbons genesis in the water off the coast of
the Kerch Peninsula and Krasnodar Krai, January 2025

Marker
Station
number | p | AR | AcL | LwwHwH | C7TCTC | pp
n-alkanes

i 04 1.1 28 0.5 02 1.1
2 02 1.7 29 0.3 02 038
3 02 1.6 29 0.3 02 0.9
4 0.3 1.5 28 04 02 1.4
5 0.3 0.8 28 0.8 04 1.6
6 0.7 0.3 27 0.6 04 0.5
7 03 1.4 28 0.3 0.2 1.2
8 0.4 1.6 28 0.5 0.3 1.5
9 0.4 0.9 28 0.7 04 1.8
10 03 1.8 28 04 02 1.7
11 03 1.6 28 0.6 03 26
12 0.1 5.5 30 0.1 0.1 13
13 0.3 3.5 29 02 0.1 1.7
14 04 1.5 28 04 02 1.4
Is 0.3 1.9 28 0.3 02 2.0
16 04 23 28 0.3 0.1 1.0

Average | 03 1.8 28 04 02 1.4
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a high proportion of autochthonous components. At station /2, the TAR was
at its highest (5.5) and indicated a significant contribution from allochthonous
matter.

The average HC chain length (ACL) was 28, ranging from 27 to 30. In De-
cember, this figure was higher, at 30. A decrease in ACL may be due to the entry
of petroleum products into the water.

The average LWH/HWH ratio was 0.4 (0.1-0.7). Lower values of this param-
eter, characteristic of terrigenous matter predominance, were recorded at station /2
(0.1) and station /3 (0.2). Overall, this parameter was rather high, indicating
an elevated content of low-molecular-weight n-alkanes.

The proportion of autochthonous n-alkanes was low (0.2 on average), which
is consistent with the data obtained in December 2024.

The CPI; averaged 1.4, ranging from 0.5 to 2.6. Most of the values were con-
sistent with the biogenic nature of the HCs. At stations / (1.1), 3 (0.9) and 16 (1.0),
the values of the carbon preference index were characteristic of oil pollution.
However, the distribution pattern of n-alkanes indicates that the HCs were mainly
of biogenic origin.

Thus, the composition of alkanes suggests the HC sources are predominantly
natural, consisting largely of autochthonous and allochthonous materials. Cluster-
ing of stations based on the alkane composition did not reveal any distinct group-
ings, indicating a fairly homogeneous alkane composition in the study area.

Suspended matter. The HC concentration in the suspended matter of the study
area ranged from 13 to 67 ug-L™!, with an average of 34 pug-L™' (Fig. 8). A decrease
in the average compared to December values was noted, which is associated
with the absence of a sharp exceedance of the average (by 5-10 times) at some
stations, as observed in December 2024. Overall, this HC concentration in the sus-
pended matter can be seen as high [16]. There were no statistically significant dif-
ferences in the HC concentrations in the suspended matter between the areas where
petroleum product wash up was recorded in the coastal zone and those with
no wash up.

100 ~
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40 1 (] =3 - Average
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Content of hydro-
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Station
Fig. 8. Content of hydrocarbons in the suspended matter off

the coast of the Kerch Peninsula and Krasnodar Krai, January
2025
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The proportion of n-alkanes in the HCs ranged from 0.25 to 0.57, with
an average of 0.44. At certain stations, this figure was slightly higher. These
figures indicate a fresh input of n-alkanes.

The identified n-alkanes included homologues ranging from Cis to Css.
Namely, Cis and Cs3 were recorded at certain stations (stations /4—16), while
C17—Cs, were present at the others. The insignificant proportion of phytoplankton-
derived Ci7 (on average 5%) (Fig. 9) indicates a low contribution of phytoplankton
to the formation of HCs of the suspended matter. The maxima were located
in the high-molecular-weight region of the n-alkane spectrum. The major peaks
(> 10%) were the allochthonous C»7 and Cy9 [7] and the bacteria-derived Cas [17].

At the same time, a relatively high concentration of isoprenoid alkanes Pr
and Ph was recorded, which may indicate oil pollution. The distribution pattern
of n-alkanes and the high concentration of Pr and Ph may indicate the presence
of transformed oil pollution in the suspended matter. Consequently, due to self-
purification, the coastal ecosystem copes with the input of petroleum products.
A similar phenomenon has been described for this area previously [16].

Compared with the December data, the proportion of phytoplankton-derived
n-alkanes in the suspension decreased, suggesting a reduction in phytoplankton
production, which is the main source of low-molecular-weight odd-numbered
n-alkanes. This decline in production could have occurred both as part of the annu-
al dynamics of phytoplankton development [20] and as a result of the inhibitory
effect of oil on its growth [21]. Another reason for the decrease in the proportion
of phytoplankton-derived peaks may be the intensive transformation of the corre-
sponding homologues by the micro-community, the activity of which is evidenced
by the high proportions of Cz4, Ca6 and C,s homologues [7].

The Paq moisture index ranged from 0.5 to 0.8, with an average of 0.7 (Ta-
ble 5). These relatively high values indicate the presence of traces of transformed
macrophytes at all sampling stations. These values align with the high C»s content,
which is associated with macrophytes, and also indicate the active development
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Fig. 9. Average distribution of n-alkanes in the suspended
matter off the coast of the Kerch Peninsula and Krasnodar Krai,
January 2025
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Table 5. Values of markers of hydrocarbons genesis in the suspended matter off
the coast of the Kerch Peninsula and Krasnodar Krai, in January 2025

Marker
Station

number | p | TAR | ACL I;IYVII{{/ C‘:aﬁ(‘;’l;e?‘/ CPL | Pr/Ph | K
1 0.5 2.9 28 0.2 0.1 0.4 0.7 1.0

2 0.5 5.0 28 0.2 0.1 0.7 2.1 0.6

3 0.7 49 27 0.2 0.1 0.7 0.6 0.8

4 0.7 5.2 27 0.2 0.1 0.8 0.2 0.8

5 0.7 4.2 27 0.3 0.1 0.9 1.6 0.3

6 0.7 1.5 27 0.5 0.1 0.7 0.5 1.0

7 0.6 8.8 27 0.2 0.1 0.8 0.1 1.3

) 0.8 3.6 27 0.3 0.1 0.8 0.2 0.6

9 0.7 8.5 27 0.2 0 0.8 0.1 1.8
10 0.6 6.0 27 0.2 0.1 0.9 0.4 1.6
11 0.8 7.6 27 0.1 0 0.9 0.3 1.2
12 0.7 10.4 27 0.2 0 0.9 0.1 1.1
13 0.8 8.7 26 0.1 0 1.2 0.4 1.1
14 0.8 10.5 26 0.1 0 1 0.2 1.3
15 0.5 3.0 28 0.4 0.1 0.7 2.3 1.9
16 0.7 2.8 27 0.1 0.1 0.8 1.6 04
Average 0.7 5.8 27 0.2 0.1 0.8 0.7 1.1

of the bacterial community (Ca, Ca6, Cas) [7], which contributes to the transfor-
mation of organic matter.

The TAR marker ranged from 1.5 to 10.5, with an average of 5.8, indicating
a moderate to strong predominance of terrigenous material in the suspension.
The hydrocarbon chain length ranged from 26 to 28, with an average of 27. Lower
values (26) were recorded at stations /3 and /4, located in the area where petrole-
um products were massively washing ashore. This may indicate the presence of
petroleum products in the suspended matter.

Overall, the mixture was dominated by high-molecular-weight n-alkanes
(LWH/HWH = 0.1-0.5). The proportion of phytoplankton-derived homologues
was low and did not exceed 0.1.

The CPI, marker of petroleum origin in the suspended matter had low values
ranging from 0.4 to 1.2 (average 0.8). For suspended matter, these are somewhat
low figures. At most stations, except for station /, these values may indicate oil
pollution.
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The marked predominance of Pr over Ph at stations 4, 7-9, 11, 12 and 14 may
indicate oil pollution. The isoprenoid coefficient ranged from 0.3 to 1.9 (mean 1.1).
Such indicators characterise the presence of oil at various stages of degradation
(from slightly degraded to degraded). The average values show that, overall, the oil
was at an intermediate stage of degradation. At station 3, the isoprenoid ratio corre-
sponded to the presence of fresh oil. At this same station, a predominance of Pr
over Ph was noted, which is characteristic of the presence of terrigenous organic
matter. At stations 2—4, 8 and /6, the marker value corresponded to the presence of
degraded petroleum products. Most of these stations are located on the coast of
the Kerch Strait. Chronic oil pollution in this area has been noted previously [11, 16].

Thus, the markers indicate a predominance of allochthonous compounds
in the suspended matter, as well as probable oil pollution. In January, the oil pollu-
tion in the suspended matter had degraded to a lesser extent than in December
2024, which may indicate a more active influx of oil.

The cluster analysis revealed a fairly compact grouping of stations, with only
station /5 standing out, where a reduced proportion of Cs—C,s homologues
(which are predominantly of bacterial origin) was observed. Thus, the composition
of the suspended matter at the stations where wash up was recorded and at the sta-
tions with no wash up differed only slightly. This means that the location of
the probable source of oil pollution in the suspended matter is not related to fuel oil
wash up onto the coast.

In January 2025, the proportion of n-alkanes in the HC composition increased,
although the total HC concentration in the suspended matter remained at the De-
cember 2024 level. The composition of n-alkanes also changed: the proportion of
autochthonous compounds decreased, while the distribution and composition of
the alkanes indicate probable oil pollution. The analysis of HC origin markers sup-
ports this conclusion.

Conclusion

With the exception of station 8, the samples collected in December 2024 were
taken from water areas that had not yet been affected by pollution resulting from
the emergency petroleum product spill. This allowed us to obtain data on the base-
line condition of the study area prior to its pollution by fuel oil.

In December 2024, the HC concentration in the waters around the Kerch Pen-
insula and Krasnodar Krai exceeded the MPC (0.05 mg-L™") in 70% of samples.
The main sources of HCs in the water were primary and bacterial production,
as well as allochthonous matter. Oil pollution was present in a transformed form.
Given the composition of n-alkanes and marker values, the main sources of HC
formation in the suspended matter of the studied water area in December 2024
were phytoplankton and bacterial production, as well as the input of allochthonous
compounds. Signs of degraded oil pollution were noted, indicating chronic oil pol-
lution of the water body. Thus, the studied coastal site was under chronic oil pollu-
tion, which was more pronounced in the composition of suspended matter than
in the water.
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In January 2025, petroleum products were massively entering into the coastal
zone. Based on average concentrations that did not exceed the MPC, it can be con-
cluded that the coastal waters of the Kerch Peninsula and Krasnodar Krai were not
polluted with HCs. The HC composition in the studied water area was determined
primarily by natural factors: autochthonous production, the input of allochthonous
compounds and the bacterial degradation of organic matter. Consequently, fuel
oil spills at the time of the study (January 2025) did not have a negative impact
on the degree of HC pollution of the water. In January 2025, the HC composition
in the suspended matter changed, whereas the HC concentration remained compa-
rable to that of December 2024: the proportion of n-alkanes increased and the pro-
portion of autochthonous compounds decreased. The distribution and composition
of alkanes indicate oil pollution, and the analysis of HC origin markers supports
this conclusion.

As the fuel oil spill has affected certain components of the coastal ecosys-
tem, further studies are needed in this area to assess the long-term impact of HCs
on the aquatic ecosystem.
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Abstract

The paper aims to identify distribution patterns of Caspian sprats (the main commercial fish
in the Caspian Sea) in the epipelagic zone of the Central Caspian Sea in summer and
to assess the relationship between the fish aggregation density and the temperature gradient,
based on hydroacoustic and hydrological data for 2014-2021. Hydroacoustic surveying was
carried out in the deep sea (depth up to 800 m) using a Simrad EK-60 hydroacoustic com-
plex installed on R/V Caspian Explorer with stationary split-beam antennas operating
at frequencies of 38 and 120 kHz. Biomass was calculated for standard 10-metre layers
from 0 to 50 m. The water temperature was measured at depths of 10, 20, 25, 30 and 50 m.
The vertical temperature gradient was calculated for the 20-30 m layer. The relationship
between the aggregation density and the gradient was assessed using linear regression
analysis. It was found that in summer, the bulk of Caspian sprats, migrating for feeding,
concentrates in the middle part of the Caspian Sea, in the upper 50-metre layer. From the re-
sults of the 2021 summer hydroacoustic survey, a map of the sprat distribution in the mid-
dle part of the Caspian Sea was constructed. The maximum concentrations of sprats were
observed in the 20-30 m layer. A significant linear relationship (R?=0.802) was found
between the density of sprat aggregations (over 30 t/mile?) and the vertical temperature
gradient (R? = 0.802) in this layer. It was shown that dense commercial aggregations form
at a gradient of no less than 0.3 °C/m and a temperature above 9.0°C at a depth of 30 m.
The results can be used to estimate the location of commercial sprat aggregations
in the deep-water part of the Central Caspian Sea in summer.

Keywords: Caspian Sea, Central Caspian, Caspian sprat, Clupeonella, hydroacoustic
studies, hydroacoustic survey, sounding graph, temperature gradient, water temperature,
commercial aggregations
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Biausinue TemneparypHoro pakropa
Ha 00pa30BaHUeE CKOIJIEHHI KACTTUUCKUX KHJIEK
MPH NPOBEACHUH THAPOAKYCTHYECCKUX UCCIAET0BAHNMN
B Cpeanem Kacniuu B j1eTHUII nepuoj
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e-mail: pomogtatyana@mail.ru

AHHOTANMA

Lenp paboThl — Ha OCHOBE TMAPOAKYCTUYECKHX W THJPOJIOTUYECKUX JaHHBIX 3a 2014—
2021 rr. BBISIBUTH OCOOCHHOCTH pACHpeNeNieHNs] KaCIMUCKUX KWIEK (OCHOBHBIX IPOMBIC-
7oBeIX peI0 B Kacnmiickom Mope) B snunenaruanu Cpendero Kacnus B sieTHHE nepron
U OLICHUTH CBSI3b MJIOTHOCTH MX CKOIUIEHHS C TeMIIepaTypHBIM rpagueHToM. ['muapoaky-
CTHYECKYIO ChEMKY IPOU3BOIMIN B IIyOOKOBOAHOW yactu Mops (rimyouHa mo 800 m)
ycranoBineHHbIM Ha HUC «MccnenoBatens Kacmusy THAPOaKyCTHYECKHMM KOMILIEKCOM
Simrad EK-60, 0o00pyIOBaHHBIM CTallMOHAPHO YCTAHOBICHHBIMH aHTEHHAMH C PACIICTI-
JeHHBIM JTydoM Ha gactote 38 u 120 x['m. Pacyer GmomMacchl BBITIONHEH [T CTaHAAPTHBIX
10-metpoBeix cioeB ot 0 10 50 M. TemmnepaTypy BoIsI u3MepsIH Ha ropu3onTax 10, 20, 25,
30 u 50 M. BepTukanbHbIil TeMIepaTypHBIA TpaaueHT paccuuTbBaam it cios 20-30 m.
CBs3p MEXIy IUIOTHOCTBIO CKOIJICHHH M TPaJIMCHTOM OLIEHWBAIM METOAOM JIMHEHHOTO
PErpecCHOHHOIO aHajau3a. Y CTAaHOBJICHO, YTO B JICTHUH MEpUOJ OCHOBHAsI Macca Kacluii-
CKHUX KHJICK, COBEpIllasi HaryJlbHBIC MHUTPalMM, KOHIICHTpUpPYeTcs B cpenHeil yactu Kac-
nUKcKoro Mops B BepxHeM 50-meTpoBoM cioe. [lo pe3ynpraTtaM JIETHEH THIPOAKyCTHYIE-
ckolt creMku 2021 r. mocTpoeHa KapTa pacnpeseneHus Kuiek B cpeaHeit yactu Kacnnii-
CKOTO MOps. MakcuMasbHble KOHIEHTPAIMK KWIEK ObLIM oTMedeHbl B cioe 20-30 m.
BbrisiBieHa 3HauMMast JTuHeliHas 3aBucuMocThb (R? = 0.802) MekIy IIIOTHOCTHIO CKOTUTEHHI
KwiIbkH (cBbime 30 T/MuIA®) ¥ BEPTHKATBHBIM TEMIIEPATYPHBIM rpagueHToM (R? = 0.802)
B 3TOM cnoe. [TokazaHo, 4TO IJIOTHBIE MPOMBICIIOBBIE CKOIICHUSI ()OPMUPYIOTCS TIPU Tpa-
muente He Hwke 0.3 °C/m u Temmeparype Ha ropusonte 30 M Beime 9.0 °C. PesynbraTsl
MOTYT OBITh HCIIOJIb30BaHBI JUIS MPOrHO3MPOBAHUSA JIOKAIU3AIMU MIPOMBICIOBBIX CKOILIE-
HUH KWIBKU B TITyO0K0oBOIHOM yacTu Cpennero Kacmus B JIETHUH TIEpUOI.
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Kuruessle cioBa: Kacrmiickoe mope, Cpeauuit Kacrmmii, kacrimiickue kunbku, Clupeonella,
THPOAKyCTHUECKUE HMCCIICOBAHUS, THIPOAKYCTHUECKAS! ChEMKA, DXOrpaMMa, TeMIIepaTyp-
HBI TPAJIUCHT, TEMIIEpaTypa BOJIbI, MPOMBICIOBbIC CKOTUICHHUS

BaarogapHocTn: paboTa BBINONHEHA B paMKax rocyaapcrseHHoro 3aaanns OUIL[ MTaebIOM
o Teme «/3yueHne OGHMOreoXMMHYECKNX 3aKOHOMEPHOCTEH PaaroIKOIOITHIECKUX H XeMO-
9KOJIOTHYECKHAX TIPOIIECCOB B JKOCHUCTEMaxX BomoeMoB A30Bo-UepHOMOpckoro OacceiiHa
B CPaBHEHHUH C JPYTHMMHU aKBaTOpUsIMH MHpPOBOTO OKeaHa M OTJEIbHBIMU BOJHBIMH 9KOCH-
CTEMaMH HX BOJOCOOPHBIX OAacCEHHOB ISl 0OECIICUCHHsI yCTOWYMBOIO PAa3BUTHS HA FOXK-
HBIX Mopsix Poccum» (Ne 124030100127-7). ABTOp BBIpaXkaeT 6J1arogapHOCTb PYKOBOJCTBY
u xoswiektuBy BK® ®I'BHY « BHUPO» («KacmtHUPX») 3a matepuan, coOpaHHBIN B X011€
ceemkn Ha HUC «Vccnenosarens Kacms» cormacHo 1. 78 mporpammer HUP ¢ ucnons3o-
BaHneM Mopckux cynoB BK® ®I'BHY «BHUPO» («KacmHMPX») Ha 2021 r. «Ornenka
COCTOSIHMSI 3aI1aCOB OCETPOBBIX, Kean U Jpyrux BUIOB PbIO, PaKOB B JIETHUI MEPHOJ MO
pe3ysbTaTaM TPaloBO-aKyCTUYECKON M CeTHOH cheMOK. OLieHKa 9KOJOIMYECKUX YCIOBHH
cpenbl odbutanust BBP. MccnenoBanusi rHIpoIOro-THIPOXUMHUYECKUX, SKOJIOTO-TOKCHKO-
JIOTHYECKUX XapaKTEPUCTUK cpeabl ooutanus U BBP, cocrosHus KkopMoBoOii 0a3bl U 4mc-
JICHHOCTH NIPOMBICIIOBBIX BUIOB pbl0 Kacmmiickoro mopsi. OieHKa COCTOSIHUSI MOITYJISILIUU
MHEMHOIICHCAY.

Jas uurupoBanus: [lomozaesa T. B. Biusaue TemmneparypHoro (akropa Ha 00pa3oBaHHe
CKOIUIEHWH KAaCNHUHCKUX KHJIEK NMPH NPOBEICHHM THUAPOAKyCTHUECKHX HCCIIEIOBAHHUN
B Cpennem Kacnuu B neTHMit mepuop // DKonormdeckas 0€30MacHOCTh MPUOPEKHOM
u menb(oBoii 30H Mops. 2026. Ne 1. C. 73-84. EDN FZNAUP.

Introduction

Hydroacoustic surveys to assess sprat stocks have been conducted in the Cas-
pian Sea since the 1970s. Scientific hydroacoustic research in the Caspian Sea has
enabled fishing companies to obtain recommendations and start fishing for Caspian
sprats off the coast of Dagestan. Trawl fishing for Caspian sprats off the Dagestan
coast, which began in 2019, is efficient only during the autumn-winter and spring
periods, before spawning temperatures rise in the area and the wintering sprat ag-
gregations disperse V" ).

Hydroacoustic surveys of Caspian sprats conducted between 2014 and 2021
showed that the majority of sprats, undertaking feeding migrations from the Dage-
stan shelf to the deep-water part of the Central Caspian Sea, are concentrated
in the central part of the Caspian Sea above depths of 100 to 700 m during
the summer period (June to early September). In September—October, the return
migration to the coast begins, where the fish stay until March—April.

Each year, the total recommended catch for the three species of Caspian sprats
(common sprats, anchovy sprats and big-eyed sprats) is determined on the basis of
annual surveys conducted by the Volga-Caspian Branch of the Federal State Budget
Scientific Institution “Russian Federal Research Institute of Fisheries and Ocean-
ography” in the Caspian Sea, and is set at 100,000 t [1, 2]. The current commercial

1) Available at: https:/casp-geo.ru/astrahanskij-kaspnirh-opublikoval-obzor-kilechnogo-promysla/
[Accessed: 25 February 2025] (in Russian).

2 Available at: http:/kaspnirh.vniro.ru/news/2024-12-25/2683/ [Accessed: 25 February 2025]
(in Russian).
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exploitation rate of the recommended catch is around 30%. The reasons for this
low level of exploitation remain poorly understood.
Studies on sprat biomass in the deep-water section of the Central Caspian Sea
will help resolve the issue of achieving the recommended catch for Caspian sprats.
The study aims to identify, using the data obtained during the summer months
of 2014-2021, the influence of temperature and temperature gradients on the for-
mation of dense aggregations of sprats.

Materials and methods

The hydroacoustic surveys were conducted in accordance with standard proce-
dures® [3]. All research work was carried out on R/V Caspian Explorer using
a Simrad EK-60 dual-frequency scientific echo sounder with permanently mounted
four-section antennas operating at 38 and 120 kHz, and a GPS navigation system.

When working with the Simrad EK-60 hydroacoustic system, the Simrad ER-60
and Simrad BI-60 software packages (version 2.1.1) were used. The Simrad BI-60
post-processing software allows for the assessment of fish aggregations by layer,
taking into account the species composition and size groups, as well as NASC
and Ts (target strength of sprats) and reference catch data. Using the Simrad BI-60,
the density of fish aggregations was calculated for predefined 10-metre layers.

Between 2014 and 2021, 13 expeditions were carried out, each lasting on av-
erage 25 days. The surveys took place from early June to mid-September. While
conducting hydrological studies in the deep-water area of the Central Caspian Sea,
the water temperature at the surface and at depths of 10, 20, 25, 30 and 50 metres
at each station was measured using an SBE-19 profiler.

Results and discussion

According to the results of hydroacoustic surveys conducted in the Central
Caspian Sea during the summer months of 2014-2021, dense commercial aggrega-
tions of Caspian sprats ¥ were predominantly found in the upper 50-metre layer of
the sea [4-8].

According to data from test trawls carried out in July 2015, which supported
the hydroacoustic survey results, the following average size and weight characteris-
tics were obtained: the average length and weight of common sprats were 9.9 cm
and 9.5 g, respectively, and those of anchovy sprats were 11.4 cm and 13.2 g, re-
spectively. Common sprats predominated in the catches (82%), whereas the pro-
portion of anchovy sprats was 18%.

One of the main factors influencing the size and reproduction of Caspian sprat
populations is water temperature [9, 10]. The formation of dense aggregations of
sprat is also influenced by the vertical temperature gradient.

In all surveys conducted between 2014 and 2021, the vertical temperature gra-
dient was calculated for each station (the number of stations varied between 23 and
43 over the years) as the difference between the temperatures at the 10-metre and

3 Ermolchev, V.A. and Sedov, S.I., 1990. [Guidelines for Conducting Hydroacoustic Surveys
of Sprat Stocks in the Caspian Sea]. Murmansk: PINRO, 92 p. (in Russian).

4 Pomogaeva, T.V., 2024. [Improving and Organising the Caspian Sprat Fishery in the Central
Caspian Sea. PhD Thesis). Astrakhan: AGTU, 159 p. (in Russian).
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25-metre depths. The minimum and maximum gradients for each survey were con-
sidered, as well as the difference between the values. At the 25-metre depth,
the minimum and maximum temperature values were determined, as well as
the difference between them.

The formation of dense aggregations of sprats was revealed to depend on
the vertical temperature gradient in the 10-25 m layer and the temperature range
at the 25-metre depth ¥,

Since 2019, after visual identification of the layer with dense sprat aggrega-
tions, temperature has been measured at depths of 20 and 30 m.

According to the 2017 survey data, the biological productivity of sprats was
significantly higher than in previous and subsequent years. During that period, high
vertical and horizontal temperature gradients were observed: at a depth of 10 m,
the difference between the minimum (10.3°C) and maximum (27.9°C) tempera-
tures was 17.6°C at stations located approximately 30 nmi apart; at a depth of
25 m, the corresponding difference was 13.4°C (from 8.8 to 22.2°C) over a dis-
tance of about 40 nmi. The thermocline contributed to the formation of very dense
sprat aggregations in 2017, which is clearly visible in the echo sounder profile as
of 29 July 2017 (42°21' N, 48°38’ E) in the 15-35 m layer: a very high concentra-
tion of sprats was recorded at the 20-metre depth (Fig. 1).

In 2021, the survey took place from 11 August to 13 September. Water temper-
atures during that period were typical for summer: at a depth of 10 m, the values
ranged from 14.4 to 28.6°C (average 26.6°C), and at a depth of 25 m, they ranged
from 8.9 to 25.3°C (average 14.1°C).
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Fig. 1. Part of an echogram showing Caspian sprat aggregations at a depth of
91 m. A nighttime record on 29 July 2017. NASC 5943 m?*/nmi?
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Fig. 2. Sprat total biomass distribution in the Central Caspian Sea,
August—September 2021

The distribution of sprat biomass in August—September 2021 (Fig. 2), deter-
mined in total (from the water surface to the bottom), was heterogeneous: in the
northern and central parts of the surveyed area, the values exceeded 100 t/nmi?,
which corresponds to very dense aggregations of Caspian sprats.

Studies conducted in 2019-2021 showed that the largest proportion of sprat
biomass was found in the 20-30 m layer [7]. In 2021, the biomass in the 20-30 m
layer accounted for 60% of the total biomass in the upper 50-metre layer (Fig. 3).
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Fig. 3. Sprat biomass distribution by water layers

in the Central Caspian Sea in summer 2021
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The relationship between sprat aggregation density and temperature in Au-
gust—September 2021 was revealed by measuring temperature at depths of 20 and
30 metres, where the aggregation density was highest.

The temperature at the 20 m depth (ty) ranged from 11.0 to 27.2°C, and
at the 30 m depth (t30) it varied from 7.2 to 15.3°C, with values of 11-13°C prevail-
ing over most of the water area. The temperature gradient Atyo30 in the 20-30 m
layer varied from 1.2 to 17.1°C.

Fig. 4 shows the distribution of sprat biomass in the 2030 m layer, with iso-
therms at the 30 m depth. At temperatures ranging from 7.5 to 11°C in this layer,
the sprat biomass density did not exceed 5 t/nmi®. In the southern part of the water
area, at temperatures of 14-15°C, the density of sprat aggregations increased to
20 t/nmi*. The densest aggregations, i.e. exceeding 50 t/nmi’ (at temperatures
ranging from 10 to 13°C), were recorded in the central, northern and south-eastern
parts of the water area.

For the further analysis, data were selected from stations where the sprat bio-
mass density exceeded 30 t/nmi® (Fig. 5). The ty values at these stations ranged
from 12.3 to 26.5°C, t3p was within 8.9 and 14.7°C and Aty 30 varied from 2.8
to 13.7°C.

In the 20-30 m layer, the relationship between the density of sprat aggrega-
tions and the vertical temperature gradient Aty-30 is approximated by the linear
equation y = 1.917x — 13.059 (R? = 0.802), where x is the temperature at the 30 m
depth; y is the difference between the temperatures at the 20 m and 30 m depths.
High commercial concentrations (over 30 t/nmi?) were observed at the vertical
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Fig. 4. Sprat biomass distribution in the Central Caspian Sea
in the 20-30 m water layer, August—September 2021. The isolines
denote temperature at a depth of 30 m
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Fig. 5. Dependence of sprat aggregation density on temperature
at a depth of 30 m (#30) and vertical temperature gradient in the 20—
30 m layer (Atx-30), August—September 2021. The circle diameter is
proportional to the aggregation density (t/nmi?); only values over
30 t/nmi* were considered

gradient at least 0.3°C/m and t3p values above 9.0°C. The conversion of NASC
(m?/nmi?) to the Caspian sprat biomass density (t/nmi?) was performed using size-
weight coefficients ranging from 0.1 to 0.2 depending on the characteristics of
the fish [8].

Fig. 6 and 7 show fragments of the echogram as of 18 and 15 August 2021,
taken on the approach to stations with coordinates 42°10" N, 48°39’ E and 43°05' N,
49°31'" E, respectively. In the first case, tyo = 24.8, t30 = 12.1°C (Atzo-30 = 12.7°C);
in the second case, ty0 = 26.4, t30 = 13.3 °C (Aty9-30 = 13.1°C). Despite the consider-
able distance between the areas, similar water temperatures and a comparable ver-
tical gradient in the 20—30 m layer facilitate the formation of dense aggregations
of sprats.

The shown echograms clearly illustrate the distribution pattern of sprat aggre-
gations in the 20-30 m layer, which is typical for the summer period: during
the day, the fish remain in small shoals (see Fig. 6), while at night they form dense
aggregations (Fig. 7). A comparison with the 2017 echogram (see Fig. 1) confirms
that in 2017, the thermocline contributed to the formation of dense aggregations.

Thus, the results of hydroacoustic surveys in the Central Caspian Sea show
that the bulk of the sprat biomass was concentrated in the upper 50-metre layer,
predominantly at depths of 20—30 metres, and allowed the identification of a rela-
tionship between dense aggregations of sprats and the vertical temperature gradient.
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The findings of hydroacoustic surveys conducted in the Caspian Sea can be
applied to the study of the distribution of commercial fish species in the Black
Sea ™ [11-13], where the influence of the thermocline and the thermal structure of
the water on the formation of pelagic fish aggregations, such as sprats and ancho-
vies, has been also noted [14—19]. This suggests the potential for applying similar
methodological approaches to different marine basins.

The study results, which take into account the influence of temperature during
the summer months on the formation of dense commercial concentrations
in the 20-30 m layer below the water surface, allow us to identify promising areas
for Caspian sprat fishing in the deep-water part of the Caspian Sea during different
seasons of the year. This served as the basis for amendments to the Fisheries Regu-
lations (Order of the Ministry of Agriculture of the Russian Federation no. 695
of 13 October 2022 “On the Approval of Fisheries Regulations for the Volga-
Caspian Fisheries Basin”): from 1 March 2023, year-round fishing for sprat using
multi-depth trawls is permitted in the Central Caspian fishery sub-district in waters
with depths of over 80 m.

Conclusions

1. In the deep-water section of the Central Caspian Sea, the highest concentra-
tions of Caspian sprats were found at a depth of 20-30 metres during the summer
months.

2. Dense aggregations of sprats (30 t/nmi® or more) start to form when the ver-
tical temperature gradient is at least 0.3°C per metre in the 20-30 m layer and
the temperature at the 30-metre depth is at least 9.0°C.

3. Identification of promising fishing grounds requires taking into account
both data from hydroacoustic surveys and the influence of temperature factors
on the formation of dense sprat aggregations.
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Abstract

The article studies the impact of flood runoff on the content of trace elements (metals and
metalloids) in the water of the Kacha, Belbek and Chernaya rivers near Sevastopol in 2024.
During the flood (March 2024) and dry (July 2024) periods, the concentrations of a number
of elements (Be, V, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Cd, Sb, Tl, Pb, Ag), including heavy
metals, as well as their total concentrations including dissolved forms and those associated
with suspended matter were determined in river water. The content of all studied elements
was determined in their acidic concentrates and leachates from samples in accordance with
State Standard of Russia 56219-2014 by mass spectrometry with inductively coupled plas-
ma on a PlasmaQuant MS Elite mass spectrometer (Analytik Jena, Germany). It was found
that during the flood period, the suspended matter concentration in the Kacha and Belbek
Rivers increased by over 100 times, while in the Chernaya River it increased by
2.5 times. The obtained data allowed identification of critical elements whose dissolved
or total concentrations exceeded the established standards. Thus, the dissolved copper and
zinc were detected to exceed the maximum permissible concentrations for fishery waters.
An analysis of total trace elements concentrations using Dutch standards resulted in a wider
list of pollutants during the flood: the nickel, zinc, copper and vanadium concentrations
in the Kacha and Belbek Rivers exceeded the MPC. The cobalt and beryllium contents were
also higher than the MPC (only in the Kacha River). An integral assessment by pollution
index confirmed the water quality deterioration by 1-2 classes during the flood: down to
class Il (moderately polluted) in the Kacha and Belbek Rivers and down to class Il (clean)
in the Chernaya River. Moreover, the paper analyses trace elements distribution in the wa-
ter—suspended matter system and shows a predominant contribution of suspended matter
to the total content of trace elements in the river water during the flood and low water.
The accumulation capacity of suspended matter in relation to the studied trace elements was
assessed. The concentration factor for various elements varied from n-10° to n-107, which
confirmed the leading role of suspended matter in processes of water self-purification from
pollutants and redistribution of trace elements among the components of aquatic ecosys-
tems. The results ground the necessity to consider suspended forms of trace elements within
monitoring the drinking water quality, especially during floods.
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BinsiHue NaBoAKOBOI0 CTOKA
HA co/iepKaHue MUKPO3JIEMEHTOB
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AHHOTAIIUSA

HccnenoBano BiMsHHE NMAaBOAKOBOI'O CTOKA HAa COZIEP)KaHME MHUKPOIJIEMEHTOB (METAIJIOB
U MeTauIon0B) B Boje pek Kaua, benbOek n UepHast B okpectHocTsix Ceactomnons B 2024 1.
B naBonkoBelii (MapT 2024 r.) 1 3acynumBbiid (utosb 2024 1.) iepuobl B pe4Hoi Bojie Obl-
JIX OTIPENIENICHBI KOHIICHTPAIIMH PACTBOPSHHBIX (hopM psiaa anmementos (Be, V, Fe, Co, Ni,
Cu, Zn, As, Se, Mo, Cd, Sb, Tl, Pb, Ag), B ToM 4uciie TSHKEIBIC METAJUIBI, a TAKXKE HX 00-
IIMe KOHIIEHTPALMH, BKIIOYAIOIINE PACTBOPEHHBIC (DOPMBI U CBS3aHHBIE CO B3BEIICHHBIM
BerectBoM. CozieprkaHue BCeX M3y4aeMbIX 3JIEMEHTOB ONPENeNsUId B UX KHCIOTHBIX KOH-
neHTpaTax W MuHepanuzatax B cootBerctBun ¢ ['OCT P 56219-2014 meromom macc-
CIIEKTPOMETPHUH C WHIYKTHBHO-CBSI3aHHOM I1a3Moil Ha Macc-criektpomerpe PlasmaQuant
MS Elite (Analytik Jena, I'epmanust). Y CTaHOBIECHO, 4TO B MABOJAKOBBIH mepuoa B p. Kaua
u BenbOek KOHIICHTpalUs B3BEIICHHOTO BEIeCTBA yBearumiIack ooinee ueM B 100 pas, B TO
BpeMs Kak B p. UepHoit 3TOT moka3atens BeIpoc B 2.5 pa3a. [lonyueHHbIe JaHHBIE TO3BOIH-
JIM BBIIBUTH KPUTHYECKHE HJIEMEHTHI, Y KOTOPBIX KOHLEHTPAlUH PAaCTBOPEHHBIX (OPM HIIH
o0m1Me KOHIEHTpalluy NPEBBIIATHA YCTAHOBIEGHHbIE HOPMEBL. Tak, OOHApyXEHO IpEeBbILICHHE
MK B BoJe pBHIOOXO3SCTBEHHBIX BOJOEMOB JUISi PACTBOPEHHBIX ()OPM MEAM M IIMHKA.
AHanu3 oOmMX KOHIEHTPALMH MHKPOIJIEMEHTOB C HCIIONL30BAaHMEM HOPMAaTHBOB «l oi-
JIAHJCKHX JIUCTOB)» IOKa3all Oonee IUPOKHUI NepedeHb 3arpsa3HUTeNe B MaBOIOK: B PeKax
Kaua u bensbex 3auxcupoBansl npesbinenns [1JIK Hukens, Mean, UHKA, BaHAIHS, a TaK-
e KobanbTa U Oepuuust (Tosbko B peke Kaua). MHTerpasibpHast oleHKa 1Mo MHAEKCY 3arpsi3-
HEHHOCTH MOATBEpAMIA YXYAIIEHHE KauecTBa BOABI B MABOJKOBBII mepuon Ha 1-2 kiacca:
B pekax Kaua u bBempbex no Il wmacca (ymepeHHO 3arpsi3HeHHasi), B peke YUepHoul —
no Il kmacca (uucrast). Kpome Toro, mpoaHaTU3HpPOBAaHO pacHpeieiIeHHe MHKPORIEMEHTOB
B CHCTEME BOJIa — B3BEIICHHOE BEIIECTBO U YCTAHOBJIEH IPe00IaaloHii BKIa ] B3BEILIEHHOTO
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BEILECTBA B O0ILEE CONEPIKAHHE MHKPORJIEMEHTOB B PEYHOH BOJE B NMABOIKOBBIA W CYXOM
nieprozibl. OIeHeHa aKKyMYJITHPYIOIasi CIIOCOOHOCTh B3BEIIEHHOTO BEIECTBA B OTHOIICHUH
HCCIIEyeMbIX MUKPO3JIEMEHTOB: KO (OUIIMEHTHI HAKOIUICHHS VIS Pa3JIMYHbIX DJICMEHTOB
BapbupoBany ot N-10° no Nn-107, yro moATBEpAMIIO BEAYLIYHO POIb B3BECH B HPOLECCAX
CaMOOYHILCHHS BOJ OT 3arpsA3HUTENICH U niepepacipeelieHIs MUKPOIIEMEHTOB MEXIy KOM-
TIOHEHTaMH BOJHBIX 3KOocHcTeM. [lomydeHHble pe3yabTaThl 0OOCHOBBIBAIOT HEOOXOANMOCTD
ydeTa B3BEHICHHBIX ()OPM MUKPOJIEMEHTOB IIPH MOHUTOPHHTE KA4ECTBA BOJI, HCIOJIB3yeMbIX
JUTSL TATHEBOTO BOJIOCHA0XKEHHS, 0COOCHHO B TTABOAKOBBIC TTCPHO/IBI.

KiroueBble cjioBa: TsKENbIe METAJUIBL, pPacTBOpeHHas (opma sieMeHTa, B3BEIICHHAS
(dopma seMeHTa, o0mIasi KOHIIEHTPAIIHs 3JIEMEHTa, B3BEIICHHOE BEIIECTBO, KO (HHUIMEHT
HAKOIUICHUs1, NPEAETbHO AOMYCTHUMAasl KOHIEHTpAlusl, UHACKC 3arpsA3HEHHOCTH BOJbI, Ma-
BOJKOBBIN CTOK, MEX€EHB, peka UepHas, CeBactomnoinb, Kpbm

Buaaronapuoctu: pabora BhmonHeHa mo teme roczaganust OUL[ MHBIOM «3ydenue
OMOr€OXUMHYECKUX 3aKOHOMEPHOCTEH paJMO3KOIOTHUECKUX W XEMOIKOIOTHUECKHX TPO-
LIECCOB B IKOCHCTEMaX BOI0eMOB A30BO-UepHOMOpCKOro OacceliHa B CpaBHEHUH C JIPYTH-
MU aKBaTOpUSAMH MHpOBOro OKeaHa M OTAEIbHBIMHM BOAHBIMH 3KOCHCTEMAMM HX BOJO-
cOOpHBIX OacceliHOB ISl 00eCTIeUeHNsT YCTOHYHNBOTO Pa3BUTHS HAa I0XKHBIX MOpsix Poccrm»
(Ne roc. peructpanuu 124030100127-7).

Hdast muruposanusi: Yyorcuxosa O. /., Ipockypuun B. FO., Iapackue A. A., Mupzoesa H. IO.
BnusiHue MaBOAKOBOrO CTOKA Ha COMEpIKaHHEe MUKPOAJIEMEHTOB B Bojie pek Kaua, Benbbek
n YepHas // Dxonorndeckasi 6€30MacHOCTh MPUOpexHOi 1 mmenbhoBoi 30H mMops. 2026.
Ne 1. C. 85-104. EDN DXWQGC.

Introduction

The Kacha, Belbek and Chernaya Rivers are among the main rivers of Crimea
and Sevastopol, each with an annual runoff volume of 5075 million m® of fresh
water. Due to the water deficit on the peninsula, river runoff is regulated by reser-
voirs, ponds, and water intakes used both for irrigation and for water supply to
populated areas [1]. The rivers of Crimea belong to the rivers with a flood regime
of the Crimean subtype, characterized by winter and autumn rainfall floods and
prolonged summer (June-August) or summer-autumn (May—October) periods with
very low water flow [2]. During the dry period, the water level in the rivers drops
sharply, up to complete drying up, while during flood periods, the level rises by
1 m or more, in some cases up to 2-6 m [3]. During the flood period, river turbidity
increases sharply, and water quality is formed under the influence of the products
of water erosion of the soil cover of the drainage basin (wash-off products) and
channel erosion (scour products) [4-6]. Thus, floods pose a real threat to public
health, as the quality of water in drinking water sources may temporarily deterio-
rateV due to the influx of chemical, organic, and biological pollutants with flood
runoff waters [7].

D Goncharov, S.F., Batrak, N.l., Sakhno, LI, Suranova, T.G. et al., 2014. Monitoring of
the Sanitary-Epidemiological Situation in Zones of Flooding and Catastrophic Flood. Ed. by
L.1. Ivanishina. Moscow: All-Russian Center for Disaster Medicine “Zashchita” of the Ministry of
Health of Russia, 36 p. EDN YABMRP (in Russian).
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One of the main indicators of drinking water quality is the content of trace
elements, including a number of heavy metals, which can have toxic effects on
the human body ?. Systematic monitoring of surface water pollution in the regions
is carried out by laboratories under the guidance of Roshydromet, summarizing
the data in the annual publication “Quality of Surface Waters of the Russian Feder-
ation”®. However, the existing accounting system considers only the dissolved
forms of trace elements.

At the same time, during the flood period, the content of suspended matter
in river water can increase significantly. Existing water treatment systems used
in the urban water supply system may fail to completely remove suspended parti-
cles at critical moments, and water with residual suspended matter containing
sorbed chemical substances may be supplied to the population. This substantiates
the expediency of studying the total concentration of trace elements in river water,
taking into account their dissolved and suspended forms, as well as changes in river
water quality during the flood period.

Full-scale monitoring of the Sevastopol rivers in different seasons of the year
with simultaneous sampling of water and suspended matter for the analysis of trace
element content was previously carried out on the Chernaya River [8]. Similar
studies have not been conducted on the Kacha and Belbek Rivers, which deter-
mines the relevance of this work.

This study is aimed at investigating the distribution of trace elements (in dis-
solved and suspended forms) in the water of the Sevastopol rivers Kacha, Belbek,
and Chernaya during the flood and dry periods and assessing the impact of flood
runoff on the water quality of the studied rivers.

Materials and methods

In order to determine trace elements, including heavy metals (HMs), water and sus-
pended matter samples were collected in the lower reaches of the Kacha, Belbek, and Cher-
naya Rivers near Sevastopol (Fig. 1) in March and July 2024, corresponding to the periods
of high and low water — the difference in water levels in all rivers was about half a meter
(Fig. 2).

Immediately after water sample collection, in the laboratory, suspended matter was
separated by vacuum filtration through cellulose acetate membrane filters with a pore di-
ameter of 0.45 um. The total suspended matter concentration was determined by the gravi-
metric method in accordance with PND F 14.1:2:3.110-97%.

2 Chertko, N.K., Taranchuk, A.V., Chertko, E.N. and Budko, D.A., 2012. Biological Function
of Chemical Elements: A Reference Guide. Ed. by N.K. Chertko. Minsk: Chetyre chetverti, 172 p.
EDN IQXSRX (in Russian).

3 Trofimechuk, M.M., ed., 2024. Quality of Surface Waters of the Russian Federation. Yearbook.
2023. Rostov-on-Don: Hydrochemical Institute, 597 p. (in Russian).

9 PND F 14.1:2:3.110-97, 2016. Method for Measuring the Mass Concentration of Suspended
Solids in Samples of Natural and Waste Waters by the Gravimetric Method. Moscow, 15 p. (in Russian).
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Fig. 1. Schematic map of the study area and sampling points around Sevastopol:

— the Kacha River (Orlovka Bridge, 44.726500° N, 33.590981° E), 2 — the Belbek River
(Lyubimovka Bridge, 44.669705° N, 33.564247° E), 3 — Chernaya River (gauging station
near the village of Khmelnitskoye, 44.545080° N, 33.662357° E)

Dissolved forms of the studied elements were extracted from water by extrac-
tion concentration in the form of diethyldithiocarbamates using carbon tetrachlo-
ride in accordance with RD 52.10.243-92%. The determined elements were extracted
from suspended matter by acid digestion followed by filtration in accordance with
PND F 16.2.2:2.3.71-2011%. Concentrations of the studied elements (Be, V, Fe, Co,
Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sb, TI, Pb) in acid concentrates and leachates were
measured by inductively coupled plasma mass spectrometry on a PlasmaQuant MS
Elite mass spectrometer (Analytik Jena, Germany) in accordance with the Russian
State Standard R 56219-2014 ") at the Center for Collective Use “Spectrometry and
Chromatography” of the FRC IBSS. The mass spectrometer was calibrated using

9 RD 52.10.243-92, 1993. Guidelines for the Chemical Analysis of Marine Waters. Saint Peters-
burg: Gidrometeoizdat, 264 p. (in Russian).

® PND F 16.2.2:2.3.71-2011, 2011. Method for Measuring Mass Fractions of Metals in Sewage
Sludge, Bottom Sediments, Samples of Plant Origin by Spectral Methods. Moscow: Federal Center
for Analysis and Assessment of Technogenic Impact (in Russian).

) GOST R 56219-2014, 2015. Water. Determination of the Content of 62 Elements by Induc-
tively Coupled Plasma Mass Spectrometry. Moscow: Standartinform, 36 p. (in Russian).
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Fig. 2. State of the Kacha (a), Belbek (b) and Chernaya (c) Rivers
during sampling: the flood period (left) and low-water period (right)

a standard solution “Calibration Standard Multi-element 1V-28, HNOs/HF, 125
mL” (Inorganic Ventures) by constructing a calibration curve using solutions with
dilutions of the standard covering the entire range of concentrations of the deter-
mined elements. The measurement procedure included at least seven replicates
for each measured element in each sample. The measurement time was determined
by the intensity of the detector response to the presence of a particular element
in the solution and varied from 0.01 to 0.1 s. For all measured elements, the rela-
tive measurement error was determined, which did not exceed 10%.

To assess the degree of pollution of river waters, the obtained concentrations
of elements were compared with the maximum permissible concentrations (MPC)
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established by SanPiN 1.2.3.3685-2% for surface water bodies used for domestic
drinking and cultural-household use (MPCpp), as well as with the MPC for harmful
substances in water bodies of fishery importance (MPCrsn), recommended by
the order of the Federal Agency for Fisheries (Rosrybolovstvo) . For comparison
with foreign standards, the Dutch standards were used %,

Unlike Russian regulatory documents, the Dutch standards regulate not only
the concentrations of dissolved forms of trace elements in water (MPCps), but also
their total concentrations (MPC:), including their dissolved and suspended forms.
This is especially relevant during the flood period, when river water turbidity in-
creases sharply. The standard values from the above-mentioned documents for
a number of elements are given in Table 1.

River water quality was assessed by calculating the index of water pollution
(IWP) for priority pollutants ™. Priority pollutants included those elements for
which the ratio of the measured concentration to the MPC was the highest. In cases
where the concentrations of all elements did not exceed the MPC, the elements
with values closest to the standard were included among the priority ones. The IWP
necessarily includes indicators such as dissolved oxygen and biochemical oxygen
demand over five days (BODs). In the present work, these indicators were not as-
sessed, and the IWP was calculated exclusively for the content of heavy metals
in water (IWPwum) according to the formula [9]

Lyn _G

IWP = L —
HM = &i=1 yipc,

where C; is the actual concentration of the i-th pollutant metal; MPC; is the maxi-
mum permissible concentration of the i-th pollutant metal; n is the number of prior-
ity pollutant metals. MPCrish was applied as the MPC, and in the absence of this in-
dicator for any element, MPCpp or MPCps was used.

The parameter n in the formula should not exceed 6 and is usually taken as 4—
6. In the present work, n = 6.

® SanPiN 1.2.3.3685-21, 2022. Hygienic Standards and Requirements for Ensuring the Safety
and (or) Harmlessness of Environmental Factors to Humans (as amended on December 30, 2022)
(in Russian).

9 Order of the Federal Agency for Fisheries (Rosrybolovstvo) No. 296 dated May 26, 2025.
On Approval of Water Quality Standards for Water Bodies of Fishery Importance, Including Standards
for Maximum Permissible Concentrations of Pollutants in Waters of Water Bodies of Fishery Importance
(in Russian).

19 Warmer, H. and van Dokkum, R., 2002. Water Pollution Control in the Netherlands. Policy
and Practice 2001. RIZA report 2002.009, 76 p. Available at: https://edepot.wur.nl/674312 (date of
access: 28.02.2026).

) Temporary Methodological Recommendations for the Comprehensive Assessment of
the Quality of Surface and Marine Waters by Hydrochemical Indicators. Moscow: State Committee
for Hydrometeorology of the USSR, 8 p., 1986 (in Russian).
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Table 1. Maximum permissible concentrations (MPC) of some elements
in surface waters according to various standards

Element | 0T e MPCos P
Pb 10 6 1 220
Cu 1000 1 15 38
Zn 5000 10 9.4 40
Ni 20 10 5.1 6.3
Co 100 10 2.8 3.1
% 100 1 43 51
As 10 50 25 32
Ag 50 - 0.08 -
Mo 70 1 290 300
Cd 1 5 0.4 2
Se 10 2 53 5.4
Sb 5 - 6.5 7.2
Fe 300 100 _ _
Be 0.2 0.3 0.2 0.2
Tl 0.1 - 1.6 17

Note: MPCpp — maximum permissible concentration of the element in water of
surface water bodies for domestic and drinking water use; MPCyssn — MPC of the
element in fisheries; MPCps — MPCs from Dutch standards; MPCio — total MPCs
of elements.

Water quality classification was carried out according to the scale ¥, where
the obtained IWP values correspond to the following classes:

— less than or equal to 0.3 — very clean water, Class I;

—more than 0.3 to 1.0 — clean water, Class II;

— more than 1.0 to 2.5 — moderately polluted water, Class Il;

— more than 2.5 to 4.0 — polluted water, Class 1V,

— more than 4.0 to 6.0 — dirty water, Class V;

— more than 6.0 to 10.0 — very dirty water, Class VI;

— more than 10.0 — extremely dirty water, Class VII.
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Results and discussion

The change in the content of trace elements in river water during the flood pe-
riod is primarily associated with an increase in the suspended matter concentration,
which can increase many times compared to the low-water period. These changes
are visible to the naked eye — the water in the rivers becomes turbid, and transpar-
ency sharply decreases (Fig. 2).

The composition and amount of suspended matter can vary greatly in different
rivers or in different periods in the same river. During the flood period in mountain
rivers, characterized by high flow velocity, suspended matter is predominantly rep-
resented by lithogenic material due to the influx of terrigenous runoff, erosion of
the flooded shoreline, and resuspension of bottom sediments.

Analysis of field observations and measurement results showed that during the
dry period (July 2024), the concentrations of total suspended matter in the water of
the Kacha, Belbek, and Chernaya Rivers were low and ranged from 2.5 to 3.2 mg-L™
(Fig. 3). The photographs (Fig. 2, right) reveal that the water in the rivers was clear.
During the flood period, the suspended matter concentration in the Chernaya River
increased by 2.5 times, while in the Kacha and Belbek Rivers this indicator in-
creased by more than 100 times (Fig. 3).

Suspended matter in river water can be both a source of trace elements, which
can be transferred into dissolved forms through leaching from suspension particles,
and a sorbent for dissolved trace elements from water. Different trace elements
may behave differently with respect to suspended matter. Thus, complex processes
of redistribution of trace elements in water between dissolved forms and forms as-
sociated with suspended matter occur [10].

According to the obtained data, the observed concentrations of all regulated
trace elements in river water did not exceed MPCpp. Comparison of the results
with the standard concentration values for water bodies of fishery importance revealed
a number of exceedances. Concentrations of dissolved copper (1.06-1.83 pg-L™
at MPCrish = 1 pg-L™") exceeded the standard in all river water samples in both sea-
sons, except for the summer sample from the Chernaya River. Concentrations of
dissolved zinc (21.84-66.36 pug-L™" at MPCgish = 10 pug-L™") were above the MPC
during the spring sampling in all rivers and in summer in the Kacha River (Fig. 4).

Cray, Mg-L” March = July
1000 1 426.7 3578
100 A
Fig. 3. Concentration of total sus-
10 - 82 pended matter (Crsm) in the Kacha,
[ ﬁ Belbek and Chernaya Rivers in March
. “ 25 32 (flood) and July (low-water period)
Kacha River I Belbek River I Chermnaya River 2024
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Fig. 4. Concentrations of dissolved copper (left) and zinc (right)
in the Kacha, Belbek and Chernaya Rivers during flood (March) and
low-water (July) periods of 2024

Analysis of total trace element concentrations showed that in the water of
the Kacha and Belbek Rivers during the flood period, exceedances of MPC, were
recorded for nickel (12.79 and 9.27 pg-L™' at MPCt = 6.3 pg-L™"), copper (9.45
and 6.88 pg-L™" at MPCyt = 3.8 pg-L™), zinc (47.93 and 44.44 pg-L™" at MPCyt =
40 pg-L™"), and vanadium (8.43 and 6.25 pg-L™' at MPCyt = 5.1 pug-L™"), and
in the Kacha River — also for cobalt (3.17 pug-L™" at MPCyt = 3.1 pug-L™") and beryl-
lium (0.22 pg-L™" at MPCyt = 0.2 pg-L™") (Fig. 5). In the Chernaya River, an ex-
ceedance of MPCi was found only for zinc (68.64 pg-L™" at MPCit = 40 ng-L™)
in the spring season.

Concentrations of the other studied elements did not exceed the established
standards and in most cases amounted to less than 20% of the corresponding MPCs
(Fig. 6).

It should be noted that when analyzing the total concentrations of trace ele-
ments in water, a greater number of critical elements whose concentrations exceed-
ed the MPC were recorded than when analyzing their dissolved forms. This indi-
cates that trace elements associated with suspended matter have a significant im-
pact on water quality in rivers, and consequently, on the well-being of aquatic or-
ganisms inhabiting them and on the safety of using river water by the population
for economic purposes.

To assess water quality with respect to heavy metals and other trace elements,
indices of water pollution (IWPuwm) were calculated for dissolved forms and total
concentrations in water (Table 2). The calculation included six elements whose
concentrations exceeded the MPC in at least one case — zinc, copper, cobalt, nickel,
vanadium, and beryllium.

Analysis of the results revealed that when assessing the dissolved forms of
trace elements in the Kacha and Belbek Rivers during the flood period, no deterio-
ration in water quality was observed — it remained clean (Class Il). In the Chernaya
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Fig. 5. Total concentrations of trace elements in the Kacha, Belbek
and Chernaya Rivers during the flood (March) and low-water (July)
periods of 2024

River, the result was different: during the flood period, water quality with respect
to dissolved metal forms deteriorated to Class 11l (moderately polluted) compared
to Class | (very clean) in the dry period. This result is explained by the anomalous-
ly high concentration of dissolved zinc, which exceeded MPCsisn by 6.6 times
during the flood period.

The IWPuwm calculated from the total metal concentrations in water unequivo-
cally indicates a lower quality of river waters during the flood period compared to
the dry period. In the Kacha and Belbek Rivers, water quality during the flood pe-
riod was defined as “moderately polluted” (Class III), and in the Chernaya River —
as “clean” (Class II). During the dry period, water quality in all studied rivers was
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Fig. 6. Relative concentrations of dissolved forms (Cd/MPCd) and relative total
concentrations (Ct/MPCt) of trace elements in the Kacha, Belbek and Chernaya Rivers
during the flood (March) and low-water (July) periods of 2024

defined as “very clean water” (Class I). The obtained IWPum values correlate with
the concentration of suspended matter in the rivers.

The performed water quality assessment of the rivers under study shows that
it is advisable to study not only the concentrations of dissolved forms of trace ele-
ments, but also their total concentrations in water.

Sedimentation processes in aquatic ecosystems play an important role
in the self-purification of the aquatic environment from pollutants and in ensuring
water quality [11, 12]. Therefore, when assessing the ecological state of aquatic
ecosystems, it is important to study the accumulation properties of suspended mat-
ter with respect to pollutants of various types. In the water of the Kacha, Belbek,
and Chernaya Rivers, in addition to the amount of total suspended matter and
the concentration of trace elements associated with suspended matter, the contribution
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Table 2. Water quality assessment in the Kacha, Belbek and Chernaya Rivers in rela-
tion to trace elements during the flood (March) and low-water (July) periods of 2024

Kacha River Belbek River Chernaya River

Assessment criterion
March July March July March July

Dissolved form

IWPHm 0.7 1.0 0.6 0.4 1.4 0.3
Water quality class I I I I 1 [

Total content

IWPHm 1.6 0.3 1.2 0.2 0.4 0.1
Water quality class Il | Il | 1 |

Note: IWPnm — index of water pollution with heavy metals.

of suspended forms of elements to their total content in water was assessed, and
concentration factors were calculated to evaluate the accumulation properties
of suspended matter with respect to 15 trace elements, including heavy metals.

The ratios of dissolved and suspended forms of trace elements in the Kacha,
Belbek, and Chernaya Rivers during the flood and dry periods are shown in Fig. 7
and Fig. 8, respectively. Analysis of the results revealed that these ratios have only
slight differences in the different studied rivers within the same study period and
describe the general trends of the redistribution of trace elements between their dis-
solved forms and the forms associated with suspended matter [13, 14].

During the flood period, most elements are characterized by a predominance
of suspended forms (Fig. 7). Exceptions are zinc, molybdenum, cadmium, and sil-
ver, for which the ratio of forms is closer to the average values. Slightly different
results were obtained during the flood period in the Chernaya River — here, dis-
solved forms dominated for half of the elements. This is probably due to the fact
that the amount and composition (ratio of lithogenic and biogenic components) of
suspended matter in the Chernaya River and in the Kacha and Belbek Rivers differ
significantly.
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Fig. 7. Contribution of dissolved and suspended forms to the total content
of trace elements in the Kacha, Belbek and Chernaya Rivers during the flood
(March 2024)
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During the dry period, the predominance of dissolved forms is characteristic of
most trace elements, and the distribution itself differs little among the studied
rivers (Fig. 8). During this period, iron, beryllium, and lead are mainly found
in suspended form. For cobalt, arsenic, cadmium, and thallium, the distribution
between dissolved and suspended forms is approximately equal.

A quantitative assessment of the accumulation capacity of suspended matter
regarding trace elements was carried out by calculating the concentration factor
(Cs), which shows the ratio of the concentration of an element in suspended matter
to its concentration in dissolved form.

The large values of the concentration factor of most trace elements for sus-
pended matter indicate its high accumulation capacity, and consequently, its signif-
icant role in the redistribution of substances entering river ecosystems [10].

On the one hand, suspended matter contributes to the rapid removal of pollu-
tants from the aquatic environment as a result of sedimentation. On the other hand,
during hydrodynamic processes, pollutants associated with suspended matter can
be transported to other parts of the river, and also be carried out of the river ecosys-
tem by the water flow. As noted earlier, resuspension of bottom sediments can lead
to desorption of substances from bottom sediment particles, which leads to second-
ary pollution of river waters. The efficiency of all these processes concerning
a specific element largely depends on the ability of suspended matter to accumulate
that element [10, 14]

As evidenced by the data presented in Fig. 9, the Cs values for different ele-
ments differed by four orders of magnitude. The lowest C¢ values (n-10°) were not-
ed for zinc, molybdenum, silver, cadmium, and antimony during the flood period
in the Kacha and Belbek Rivers. In the Chernaya River, Cs for these elements was
an order of magnitude higher, indicating a different composition of suspended mat-
ter in this river during the flood period. The highest Ct values (n-10°-n-10") were
obtained for iron in both seasons and for lead in the dry season. Accordingly,
the smallest and largest transport fluxes of these elements with suspended matter
will be formed [8]. For the remaining trace elements (vanadium, cobalt, nickel,
copper, arsenic, and thallium), the concentration factors Ct were in the range
of n-10*-n-10°.

In general, for all rivers, similar Cs values of elements in the suspended
matter of river water can be noted for both the flood period and the dry season.
The studied elements can be arranged in a series in decreasing order of Cy:
Fe>Co>V>Pb>As>TI>Ni>Cu>Sb>Mo>Ag>Cd>Zn - during the flood
period; Fe>Pb>Cd>TI>As>Co>Sb>V>2Zn>Se>Cu>Ag>Ni>Mo -
during the dry period. Concentration factors for beryllium by suspended matter
could not be estimated due to its low, undetectable dissolved concentrations
in water.
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Fig. 9. Concentration factors of trace elements by suspended matter in the Kacha,
Belbek and Chernaya Rivers during the flood (March) and low-water (July) periods
of 2024

Conclusion

The high interest in studies of the pollution of ecosystem components
in the Sevastopol rivers Kacha, Belbek, and Chernaya is due to the fact that these
rivers are the main sources of fresh water in the region and are used for drinking
water supply to Sevastopol. In the analysis of river water quality carried out
by Roshydromet, only dissolved forms of trace elements are determined, without
taking into account those associated with suspended matter.

When assessing water quality by dissolved forms, exceedances of MPCyssn
were recorded only for copper (in all samples except the summer one in the Cher-
naya River) and zinc (in all rivers in spring and in the Kacha River in summer).
Analysis of total trace element concentrations in water revealed a greater number
of pollutants during the flood period: in the Kacha and Belbek Rivers, exceedances
of MPCi: were noted for copper, zinc, nickel, vanadium, as well as beryllium and
cobalt (only in the Kacha River).

Assessment of water quality by IWP with respect to the studied trace elements,
performed considering their total concentrations in water, showed a deterioration
in river water quality during the flood period by 1-2 classes — from very clean wa-
ter (Class 1) to clean water (Class II) (in the Chernaya River) and to moderately
polluted water (Class Ill) (in the Kacha and Belbek Rivers). This indicates that
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trace elements associated with suspended matter have a significant impact on water
quality in rivers (especially during the flood period), and consequently, on the well-
being of aquatic organisms inhabiting them and on the safety of using river water
by the population for economic purposes.

Analysis of the distribution of trace elements in the water — suspended matter
system revealed that suspended matter plays an important role in the self-purification
of river ecosystems from trace elements, including a number of heavy metals and
metalloids. The values of the concentration factor Csof elements in suspended mat-
ter for different elements varied by four orders of magnitude from n-10° (zinc, mo-
lybdenum, silver, cadmium, and antimony) to n-10’ (iron, lead). This indicates
the high accumulation capacity of suspended matter, and consequently, its signifi-
cant role in the redistribution of trace elements entering river ecosystems.

It was determined that the flood period significantly affects the content of trace
elements in river water, especially in the Kacha and Belbek Rivers, where the con-
centration of total suspended matter increases substantially, and some portion of
trace elements associated with suspended matter may transfer into dissolved form.
During this period, for the safe use of river water for economic purposes, it is nec-
essary to pre-filter or let it settle. Furthermore, it is advisable to monitor the content
of copper and zinc as critical elements in all studied rivers regardless of the season.

The obtained results can be applied in developing measures for preventing
chemical pollution of river waters used as the main source of water supply for
the population, with regard to water quality deterioration during the flood period.

REFERENCES

1. Degterev, A.Kh., 2022. [Filling Capacity of Crimean Reservoirs During the Closure of
the North Crimean Canal]. Sevastopol: SevGU, 70 p. (in Russian).

2. Kuksina, L.V., Golosov, V.N., Zhdanova, E.Yu. and Tsyplenkov, A.S., 2021. Hydrologi-
cal and Climatological Factors of Extreme Erosion Events in the Crimean Mountains.
Vestnik Moskovskogo Universiteta. Seria 5, Geografia, (5), pp. 36-50 (in Russian).

3. Nikolenko, I.V., Kopachevskii, A.M. and Karimov, E.A., 2022. Analysis of the Filling
of Naturally Flowing Reservoirs for Substantiating Ways to Solve the Problems of Wa-
ter Supply Security in the Republic of Crimea and City of Sevastopol. Water Re-
sources, 49(4), pp. 567-581. https://doi.org/10.1134/S0097807822040157

4. Istomina, M.N., Kocharyan, A.G., Lebedeva, I.P. and Nikitskaya, K.E., 2004. [Ecolog-
ical Consequences of Floods]. Inzhenernaya Ekologiya, (4), pp. 3-19 (in Russian).

5. Demidov, V.V. and Mushaeva, T.l., 2014. [The Impact of Erosion Processes During
the Spring Snowmelt on the Chemical Composition of River Runoff]. Prioritetnye
Nauchnye Napravlenia: Ot Teorii k Praktike, (10), pp. 71-76 (in Russian).

6. Mushaeva, T.l. and Demidov, V.V., 2015. Regularities of Formation and Erosion Pro-
cesses During Spring Snowmelt on the Territory of Agrolandscape and Their Impact
on the Quality of River Water. Live and Bio-Abiotic Systems, (11), 9 (in Russian).

7. Krzhizh, L., Vittlingerova, Z., Pashkovskii, I.S. and Khaloupka, D., 2006. Impact of
Flood Situations on the Water Quality in Subsurface Sources of Water Supply.
Geoekologiya. Inzhenernaya Geologiya, gidrogeologiya, geokriologiya, (5), pp. 440—
445 (in Russian).

102 Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2026



8. Malakhova, L.V., Proskurnin, V.Yu., Egorov, V.N., Chuzhikova-Proskurnina, O.D.
and Bobko, N.I., 2020. Trace Elements in the Chernaya River Water and Evaluation
of their Income with the Riverine Inflow into the Sevastopol Bay in Winter 2020.
Ecological Safety of Coastal and Shelf Zones of Sea, (3), pp. 77-94.
https://doi.org/10.22449/2413-5577-2020-3-77-94 (in Russian).

9. Chuzhikova-Proskurnina, O.D., Proskurnin, V.Yu., Tereshchenko, N.N. and Kobechin-
skaya, V.G., 2022. Heavy Metals in the Coastal Waters of Russian Sector of the Black
Sea and the Sea of Azov. Ekosistemy, (31), pp. 111-122 (in Russian).

10. Egorov V.N., 2019. Theory of Radioisotope and Chemical Homeostasis of Marine
Ecosystems. Sevastopol: IBSS, 356 p. (in Russian).

11. Egorov, V.N,, Gulin, S.B., Malakhova, L.V., Mirzoeva, N.Yu., Popovichev, V.N., Te-
reshchenko, N.N., Lazorenko, G.E., Platitsina, O.V., Malakhova, T.V. et al., 2018. Rating
Water Quality in Sevastopol Bay by the Fluxes of Pollutant Deposition in Bottom Sedi-
ments. Water Resources, 45(2), pp. 222—230. https://doi.org/10.1134/S0097807818020069

12. Egorov, V.N., Gulin, S.B., Malakhova, L.V., Mirzoeva, N.Yu., Popovichev, V.N.,
Tereshchenko, N.N., Lazorenko, G.E., Plotitsina, O.V., Malakhova, T.V. et al., 2018.
Biogeochemical Characteristics of the Sevastopol Bay Sedimentation Self-Purification
from Radionuclides, Mercury and Chlorogenic Contaminants. Marine Biological Jour-
nal, 3(2), pp. 40-52 (in Russian).

13. Savenko, V.S., 2006. [The Chemical Composition of Suspended Sediment of the Riv-
ers of the World]. Moscow: GEOS, 173 p. (in Russian).

14. Gordeev, V.V., 2018. Features of River Flow Geochemistry in the Black Sea. In:
Lisitsyn, A.P., ed., 2018. The Black Sea System. Moscow: Nauchny Mir, pp. 247-286
(in Russian).

Submitted 26.06.2025; accepted after review 06.08.2025;
revised 18.12.2025; published 31.03.2026.

About the authors:

Olga D. Chuzhikova, Junior Researcher, A. O. Kovalevsky Institute of Biology of
the Southern Seas of RAS (2, Nakhimov Ave., Sevastopol, 299011, Russia), ORCID ID:
0000-0002-4518-2624, Scopus AuthorlID: 57205198922, ResearcherlID: X-4583-2019,
chuzhikova@ibss-ras.ru

Vladislav Yu. Proskurnin, Researcher, A. O. Kovalevsky Institute of Biology of the South-
ern Seas of RAS (2, Nakhimov Ave., Sevastopol, 299011, Russia), ORCID ID: 0000-
0002-2176-9228, Scopus Author ID: 55653290000, ResearcherID: H-4611-2018,
v_proskurnin@ibss-ras.ru

Artem A. Paraskiv, Researcher, A. O. Kovalevsky Institute of Biology of the Southern
Seas of RAS (2, Nakhimov Ave., Sevastopol, 299011, Russia), PhD (Biology), ORCID
ID: 0000-0001-9874-5382, Scopus Author ID: 57205196196, ResearcherID: K-1314-2018,
paraskiv@ibss-ras.ru

Natalya Yu. Mirzoeva, Leading Researcher, Head of the Department of Radiation and
Chemical Biology, A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS
(2, Nakhimov Ave., Sevastopol, 299011, Russia), PhD (Biology), ORCID ID: 0000-
0002-8538-2436, Scopus Author ID: 55623414000, ResearcherlID: Q-9393-2016,
mirzoyevanyu@ibss-ras.ru

Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2026 103



Contribution of the authors

Olga D. Chuzhikova — participation in expeditions, sample preparation and chemical anal-
ysis for determining trace element concentrations, analytical data processing, writing
the manuscript, article formatting

Vladislav Yu. Proskurnin — participation in expeditions, performing chemical analysis
and measuring concentrations for trace element determination, analytical data processing,
editing the article

Artem A. Paraskiv — participation in expeditions, sampling and sample preparation, partic-
ipation in chemical analysis for determining trace element concentrations, editing the article

Natalya Yu. Mirzoeva — setting the goal and objectives, analysis of the obtained results,
discussion of the results, editing the article

All the authors have read and approved the final manuscript.

104 Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2026



ISSN 2413-5577, Ecological Safety of Coastal and Shelf Zones of Sea, 2026, No. 1, pp. 105-113.

Original paper

Long-Term Dynamics of Sea Surface Temperature
in the Area of the Oyster and Mussel Farm
(Outer Harbour of Sevastopol)

M. A. Popov
A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS, Sevastopol, Russia

e-mail: mark.a.popov@mail.ru

Abstract

The paper uses long-term in situ measurement data for 2000-2024 to analyse sea surface
temperature variability in the water area near the oyster and mussel farm near the eastern
cape of Karantinnaya Bay (Cape Lokhanochka, Sevastopol). This study is a continuation of
previously published data for 2000 to 2013. Sea surface temperature measurements were
taken once daily using a TM-10 mercury meteorological thermometer. Verification was
performed using standard publicly available data from the Chersonesus Lighthouse Marine
Hydrometeorological Station. Data comparison revealed similar results at these two obser-
vation points. Long-term (25 years) observations in the area of Cape Lokhanochka showed
significant sea surface temperature fluctuations on interseasonal and interannual scales.
The difference between the maximum and minimum sea surface temperatures over the en-
tire measurement period reached 26°C. The maximum absolute sea surface temperature
value (29.8°C) was recorded on 12 August 2010, and the minimum (3.8°C) was registered
on 24 January 2006. The average long-term sea surface temperature for the observation
period was 15.9 + 0.2°C. The year of 2024 was noted to be the warmest year in terms of
average annual sea surface temperature (17.6 £ 0.7°C), breaking the record of the previous
extreme year of 2010 (17.1 £ 0.7°C). The magnitude of the positive linear trend in average
annual sea surface temperature was 0.07°C/year. It was noted that climatic sea surface tem-
perature seasons lagged behind the atmospheric ones by one month, whereas the summer
season increased to four months due to September. Spring was reduced to two months.
It is shown that an increase in winter sea surface temperature values prevents the formation
of the cold intermediate layer in its classical definition (temperature <8°C). The paper pre-
sents average monthly sea surface temperatures for the entire observation period.
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Black Sea, coastal zone, cold intermediate layer, climate trend
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MHoro/ieTHsIs AMHAMMKA TeMIIEPATYPbI IOBEPXHOCTH MOPH
B paiioHe YCTPUYHO-MUAMHHON (pepMbI
(BHerHMH peiig ropoaa CeBacTonoJin)

M. A. IlonoB

OI'BYH QUL «Uncmumym 6uonocuu woxcrvix mopeil umenu A. O. Kosanesckoeo PAH»,
Cesacmononw, Poccus

e-mail: mark.a.popov@mail.ru

AHHOTALMSA

Ha ocHoBe MHOroneTHUX KOHTakTHBIX M3MepeHui 2000-2024 rr. mpoaHanu3upoOBaHA U3-
MEHYHMBOCTb TEMIIEPAaTyphl TOBEPXHOCTH MOps B paliOHE YCTPUIHO-MUAWHHON (epMBI,
pacnonoxeHHOH y BocTouHoro Meica KapanTtuaHO# OyxThl (MbIc JloxaHouka, r. CeBacTo-
mo1s). Pabora mpomomkaer omy0iaukoBaHHBIE paHee uccienoanns 3a 2000-2013 rr. Tem-
neparypy MOBEPXHOCTH MOPsI U3MEPSAIN OAMH pa3 B CyTKH METEOPOJIOTHYECKUM PTYTHBIM
tepmomerpoM TM-10. Bepudukaiius Oblia mpoBeacHa MO CTAHAAPTHBIM ITaHHBIM HaO0JIO0-
JCHUH MOPCKOH T'HIPOMETEOCTAHIINH «XEPCOHECCKUI Masiky», OIyOJIMKOBAHHBIM B OTKPHI-
Tol mevyatd. CpaBHEHHE NAHHBIX MOKA3al0 CXOJIHBIE PE3YJbTaThl B 3THUX JBYX ITyHKTaxX
HaOmonenus. MHoronetHue (25 ner) HaOmoneHus B paiione M. JloxaHouka Hokasaiu 3Ha-
YUTCIbHBIC KOJ'Ie6aHI/lH TEMIIEPATYPhbl NIOBEPXHOCTH MOPA HAa MEKCE30HHOM U MEKI'OJOBOM
Macmrabax. PazHoCcTh MeXly MakCUMaJIbHOW W MUHUMAJILHOM TeMIlepaTypaMy ITOBEPXHO-
CTH MOpSI 3a Bech IepuoJ] u3mMepenuit gocrurana 26 °C. MakcumaibHOe abCONIOTHOE 3Ha-
YeHHe TeMmreparypbl noBepxHocTH Mops (29.8 °C) 3adukcupoBanHo 12 asrycra 2010r.,
a muauMainsHoOe (3.8 °C) — 24 suBaps 2006 r. CpeTHEMHOTOJICTHSISI TEMIIepaTypa MOBepX-
HOCTH MOpsI 3a mepuoj HabmonaeHus cocraBmia (15.9 £0.2) °C. Otmedeno, uro 2024 r.
CTaJl MAaKCHMaJbHO TEIUIBIM II0 CPEIHETOJOBOH TEMIIEpaType ITOBEPXHOCTH MOpS —
(17.6 £ 0.7) °C, mobuB pexopn mpensigymiero 3kcrpemansroro 2010 . — (17.1 +0.7) °C.
IIon0XUTENbHBIN JTUHEHHBIA TPEHI CPEIHErOJOBOM TEMIEPATYPbl IOBEPXHOCTH MOPS pa-
BeH 0.07 °C/rox. OTMedeHO, YTO KIMMATHYECKHE CE30HBI TeMIIepaTyphl MOBEPXHOCTH
MOps 3ana3ibIBalOT OTHOCHUTECIIBHO aTMOC(I)epHBIX Ha OAWH MECAL, a JICTHUHM CE30H YBEJIN-
YHIICS JI0 YETBIPEX MECSLEB 3a cYeT CeHTsIOps. BecHa cokpamaercst 1o aByx mecsies. [loka-
3aHO, YTO IOBBIIIEHUE 3UMHUX 3HAYEHUI TEMIIEPATypbl IOBEPXHOCTH MOPSI IPEMATCTBYET
(hOpMHPOBAHUIO XOJIOJJHOTO IPOMEXYTOUYHOI'O CJIOS B €ro KJIACCHYECKOM IOHUMaHHU
(remneparypa < 8 °C). IlpuBeneHbl cpeHeMeCSYHbIE 3HAYECHUsSI TEMIEPaTypbl MOBEPXHO-
CTH MODsI 32 BECh IIEpUO HaOIIOICHUSL.

KuiloueBble cioBa: cpeiHerofoBas TeMmIeparypa, TeMmIepaTrypa HNOBEPXHOCTH MOpS,
KOHTaKTHBIC m3MepeHus1, UepHoe Mope, IpuOpeKHBIe 30HbI, XOIOIHBIH MPOMEXKYTOIHBIH
CJIOM, KNMMaTUYECKUN TPEHA,

BaaropapHocTu: padora BeinoiHeHa B pamkax roczafganus ®I'BYH OUI] MHBIOM mo teme:
«KomrekcHoe ucclieIoBaHue MEXaHU3MOB (PYHKIIMOHUPOBAHUSI MOPCKUX OMOTEXHOJIOTH-
YEeCKUX KOMIUIEKCOB C LEJBIO TOJTyYeHNs] ONOJIOTUYECKH aKTUBHBIX BEIECTB U3 THAPOOHO-
HTOB» (2024-2026 1T.) Ne 124022400152-1.
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Introduction

Seawater temperature is the most significant factor impacting marine biota.
This was noted by S. A. Zernov in one of the first classical works on hydrobiology
[1]. Subsequent studies confirmed this conclusion, showing that water temperature
exerts a dominant influence on the distribution of organisms, their behavior, physi-
ology, reproduction, and biochemistry [2, 3].

Recently, remote sensing methods have become popular, operational, and fair-
ly accurate tools for measuring sea surface temperature (SST). However, in coastal
waters, where the largest errors in temperature measurement by remote methods
occur [4], contact methods for measuring SST remain relevant.

We will leave aside debates about the existence or absence of global warming.
This work does not aim to analyze global climate change. The local nature of
the observations allows for the assessment of regional trends but does not provide
a basis for extrapolation to a global scale. According to data from [5], a 25-year
time series is quite sufficient for assessing the climatic norm and calculating inter-
annual trends; however, it does not allow us to predict whether the warming trend
will continue in the future or be replaced by a cooling trend after the warming peak
has passed.

This paper focuses on the long-term variability of SST on seasonal and inter-
annual scales in a specific area off the coast of Sevastopol.

An oyster-mussel farm is located in the area under consideration. The applied
significance of this water area has led to numerous hydrobiological studies by re-
searchers from the IBSS (A. O. Kovalevsky Institute of Biology of the Southern
Seas of RAS, Sevastopol, Russia) and other scientific institutions. During these
works, a large amount of experimental data has been accumulated and important
results have been obtained [6—8]. Sufficiently long time series make it possible
to assess the interannual variability of SST, calculate linear trends, and identify
the long-term average seasonal variability of SST. These estimates are necessary
for the successful management of the oyster-mussel farm and for identifying pat-
terns in the temporal variability of the productivity of shellfish aquaculture species.
The results of this work will also be useful to hydrobiologists conducting research
in the water area adjacent to the area under consideration.

The aim of this work is to study the long-term dynamics of SST in the area
of Cape Lokhanochka (nonofficial geographic name) based on contact measure-
ments.

Materials and methods

SST was measured in the area of Cape Lokhanochka from 2000 to 2024 daily
at 12:00 local time on working days using a TM-10 meteorological mercury ther-
mometer according to the method D In favorable weather, measurements were car-
ried out at point /. During stormy winds, icy conditions, or rain, when observations
at point / involved a risk, observations were carried out at point 2 (Fig. 1).

D Ivanov, G.S., ed., 1977. Guidelines for Hydrological Surveys in Oceans and Seas. Leningrad:
Gidrometeoizdat, 725 p. (in Russian).
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Fig. 1. Layout of observation points [9]

A total of 4449 SST measurements were carried out. Minor gaps of 1-2 days
were filled using average values calculated from the nearest SST measurements [10].
For longer gaps, data for the nearest representative point (usually Pobedy Park
Beach, Sevastopol) from the website https://watsen.info/ were used. The observa-
tions were verified by comparing the average monthly measured SST in the Cape
Lokhanochka area with data from [11], obtained at the Chersonesos Lighthouse
Marine Hydrometeorological Station (Fig. 2). Statistical processing was performed
using the Microsoft Excel software package.

Results and discussion

SST was measured once a day, so the question of data verification arose.
For comparison, publicly available observational SST data [11] from the nearest
Chersonesos Lighthouse Marine Hydrometeorological Station, located in the open
sea, were used. These were compared with the data obtained in the Cape Lokha-
nochka area. The verification showed similar results at these two observation points
(Fig. 2). The maximum discrepancy was recorded in June 2000 and amounted
to 1.1°C. The lower SST values in the Cape Chersonesos area can be explained by
the activation of upwelling in this region.

The Black Sea, particularly the waters adjacent to the southwestern part of
the Crimean Peninsula, is characterized by significant intra-annual variability in SST.
The main factor determining this variability is solar radiation, which reaches its
maximum in the summer months and its minimum in winter [12]. The difference
between the maximum and minimum SST values over the entire measurement pe-
riod reached 26°C. The maximum absolute SST value (29.8°C) was recorded

on August 12, 2010, and the minimum (3.8°C) was recorded on January 24, 2006.
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Fig. 2. Average monthly sea surface temperatures (SST)
in the vicinity of Cape Chersonesos [11] and Cape Lokha-
nochka

The intra-annual course of average monthly SST values over the 25-year peri-
od is shown in Fig. 3. The average SST was calculated from data for each month
over 25 years. The minimum and maximum SST values correspond to the absolute
minimum and maximum temperatures recorded in each month over the entire ob-
servation period. The winter months (January, February, and March) are character-
ized by low average temperatures, with a minimum in February. In spring, from
April to May, intensive warming of the water column occurs under the influence of
solar radiation. In the summer months (June — September), SST reaches its maxi-
mum values, with August being the warmest month. September can also be consid-
ered part of the summer season: temperatures in this month are close to those in
June, and sometimes exceed them.

A shift of seasonal phenomena by approximately one month relative to land
was recorded. Therefore, October, November, and December are considered au-
tumn months. During this period, the surface layer of the sea cools monotonically.
The largest standard deviations from the average monthly SST values were ob-
served in May and June due to intra-monthly heterogeneity in the rate of tempera-
ture increase during the period of intensive warming of the sea surface layer, which
is consistent with an increase in the level of synoptic (intra-monthly) SST variabil-
ity during these months according to satellite data [13]. Isolated significant devia-
tions of minimum temperatures from the monthly averages were recorded in Sep-
tember. Such a deviation can be explained by upwelling events. For instance, on
September 20, 2007, SST reached 20.5°C, and on September 25, 2007, it dropped
to 13.0°C, only to rise to 21.0°C by October 3. According to the authors of [14],
the coastal upwelling was caused by intense winds from the northern quadrant.
Such events are quite rare for this area. Almost all upwelling cases here are latent
and are only detected by variations in the depth of the seasonal thermocline.
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A previous analysis [9] of 13-year SST variability in the Cape Lokhanochka
area revealed a steady positive trend in average annual SST values. Observations
up to the present have confirmed the persistence of this trend. The magnitude of
the positive linear trend in average annual SST for 2000-2024 was 0.07°C/year,
with an approximation reliability of R = 0.546 (Fig. 4).

The long-term average annual SST for 2000-2024 was 15.9 + 0.2°C (here and
below, the error represents the 95% confidence interval). Extremely warm years
were 2010 (17.1 £ 0.7°C) and 2024 (17.6 = 0.7°C). The summer of 2010 was
the warmest over the entire observation period. In 2024, the summer was not ex-
tremely warm, but the average annual temperature was higher due to the other sea-
sons. The years 2018 (16.7 = 0.7°C) and 2020 (16.8 + 0.7°C) can also be consid-
ered warm (Fig. 4).

The coldest years were 2003 (14.5 £ 0.6°C) and 2006 (14.9 £ 0.6°C). A feature
similar to that observed in the warmest years was also noted here. The winter of
2006 was extremely cold, while in 2003, lower temperatures were recorded
throughout the year. The years 2004 (15.0 = 0.6°C) and 2011 (15.2 + 0.6°C) can be
considered cold years. Against the background of the overall warming trend, 2017
(15.7+£0.7°C) and 2022 (16.0 + 0.7°C) can also be considered relatively cold.

Recently, due to the increase in SST, the cold intermediate layer (CIL) in its
classical sense (temperature < 8°C) has almost disappeared [15]. The CIL forms
in winter when the SST drops below 8°C. As can be seen from the table, such SST
values have been observed less and less frequently in recent years. The last renewal
of the CIL occurred only in 2017. An increase in winter SST may lead to a decrease
in the dissolved oxygen content in the CIL core due to a reduction in the intensity
of winter convective mixing [16]. Such exceedances of 8§°C in the CIL core have
been recorded before, in the late 1930s and in 1962-1972 [17].
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Average monthly temperature (°C) of the sea surface

Months
Year
I 11 | v v VI | VI | vIII | IX X XI | XII
2000 | 7.5 74 78 114 164 199 224 244 214 17.1 153 119
2001 | 9.1 76 87 11 155 188 245 27 23 186 124 79
2002 | 74 8.7 9 105 16.1 20.5 235 241 223 188 138 9.8
2003 | 7.7 69 74 92 153 206 226 242 212 16.6 127 10
2004 | 86 74 86 10.8 148 195 224 247 222 175 139 96
2005 | 83 69 73 102 16.1 207 23.6 26.1 235 19.1 146 11.6
2006 | 74 64 79 10.8 152 203 237 248 198 184 133 10.9
2007 | 87 79 81 105 16.6 232 249 264 21.8 184 138 10.1
2008 | 8.6 8 86 11.1 16 21.1 241 249 217 18 153 113
2009 | 83 84 92 11.8 156 212 257 244 218 189 154 123
2010 | 99 89 96 12 174 233 27 28 234 177 153 122
2011 | 93 7.7 7.8 105 158 219 235 242 22 173 12.1 10.1
2012 | 8 59 76 10 182 221 248 247 224 202 158 115
2013 | 87 87 89 11.2 185 225 244 245 207 16.1 13.6 9.8
2014 | 9.1 87 10.1 12,5 17.0 21.7 242 260 226 176 13.1 11.2
20151 93 84 93 108 160 214 238 252 239 188 13.8 10.7
2016 | 8.8 88 9.7 11.8 17.1 225 265 263 237 18.0 129 8.8
2017 | 6.8 74 93 11.0 159 21.7 238 250 231 17.8 133 10.8
2018 | 8.8 84 88 12.8 188 232 256 259 234 189 149 10.7
2019 | 9.1 89 9.1 115 164 244 239 249 226 182 153 11.7
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Continued

Months

Year
1 11 111 I\Y Vv VI VII | VIII | IX X XI | XII

2020 | 9.2 87 98 11.7 155 219 255 250 242 213 158 119
2021 | 103 93 95 11.0 158 209 245 266 224 17.1 14.6 115
2022 | 86 85 &1 106 153 21.2 237 260 23.1 188 188 15.1
2023 | 102 89 95 119 162 220 243 264 242 194 154 135
2024 | 95 98 109 141 169 235 263 264 248 209 160 12.0

Note. The data for 2000-2013 are taken from paper [10].

Conclusion

Analysis of SST in the area of the oyster-mussel farm showed that the warming
trend in 2000-2024 was 0.07°C/year. The same trend was recorded in 2000-2013.
The year 2024 became an extremely warm year (average annual SST 17.6 £ 0.7°C),
surpassing the anomalously warm year 2010 (average annual SST 17.1 + 0.7°C).
However, such high temperatures as those observed in the summer of 2010 were
not observed in the summer of 2024.

The long-term average annual SST for 2000-2024 was 15.9 £ 0.2°C. A shift
in the seasonal cycle of SST relative to the atmospheric seasons by one month and
an extension of the summer season to four months, due to September, were noted.

The increase in winter SST values has led to the degradation of the CIL in its
classical sense. This creates prerequisites for changes in the oxygen regime of
coastal waters and must be taken into account when managing the oyster-mussel
farm in the studied water area.
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Abstract

The paper is devoted to the peculiarities of soil pollution in small seaside towns with resort
specialization using Crimea as a case study. The specifics of soil pollution in resort towns
are related to the active use of motor vehicles, the operation of infrastructure enterprises
and the development of agriculture in adjacent areas. Heavy metals and petroleum products
occupy a leading place among pollutants. The purpose of the work is to assess the level
of soil pollution in the coastal towns of the Southern Coast of Crimea with heavy metals
and petroleum products using the example of Yalta, Alushta and Sudak. The research meth-
odology included soil sampling in different functional zones of the towns and beyond their
limits. Samples for determining background levels were collected at a distance from high-
ways in forested areas. The content of heavy metals in the soil was determined by the X-ray
fluorescence method, and petroleum products by the luminescent-bituminological method.
In the soils of residential areas of the three studied towns, elevated concentrations of lead
(Pb) and zinc (Zn) were recorded. The highest exceedances of background levels for heavy
metals were recorded in Yalta (3.5—4 times). In addition, copper (Cu), strontium (Sr), man-
ganese (Mn) and vanadium (V) actively accumulate in the soils of resort towns of the South-
ern Coast of Crimea. Pb, Zn, Cu, Sr, Mn and V accumulate in the soils of suburban areas
of the Southern Coast of Crimea near highways. The content of petroleum products in soils
is, as expected, higher along major suburban highways than within town limits. The main
source of pollutants is motor vehicles. Their impact increases in the summer season with
the influx of vacationers to the Southern Coast of Crimea, whose number reached 3.85 mil-
lion people in 2021. Another source of pollution is heat and power facilities, including
stoves in low-rise residential buildings. The total pollution index (Zc) indicates a low level
of soil pollution in the studied towns; however, the concentrations of some pollutants ex-
ceed background levels. The results of the study can be used in the environmental monitor-
ing system and in the formulation of regional environmental policy in resort towns.

Keywords: environmental problems of resort towns, soil pollution with heavy metals and
metalloids, petroleum products, Black Sea coast

Acknowledgments: The study was conducted under the state assignment of Lomonosov
Moscow State University “Geographical approach to optimizing environmental man-
agement in sustainable development models” and IBSS state research assignment
(No. 124030100030-0).

© Baranenko A. V., Golubeva E. I., Kashirina E. S., 2026

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

114 Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2026


mailto:e_katerina.05@mail.ru

For citation: Baranenko, A.V., Golubeva, E.I. and Kashirina, E.S., 2026. Pollution of
Crimean Coastal Towns Soil with Heavy Metals and Petroleum Products. Ecological
Safety of Coastal and Shelf Zones of Sea, (1), pp. 114-128.

3arpsizHeHHe MOYB MPUMOPCKHUX ropoaos Kpbima
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AHHOTAIHUSA

Ha npumepe Kprima paccMoTpeHbI 0COOCHHOCTH 3arpsI3HEHHsSI TOYB B HEOOJIBIINX PUMOP-
CKHUX TOpOJIax ¢ KypopTHOH crieranu3anueii. Criennguka 3arps3HeHNs TI0YB TOPOJIOB CBsI-
3aHa C aKTHBHBIM HCIIOJB30BAaHHEM aBTOTpAHCIOpTa, paboToii mpeampuaruii mHbpa-
CTPYKTYDBI M Pa3BUTHEM CEIHCKOTO XO35HCTBA Ha MPHIIETAIONINX TeppuTOpHsx. Benymiee
MECTO CpPEeAHN 3arps3HAIOMINX BEIIECTB 3aHUMAIOT TSKEJIBIE METAUIBI M HE(TETIPOTYKTHI.
Lenp paboThl — OLIEHUTH YPOBEHB 3arpsi3HEHHs 1MOYB ropomoB FOxuoro Oepera Kpeima
TSDKENBIMH MeTaljlaMu W Hedrenpoaykramu Ha mpumepe Sntel, Anymtsel n Cynaka.
Mertoanka MccieIoBaHUs BKIIIOYana 0TOOp MpoO MOUYBBI B Pa3HbIX (DYHKIMOHAIBHBIX 30HAX
TOpoJIoB M 3a MX mpepenamu. [IpoOsl mis omnpeneneHus (QOHOBBIX 3HaYCHHH OTOMpaH
B OTIAJICHUH OT aBTOTpacc B JiecHOH 30He. ConeprkaHue TSHKEIBIX METaJUIOB B IIOYBE OIpe-
JEJSUTA PEHTIeHO(ITYyOPECIIEHTHBIM METOJIOM, HE(TEIIPOYKTOB — JTIOMHHECIIEHTHO-OUTYMH-
HOJIOTMYECKHM METOJIOM. B mo4Bax ceauTeOHBIX 30H TPEX PaCCMOTPEHHBIX TOPOJOB OTME-
YaeTcs NpeBbIIeHNue KoHIeHTpauuii ceuHia (Pb) u mmuka (Zn). MakcuManbHble TIPEBbI-
mieHust (POHOBBIX 3HAUEHHMH TSDKENBIX MeTaioB 3adukcupoBansl B Snrte (B 3.5-4 paza).
Kpome Toro, B mouBax KypopTHbIX ropoaoB KOxnoro 6epera KppiMa akTHBHO aKKyMyJTH-
pytorcst menpb (Cu), crponumit (Sr), mapranen (Mn), Banaguii (V). B mousax mpuropon-
HBIX paiioHoB lOxHoro 6epera Kprsima Bo3ne aBronopor HakammBaiotes Pb, Zn, Cu, Sr,
Mn, V. Coznepxanne He(TEPOLYKTOB B ITOYBAX OXKHUIAAEMO BBIIIE BIOJb KPYIHBIX 3aro-
POAHBIX aBTOTPACC [0 CPABHEHUIO C FOPOACKON 4epTOW. I TaBHBIM MCTOYHUKOM 3arpsi3Hs-
IOLIMX BEIIECTB SBISIETCS] aBTOTPAHCIIOPT. Ero BiMsiHUE BO3pacTaeT B JIETHUI CE30H C MPH-
TokoM Ha FOxHBIN Geper KppiMa OTIBIXarOINX, YHCICHHOCTH KOTOPHIX B 2021 1. moctura-
na 3.85 mutH denoBek. J[pyruM MCTOYHHKOM 3arpsS3HEHUS BBICTYIIAIOT OOBEKTHI TEIUIORHEP-
TETUKH U [IEYHOE OTOIUICHUE MalO3TaKHBIX 37aHuil. CyMMapHBIil MoKa3aTens 3arpa3HeHus
Zc CBUIETENBCTBYET O HU3KOM YPOBHE 3arps3HEHUS MOYB UCCIIELYEMBIX TOPOIOB, OHAKO
KOHILIEHTPALMH HEKOTOPBIX 3arps3HSIONIMX BELIECTB INPEBHIMAOT (OHOBBIE. Pe3ynbraThl
HCCIIEIOBaHHUSI MOTYT OBITH HCIIONIB30BaHBI B CHUCTEME HKOJIOTMYECKOT0 MOHHTOPHHTA,
1py (POPMHUPOBAHUH PETHOHATBHOM 3KOJIOTMYECKOM TIOJIMTHKH B KyPOPTHBIX TOPOAaX.

KaroueBsbie cioBa: skoyormdeckue mpoOiemMsl, KypoOpTHBIE IOpoJia, 3arpsi3HEHHE ITOYBBI
TSDKEJIBIMA METaJUIaMHM, TSDKEJIbIe METaJUTbl M METaUION/Ibl, He(TEePOLYKThI, MOOepeKbe
Yepuoro mops

BaarogapHocTu: Mccinen0BaHuE BBITOJHEHO B paMKax IOCYIapCTBEHHOro 3aganus MI'Y
nmern M. B. JlomoHOcOBa «I eorpadudeckuii moaxoa K ONTHMHU3AINHN TPUPOAONIOIH30Ba-
HUS B MOJIEJISIX YCTOMYMBOTO PasBUTHS» M rocymapcrBeHHoro 3amanms OUL] MabIOM
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Introduction

Urbanization contributes to the growth of demand for recreational activities
and tourism among the population, which increases the anthropogenic load on nat-
ural ecosystems. This problem is especially relevant for the Crimean Peninsula,
which is characterized by a high concentration of valuable and vulnerable land-
scapes.

Crimea is one of the major tourist centers of our country, and its attractiveness
is based on unique natural conditions. During the summer period, resort towns
on the Southern Coast of Crimea (SCC) experience a large influx of vacationers,
which leads to an increase in anthropogenic impact on the natural environment.
Thus, in 2021, the number of tourists visiting Crimea amounted to 9.39 million
people, 41% (3.85 million) of whom vacationed on the SCC V. At the same time,
the SCC is distinguished by its unique nature with characteristic sub-Mediterranean
ecosystems, a large number of rare and protected plants and animals, and a high
proportion of specially protected natural areas (more than 220 sites with a total area
of over 250 thousand hectares) [1]. Thus, intensive economic use contradicts
the need to preserve the natural environment, which determines the relevance of
assessing anthropogenic impact, particularly soil pollution.

The pollution of resort towns by individual chemical elements can be affected
by many factors. For example, a study of Cd content in resorts revealed that the el-
ement enters the environment (air, soils, and water bodies) during the construction
of hotels, with wastewater from tourist infrastructure facilities, and from vehicle
exhaust [2].

An increased content of certain chemical elements in the soils of resort towns
may be associated with the lithological composition of the area’s rocks. For exam-
ple, in the soils of resort towns on the Canary Islands, the contents of Co, Cr, Ga,
Mn, Mo, Ni, Ti, and V are naturally elevated due to the predominance of basal-
tic volcanic tuffs and lava flows. The content of Ag, Ba, Ge, Li, Pb, Sn, and Sr
in the soils is low, which is associated with the deposition of a significant amount
of wind-borne light particles [3].

The soils of the resorts of the Caucasian Mineral Waters, located in the com-
plex geological conditions of the Mineralovodsk uplift, are distinguished by high
levels of certain chemical elements. In the soils of Kislovodsk, Zheleznovodsk,
Essentuki, and Pyatigorsk, increased concentrations of Pb, Cd, and Ni have been
reported. The natural background in the area of the resort towns of the Caucasian
Mineral Waters includes concentrations of not only heavy metals but also radionu-
clides [4, 5].

D Report “On the state and protection of the environment on the territory of the Republic of
Crimea in 2021”. Available at: https://meco.rk.gov.ru/uploads/txteditor/meco/attachments//d4/1d/8c/
d98f00b204e9800998ect8427¢/phpPrPviN1.pdf [Accessed: 14 April 2023] (in Russian).
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Agriculture can be a source of soil pollution in resort towns, but its actual
contribution is not always significant. For example, in the banana cultivation area
on the Canary Islands, a slightly increased phosphorus content in the soil was in-
deed noted, which is explained by the application of mineral fertilizers. However,
overall, this had little effect on changes in the concentrations of chemical elements
in the resort soils [3].

A significant role in the pollution of cities, including resort towns, is played by
motor vehicles. For example, in the large resort city of Dehradun (India), elevated
concentrations of Zn, Cu, Pb, Cd, and As were noted in road dust [6]. A similar
trend is observed in other resort towns [7, 8].

The specifics of soil pollution in resort towns are associated with the active use
of motor vehicles, the operation of electric and thermal power facilities, and
the development of agriculture. In the resort towns of Crimea (Yalta, Alushta, and
Sudak), the major soil pollutants are heavy metals, metalloids (HMM), and petro-
leum products.

The resort towns selected as models are located on the SCC, have access to
the sea area, and possess a number of similar natural and socio-economic features:
they are situated in the lower part of steep slopes in a mountain-forest zone with
broad-leaved and coniferous communities. The dominant soils on the SCC are
brown forest soils (Dystric Cambisols) and cinnamonic soils (Eutric Cambisols)
[9]. The industrial specialization of the cities is also similar: it includes thermal
power facilities, construction material production enterprises, food industry enter-
prises, and vineyards.

Despite the absence of large industrial sources of soil pollution in resort towns,
elevated HMM content may be noted on agricultural lands, particularly in vine-
yards. The input of HMM into vineyard soils is also due to the use of pesticides.
The leading place among toxicants used in vineyards is occupied by Cu. According
to a global review [10], the average Cu content in vineyard soils is 63 mg/kg.

For the Crimean Peninsula, the Cu content in soils has been studied for various
types of agricultural landscapes and varies widely. The total Cu content in cinna-
monic soils of SCC vineyards reaches 140 mg/kg, which is explained by the intro-
duction of the element with fungicides [11]. It should be noted that the Cu content
in calcareous soils of the SCC is higher than in leached soils — 48 and 22 mg/kg,
respectively [12].

Ni, Cr, Pb, V, Fe, Zn, As, and Ba enter the soils of agricultural lands in the SCC
in addition to Cu; their content in soils under vineyards exceeds the MPC, APC
for Fe, and threshold values for Ba given in the literature [12].

The study is aimed at assessing the level of soil pollution in the coastal towns
of the SCC with heavy metals and petroleum products using the example of
the towns of Yalta, Alushta, and Sudak.
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Materials and methods

The study objects are the soils of the resort towns on the SCC — Yalta, Alushta,
and Sudak. During field work in the summer of 2022, samples were collected
for geochemical studies. To compare the levels of soil pollution, urban and subur-
ban areas were studied: slopes of southern (profile along route /) and eastern (pro-
file along route 2) exposures (Fig. 1). Observation points on the slopes adjacent
to the cities were selected at approximately equal height intervals. For a more accu-
rate assessment, a height interval from sea level to 600 m was chosen in all towns
due to the difference in the amplitudes of the mountain ranges (maximum elevation
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» Sampling points with background values —  Route 1
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Fig. 1. Location of routes and sampling points in: a — Yalta; b —
Alushta; ¢ — Sudak
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marks in Sudak are about 500 m). HMM content in the soils of the Yalta Nature
Reserve, located at a distance from pollution sources in the mountain-forest zone,
was taken as the background value for HMM content in soils.

Soil samples were taken using the envelope method from the upper humus
horizon over an area of 1 m”. The samples were dried at a temperature of 40°C
for 12 hours and sieved through sieves with mesh sizes of 1 mm and 0.25 mm, then
the samples were ground in an agate mortar to a dusty structure.

The content of 11 HMM (Pb, Zn, Cu, Cr, Sr, Mn, V, Fe, As, Cd, Ni) was de-
termined in the samples. Determination was carried out by X-ray fluorescence
analysis with sample preparation according to the standard method M-049-PDO/18
FR.1.31.2018.32143. Two parallel measurements were performed for each sample
using a portable X-ray fluorescence analyzer, the Olympus Innov-X SDD 25 Delta
Professional.

Analysis of the petroleum product content in soils was carried out using
the luminescent-bituminological method on a Fluorat-02 instrument 2* %)

The concentration coefficient was calculated as the ratio of the chemical ele-
ment content in the soil to its content under background conditions.

The total pollution coefficient Zc was calculated as the sum of concentration
coefficients with a value greater than 1 minus the number of elements minus 1 and
is expressed by the formula

Ze =¥i-1Ce;i—(n-1),

where 7 is the number of determined substances being summed with Cc;> 1;
Cc; is the concentration coefficient of the i-th chemical element [13, p. 38].

The pollution level with a Zc value in the range of 0—16 is considered low
(non-hazardous); 16-32 is considered medium (moderately hazardous); in the range
of 32—128 it corresponds to a high (hazardous) level; more than 128 is considered
very high (extremely hazardous) [13].

To assess the level of soil pollution by petroleum products, a classification
based on their concentration was adopted ¥: less than 1000 mg/kg corresponds to
a permissible pollution level; 10002000 mg/kg to a low level; 2000-3000 mg/kg
to a medium level; 3000-5000 mg/kg to a high level; more than 5000 mg/kg
to a very high level.

Maps were constructed in the freely accessible software environment QGIS.

2 Baranova, T.E., Ilina, A.A. and Florovskaya, V.N., eds., 1966. [Guidelines for Luminescent-
Bituminological Research). Leningrad: Nedra, 1966, 112 p. (in Russian).

JPND F 16.1:2.21-98. Quantitative Chemical Analysis of Soils. Method for Measuring
the Mass Fraction of Petroleum Products in Soil and Ground Samples by the Fluorimetric Method
Using a “Fluorat-02” Liquid Analyzer: Approved by FGU “TSEKA” 18 March 2003. Available
at: https://gostrf.com/normadata/1/4293799/4293799929.pdf [Accessed: 10 April 2023] (in Russian).

4 Procedure for Determining the Amount of Damage from Land Pollution by Chemicals: Letter
of the Ministry of Natural Resources of Russia dated 27 December 1993 No. 04-25/61-5678:
Approved by Roskomzem on 10 November 1993 and the Ministry of Natural Resources of the Rus-
sian Federation on 18 November 1993. Available at: https://legalacts.ru/doc/pismo-minprirody-rossii-
0t-27121993-n-04-2561-5678/ [ Accessed: 10 April 2023] (in Russian).
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Results and Discussion

In the composition of the surface horizons of Yalta soils, increased concentra-
tions of Pb, Zn, and Cu are observed; they exceed background values at certain
points by up to 7.0, 5.0, and 2.5 times, respectively. The average concentration co-
efficients for Pb, Zn, and Cu in the city are 4.0, 3.5, and 1.7, respectively (Table 1).
No significant exceedances of the background are noted in the soils of the studied
mountain slopes. The input of Pb, Zn, and Cu into Yalta soils is primarily associat-
ed with the operation of vehicles, particularly private cars. This is confirmed by
samples taken in summer, when the intense influx of vacationers by personal
transport leads to an increase in the concentrations of these elements, especially Pb,
which is a typical indicator (topophilic element) of pollution from motor vehicles.

The priority pollutants for Yalta are Zn, Pb, and Cu (in descending order of signif-
icance), accounting for up to 60% of the mass of the determined chemical elements,

Table 1. Contents of heavy metals, metalloids and petroleum products in soils of Yalta
and adjacent arcas

Town Route / Route 2
Sub- Cs,
stance mg/kg n?g/llig C. n(l:;;li’g C. n?g/llig C.
Pb 24.0 95.6 4.0 23.7 1.0 24.8 1.0
Zn 72.0 249.0 35 76.3 1.1 76.3 1.1
Cu 30.0 52.0 1.7 22.0 0.7 243 0.8
Cr 54.0 69.4 1.3 48.7 0.9 60.3 1.1
Sr 165.0 207.0 1.3 165.3 1.0 117.1 0.7
Mn 462.0 574.4 1.2 375.0 0.8 537.7 1.2
\Y% 49.0 58.9 1.2 40.7 0.8 56.7 1.2
Fe 22302.0 261358 1.2 19 623.7 09  21758.0 1.0
As 133 12.8 1.0 12.8 1.0 10.7 0.8
Cd 26.0 24.3 0.9 27.0 1.0 N/D N/D
Ni 73.0 57.2 0.8 46.7 0.6 50.7 0.7
PP 780 586.0 0.8 1675 2.1 1987.0 2.5

Note: Cr— background concentration; Cavg — average concentration or median concentration of petro-
leum products; Cc — concentration coefficient; PP — petroleum products; N/D — no data. Figures in bold
show a significant exceedance over the background concentration of a chemical element or the median
concentration of petroleum products.
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while for the suburban area of the Yalta Nature Reserve they are Zn, Cr, Pb, and V
with a total mass fraction of up to 50%.

In addition, two soil samples were taken near the town’s industrial district
in the northwestern part of Yalta (Darsan area), where sources of Pb and Zn may
also be present. The elements enter the soil as a result of coal combustion in private
houses, as well as the operation of thermal power plants. The high level of soil pol-
lution in the Darsan area is consistent with data reported in the literature [14].

The calculated total soil pollution coefficient Zc is 6.47, which generally indi-
cates an overall low level of pollution in the area.

Analysis of the collected soil samples for the presence of petroleum products
revealed that in Yalta their concentration varies from 35 to 4450 mg/kg. The high-
est concentrations were noted on mountain slopes near roads and parking lots.
The level of petroleum product concentration along the highway is characterized
as high. On route /, the upper observation point was located near a parking lot
at the Grushevaya Polyana cordon (entrance to the Crimean National Park). Along
the other studied slope runs a road leading to Mount Ai-Petri — a frequently visited
place. Parking lots are also located here, which determines the observed medium
and high content of petroleum products (Fig. 2).

In the urbanized central part of Yalta, at two points, the petroleum product
content is slightly above the permissible level and above the median value (1100
and 1275 mg/kg). The remaining sampling areas are characterized by permissi-
ble levels of petroleum products in soils. In new districts of the town and

Petroleum products, mgrkg .i; GtL{§hevaya POlyana
@ 01000

_/ 1000-2000
( 2000-5000
== Major roads
~— Minor roads
Recreational area
Industrial area
Social and business area
Residential area
Agricultural area

Black Sea

Fig. 2. Petroleum product content in the soils of Yalta and adjacent mountain
landscapes
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the mountain-forest area, a permissible level of soil pollution by petroleum pro-
ducts was recorded (120-850 mg/kg). Only at one point on the highway does
the median value of petroleum product content in soils slightly exceed the back-
ground one (by 10%).

In the soils and road dust of Alushta, Zn, Sb, Pb, Cu, Cd, and benzo(a)pyrene
accumulate, which is associated with the use of motor vehicles [15, 16]. The lead-
ing role of motor vehicles in soil pollution is evidenced by the seasonality of chem-
ical element concentrations — they increase during the summer tourist season.
At the same time, the total pollution of soils and road dust by heavy metals is
at a low level [17].

Fuel combustion at thermal power enterprises and in stoves for heating private
houses are also a source of pollutants entering the soil. In the cold period of the year,
an increase in the content of Mo and Bi, coming from the operation of heating

Table 2. Contents of heavy metals, metalloids and petroleum products in soils of Alush-
ta and adjacent areas

Town Route / Route 2
Sub- C,
stance mg/kg rr?é}lg(’g C. n?é}lg(’g C. H(ljga\/flfiag C.
Pb 40.0 63.6 1.6 69.3 1.7 443 1.1
Zn 159.0 225.2 1.4 248.3 1.6 108.7 0.7
Sr 134.0 184.4 1.4 200.3 1.5 128.0 1.0
Cr 68.0 75.2 1.1 383 0.6 85.7 1.3
Cu 55.0 60.2 1.1 156.0 2.8 443 0.8
Cd 22.0 23.0 1.0 22.0 1.0 24.0 1.1
Mn 674.0 634.6 0.9 675.3 1.0 828.7 1.2
Ni 65.0 60.8 0.9 36.3 0.6 75.7 1.2
As 17.0 15.6 0.9 8.4 0.5 15.2 0.9
v 77.0 67.8 0.9 43.0 0.6 87.0 1.1
Fe 32143.0 26 832.0 0.8 20 165.0 0.6 35311.0 1.1
PP 310.0 254.1 0.8 2783.3 9.0 185.0 0.6

Note: Cr— background concentration; Cavg — average concentration or median concentration of petro-
leum products; Cc — concentration coefficient; PP — petroleum products. Figures in bold show
a significant exceedance over the background concentration of a chemical element or the median con-
centration of petroleum products.
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systems, is observed in the soils of Alushta [17]. Pb source are coal combustion
emissions [18]. Stove heating leads to significant accumulation of pollutants
in low-rise residential areas of Yalta, where anomalies in the Pb, Zn, Sb, Sr, and Sn
content have been noted [19].

On the territory of Alushta, at individual points in the soils, an excess of back-
ground concentrations of Pb, Zn, Sr, and Cu of up to four times is noted. The aver-
age concentration coefficients of Pb, Zn, and Sr for the soils of both the town and
route / do not exceed 2.8 (Table 2).

The presence of Pb, Zn, and Sr in the soils of the mountain slopes along
route / is explained by the proximity of the observation points to the villages of
Lavanda, Verkhnyaya, and Nizhnyaya Kutuzovka. The busy Alushta — Simferopol
highway passes through the latter two villages. In addition, a high content of Cu
was noted on route /, which may be associated with the use of copper sulfate for
spraying vineyards.

The priority pollutants for the urban territory of Alushta are Sr, Zn, and Pb
(in descending order of significance), accounting for up to 40% of the mass of
the determined chemical elements.

The priority chemical elements found in the soils of the suburban area of
the mountain-forest zone on route / are Cu, Zn, Pb, and Sr. No priority chemical
elements stand out in soil samples taken on route 2.
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Fig. 3. Petroleum product content in the soils of
Alushta and adjacent mountain landscapes
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The total soil pollution coefficient Zc in Alushta and its suburbs is 4.48, indi-
cating a low level of pollution.

On the territory of Alushta, both in the urbanized and mountain-forest zones, a
permissible level of soil pollution by petroleum products was noted, except for are-
as along the Alushta — Simferopol highway (route /) (Fig. 3).

For Alushta, the highest concentrations of petroleum products (4750 mg/kg)
are found on route /, near the busy Alushta — Simferopol highway and the adjacent
villages of Lavanda, Verkhnyaya, and Nizhnyaya Kutuzovka.

At other points on the highway, the content of petroleum products in soils is
1600 and 2000 mg/kg (low level). The median content of petroleum products in
soils along the highway exceeds the background value by nine times. This is ex-
plained by the large amount of traffic passing through the area. The concentration
of petroleum products at points on route 2, which has less intense traffic, is signifi-
cantly lower (5-350 mg/kg). In the urbanized area, the petroleum product content
is within permissible limits (20-630 mg/kg), but at one point exceeds the back-
ground value by two times.

In the soils of Sudak, an excess of background values for five elements (Mn,
Cu, Zn, Pb, and V) is noted (Table 3). The increased content of Mn and Cu is likely

Table 3. Contents of heavy metals, metalloids and petroleum products in soils of Sudak
and adjacent arcas

Town Route / Route 2

Sub- Cy,

stance | mg/kg rr(ljgli,g C. H?;;Eg C. n?g/llijg C.
Mn 193.0 532.2 2.8 517.0 2.7 617.7 3.2
Cu 17.0 40.4 24 39.0 2.3 30.3 1.8
Zn 53.0 118.2 2.2 97.3 1.8 76.3 1.4
Pb 16.0 30.2 1.9 29.3 1.8 26.7 1.7
\Y% 40.0 58.4 1.5 66.7 1.7 54.7 1.4
Ni 55.0 65.4 1.2 71.3 1.3 66.3 1.2
Fe 24 206.0 26 387.6 1.1 28 824.3 1.2 20 722.7 0.9
As 11.6 12.0 1.0 12.9 1.1 12.6 1.1
Cr 65.0 60.0 0.9 72.7 1.1 56.3 0.9
Sr 227.0 204.2 0.9 201.3 0.9 159.0 0.7
PP 35.0 243.4 7.0 251.7 7.1 33.0 0.9

Note: Cr— background concentration; Cavg — average concentration or median concentration of petro-
leum products; Cc — concentration coefficient; PP — petroleum products. Figures in bold show a sig-
nificant exceedance over the background content of a chemical element or the median content of
petroleum products.
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related to agricultural activities. On the slope of Mount Lysaya, located to the west
of the town, near agricultural lands, a jump in Mn concentration is noted.

Cu, Zn, and Pb sources in Sudak, as in other SCC cities, are motor vehicles
and thermal power facilities. In general, the concentrations of these elements are
low compared to the concentrations in Yalta and Alushta. The priority pollutants
for Sudak are Mn, Cu, Zn, and Pb, accounting for up to 60% of the mass of the de-
termined chemical elements. The concentrations of priority elements in the subur-
ban and urban areas of Sudak differ insignificantly. On Mount Lysaya on route 2,
a noticeable increase in the share of Mn — up to 40% — is observed.

Samples taken in the area of Sudak contain from 5 to 1125 mg/kg of petroleum
products, which corresponds to a permissible and low level of soil pollution. In Su-
dak, petroleum product concentrations are significantly lower than in the other
towns considered. This may be due to some isolation of the city from the main
Crimean highways and the barrier role of the mountains, protecting the built-up area
from the influence of northern winds. The median concentration of petroleum
products in Sudak is very low at 35 mg/kg.

The maximum concentration of petroleum products (1125 mg/kg) is noted
in the center of Sudak between two main roads with heavy intra-city and transit
traffic (Fig. 4). The pollution level at this point, located in a residential area, can be

Town of Pérehem
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Fig. 4. Petroleum product content in the soils of Sudak and adjacent moun-
tain landscapes
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classified as low. When compared with the median value, a significant increase
in the pollution level is noticeable — in the town and on route /, the petroleum
product content is 7 and 7.1 times higher than the background value, respectively.

The calculated total soil pollution coefficient Zc for Sudak is 6.93, which also
indicates a low level of pollution.

Conclusion

The assessment of soil pollution in three resort towns of the SCC — Yalta,
Alushta, and Sudak — by heavy metals and petroleum products allowed us to draw
the following conclusions.

In the soils of residential areas of the three towns under study, an excess of Pb
and Zn concentrations is noted. In Yalta, their maximum concentrations exceed
the background by 3.5-4 times. In addition, Cu, Sr, Mn, and V are actively accu-
mulated in the soils of resort towns on the SCC. The number of soil pollutants is
higher in Sudak, where five elements accumulate (Mn, Cu, Zn, Pb, and V).

In the soils of suburban areas of the SCC near roads, Pb, Zn, Cu, Sr, Mn,
and V accumulate. The content of petroleum products in soils is an order of magni-
tude higher along major suburban highways compared to the city limits.

The main source of heavy metals and metalloids, as well as petroleum prod-
ucts, in the studied cities is motor vehicles. Its influence increases in the summer
season with the influx of vacationers — their number reached 9.39 million people,
with 41% of them visiting the SCC. Another source of pollution is thermal power
facilities and stoves in low-rise buildings.

The calculated total pollution index Zc for Yalta, Alushta, and Sudak does not
exceed 6.93, which indicates a relatively low level of soil pollution in the studied
cities.

The results of the study can be used in environmental monitoring for the for-
mulation of regional environmental policy in resort towns and for addressing
the problem of soil pollution.
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Abstract

Currently, there is a tendency to tighten international environmental regulations in the field
of maritime shipping. This study analyzes possible consequences of the introduction of en-
vironmental restrictions by the International Maritime Organization (IMO) on marine activ-
ities in the Arctic region, including the ban on the use of heavy fuel oil, presented in IMO
Resolution MEPC.329(76), and the requirements of the IMO 2023 Strategy to Reduce Green-
house Gas Emissions. The volume of use of various types of marine fuel on the Northern Sea
Route in 2024 was analyzed. An assessment of the use of heavy fuel oil by ships and a risk
analysis for the development of large-tonnage Arctic offshore projects were carried out
with the implementation of IMO Resolution MEPC.329(76). A forecast calculation of
the compliance of greenhouse gas emissions with cargo turnover on the NSR has been
made, taking into account the targets of the IMO 2023 Strategy. It is shown that without
switching to environmentally friendly fuels and the introduction of innovative emission re-
duction technologies, the required reduction in emissions by 2030 and 2040 can only be
achieved by significantly limiting cargo turnover on the Northern Sea Route. The IMO’s
greenhouse gas emissions reduction tools and the possibility of legal mechanisms for im-
plementing the IMO Strategy were analyzed.
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AHHOTANNSA

B Hacrosiee BpeMst HaOMI0AaeTCs TEHISHIUS K Y)KECTOYEHHIO MEXYHaPOIHBIX 3KOJIOTH-
YeCKUX HOPMAaTHBOB B cepe MOPCKOTO CyJO0XOJACTBAa. B paboTe mpoaHain3npoBaHbl BO3-
MOJKHBIE TTOCTIEICTBHS BBEICHIS MexIyHapoqHO# Mopckoi opranuzarmerd (MMO) skomo-
TMYECKUX OTPAaHWYCHUH Ha MOPEXO3SHCTBEHHYIO JIESTEIbHOCTh B APKTHYECKOM PETHOHE,
BKITIOYAsI 3allpeT Ha HMCIMOJIB30BaHUE CyHOoBOro Masyra (pesomorus UMO MEPC.329(76))
u TpeboBanus Crparernn MO 2023 mo cokpamieHHIO BBIOPOCOB ITAPHUKOBBIX Ta30B.
[Ipoananu3upoBaH 0O0bEM HCIIOJIB30BAaHMS PA3IMYHBIX BHJOB CyaoBoro torumsa Ha Ce-
BEPHOM MOpPCKOM IyTH B 2024 r., BBINOJHEHA OLIEHKA HCIOJIb30BAaHUS CyJaMH Ma3yTa
W aHaJHU3 PUCKOB JUIS PAa3BUTHUSl KPYITHOTOHHAXHBIX apKTUYECKUX IIENb(OBBIX MPOEKTOB
Mpu BBeAeHUHU B jelicTBue pezomonuun MEPC.329(76). Cnenan nporHO3HBINA pacyeT COOT-
BETCTBHS BHIOPOCOB MAPHHUKOBBIX ra3oB Ipy30000poTy Ha CeBEPHOM MOPCKOM ITYTH HCXO-
Il U3 neneBsIx nokasareneit Crpareruu MO 2023. ITokazaHo, uTo 6e3 mepexoja Ha 3K0JIO0-
TMYECKH YMCTBIC BU/IBI TOIIMBA U BHEIPEHNS! HHHOBAIIMOHHBIX TEXHOJIOT NI CHIKEHHUS SMHC-
cuii Tpebyemoe cokpamienne BeIOpocoB kK 2030 u 2040 1T. MOXeT OBITH JOCTHTHYTO JIUIIH
ITyTeM 3HaYNUTEIFHOTO OTpaHUueHNUs rpy30000poTa Ha CeBepHOM MOPCKOM IyTH. BrinonneH
a"anm3 paspabotaHHbix MO HMHCTPYMEHTOB COKpalIeHHsS BBIOPOCOB IapHHKOBBIX Ta30B
C CY/I0B M BO3MO>KHOCTEH MIPaBOBBIX MEXaHU3MOB peanuzanuu Crparernu UMO.

KuiroueBble cjioBa: ApKTHKa, apKTHUecKasl akBaTopus, CeBepHbI MOPCKOW MyTh, CYZHO-
XOJICTBO, Cy/I0OBOE TOILIUBO, TAPHUKOBBIE ra3bl, MexTyHapoaHas MOpCKasi OpraHHU3aIus

BaarogapHocT: paboTa BBIMONHEHA MPH MOJICPKKE TpaHTa POCCHHCKOTO HAyYHOTO
¢donna (mpoext Ne 25-27-20102).

Jast marupoBanus: Bacunvesa JK. B., Bacéxa M. B., Epoghees JI. A., I'agpypos A. P. u op.
MexayHapoJHbIE 3KOJOIMYECKHE HOPMATUBBI KAK PETYJIATOP MOPEXO3sAMCTBEHHOU
JESITEBHOCTH B APKTHKE // DKoJOrndeckasi 0€30macHOCTh PUOPESIKHON U 1IeTb()OBOM 30H
mopst. Ne 1. C. 129-145. EDN UMWFAL

Introduction

In recent years, there has been an increase in the key indicators of maritime ac-
tivity in the Arctic. The total distance sailed increased by 111% from 2013 to 2024,
reaching 12.9 million nautical miles V, and the number of unique vessels amounted
to 1,782, which is 37% higher than in 2013 [1].

The increase in activity in the Russian sector of the Arctic from 2014 to 2020
is largely attributed to the development of major offshore projects, as evidenced

) PAME, 2024. The Increase in Arctic Shipping: 2013-2023. Available at: https://oaarchive.arctic-
council.org/items/01ddf449-9048-4d6a-a056-65303831bb63 [Accessed: 20 February 2026].
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by the growth in cabotage traffic along the Northern Sea Route (NSR) from 4 million
tonnes in 2014 to 32 million tonnes in 2020 [2]. Increased activity has also been
observed in the Canadian Arctic [3], where shipping volumes have nearly tripled
over the past decade, and further growth is expected. Against this backdrop,
concerns are also growing regarding the negative impact of maritime transport
on the vulnerable Arctic natural environment [4].

In 20092 and 2011 %, the Working Group on the Protection of the Arctic Ma-
rine Environment (PAME) of the Arctic Council highlighted the environmental
risks associated with spills of heavy fuel oil (HFO) in the Arctic. Furthermore, the
International Maritime Organization (IMO) noted that emissions from ships result-
ing from global maritime trade increased by 9.6%, from 9.77 billion tonnes in 2012
to 10.76 billion tonnes in 2018 4.

In this context, the IMO, as the specialized agency of the United Nations re-
sponsible for the safety and security of shipping and the prevention of marine pol-
lution by ships, developed the Polar Code — the International Code for Ships Oper-
ating in Polar Waters. The Code established the first mandatory, enforceable stand-
ards and recommended measures for managing Arctic shipping. In 2018, the IMO
presented its Initial IMO Strategy on the Reduction of GHG Emissions from Ships,
which declared an ambition to reduce greenhouse gas emissions in the long term
[5]. This decision received support from environmental organizations and the pub-
lic, as they encouraged Arctic States to systematically proceed with the decarboni-
zation of the shipping industry and the wider adoption of alternative fuels [6].

However, in 2021, a landmark IMO decision was adopted to prohibit the use
and carriage for use of HFO as fuel in Arctic waters [7], and in 2023, the new 2023
IMO Strategy on the Reduction of GHG Emissions from Ships was adopted, intro-
ducing significantly stricter environmental requirements concerning ship emission
levels. The decisions adopted by the IMO could significantly impact the develop-
ment dynamics of Arctic territories and have sparked debates regarding a certain
lack of foresight and their premature nature [8, 9].

Unlike other sea areas worldwide, shipping in the Arctic has its own specific
characteristics: it plays a unique role in ensuring the economic sustainability of
remote Arctic regions and the livelihoods of indigenous peoples [10], as well as
in the development of Arctic resources, which are critically important for
the global economy [11]. The development of maritime activities in Arctic wa-
ters is one of the key objectives of the national policy of the Russian Federation

2 Ellis, B. and Brigham, L., eds., 2009. Arctic Marine Shipping Assessment 2009 Report
(AMSA). Arctic Council, 2009. 194 p. Available at: https://pame.is/images/03_ Projects/ AMSA/
AMSA 2009 report/AMSA 2009 Report 2nd print.pdf [Accessed: 28 January 2026].

3 IMO, 2020. Assessment of the Benefits and Impacts Associated with a Ban on the Use and
Carriage of Heavy Fuel Oil as Fuel by Ships Operating in the Arctic: PPR7/Inf.16. IMO, 16 p.

9 IMO, 2020. Fourth IMO GHG Study 2020. London: IMO, 524 p. Available at:
https://wwwcdn.imo.org/localresources/en/Our Work/Environment/Documents/Fourth%20IMO%20G
HG%20Study%202020%20-%20Full%20report%20and%20annexes.pdf [Accessed: 28 January 2026].
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in the Arctic®, which determines the transformation of the Arctic zone into a stra-
tegic resource base for Russia’s economic growth, and the NSR into a global
transport artery [12].

Against the backdrop of diminishing ice cover ! in the Arctic, the development
of Arctic projects becomes particularly promising. For instance, plans for the de-
velopment of the NSR envisage an increase in cargo traffic to 220 million tonnes ®
by 2035. The introduction of environmental regulations on shipping could signifi-
cantly impact the development and sustainability of economic ties in the Arctic.
Currently, there is no clear understanding of the consequences of such environmen-
tal requirements.

This article examines the contradictions between the IMO’s incoming envi-
ronmental requirements and the national interests of the Russian Federation related
to the sustainable development of the Arctic and the implementation of key direc-
tions for the development of maritime activities in the Arctic region. The aim of the
work is a comprehensive analysis of the consequences of the introduction of IMO
restrictions on maritime activities in the Arctic region, specifically concerning the
prohibition on the use of HFO (IMO Resolution MEPC.329(76)) and the require-
ments of the 2023 IMO Strategy on the Reduction of GHG Emissions from Ships.

Research methods

The study included a legal and regulatory analysis of international and Russian
documents regulating the prohibition on the use of HFO in the Arctic and the im-
plementation of requirements for the reduction of greenhouse gas emissions:
the United Nations Convention on the Law of the Sea (UNCLOS), the International
Convention for the Prevention of Pollution from Ships (MARPOL), the Polar Code,
IMO session materials and resolutions, the IMO Strategy on the Reduction of GHG
Emissions from Ships, Federal Law no. 155-FZ of July 31, 1998 “On Internal Mar-
itime Waters, Territorial Sea, and Contiguous Zone of the Russian Federation,”
and Federal Law no. 191-FZ of December 17, 1998 “On the Exclusive Economic
Zone of the Russian Federation.”

The statistical analysis included processing data” on shipping activity in the NSR
waters, analyzing the type and volume of fuel consumed by vessels, and identifying
the types of vessels and categories of traffic in the NSR waters that are subject to
the introduced prohibitions and restrictions.

The dynamics of cargo turnover on the NSR and ship emissions were forecast
based on data on cargo turnover on the NSR?® and the calculated indicators of
greenhouse gas emissions per tonne of cargo for 2024.

3 On the Strategy for Developing the Arctic Zone of the Russian Federation and Ensuring Na-
tional Security for the Period up to 2035: Decree of the President of the Russian Federation no. 645
of October 26, 2020. Garant: Legal Reference System. Available at: https://base.garant.ru/74810556/
[Accessed: 9 February 2026] (in Russian).

9 Government of the RF, 2022. On Approval of Plan of Development of the Northern Sea Route
by 2035. Resolution of the RF Government no. 2115-p as of 1 August 2022. Available at:
http://government.ru/docs/46171 [Accessed: 9 February 2026] (in Russian).

7 Unified Platform of Digital Services of the Northern Sea Route. Available at:
https://arctica.rosatom.ru [ Accessed: 9 February 2026] (in Russian).
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Research results and discussion

The IMO prohibition on the use and carriage of heavy fuel oil in Arctic waters

As of July 1, 2024, IMO Resolution MEPC.329(76) (regulation 43A in chap-
ter 9 of MARPOL Annex I) entered into force, amending the legal regime for
the use of marine fuel in Arctic waters and introducing a prohibition on the use and
carriage for use as fuel of HFO in Arctic waters. In accordance with paragraph 1.2
of regulation 43 of MARPOL Annex I, HFO, subject to the prohibition, is defined
as petroleum products with a density exceeding 900 kg/m* at a temperature of 15°C
or a kinematic viscosity exceeding 180 mm?/s at a temperature of 50 °C. This reso-
lution is based on the precautionary approach enshrined in Principle 15 of the 1992
Rio Declaration on Environment and Development, which advocates the adoption
of precautionary measures even in the absence of full scientific certainty.
The scope of the introduced prohibition applies to all vessels, except those engaged
in ensuring the safety of ships, or in search and rescue operations, and vessels dedi-
cated to oil spill preparedness and response.

The Russian legal system incorporates such international obligations through
the ratification of the principal maritime conventions. Federal Law no. 155-FZ
of July 31, 1998, “On Internal Maritime Waters, Territorial Sea and Contiguous
Zone of the Russian Federation” and Federal Law no. 191-FZ of December 17,
1998, “On the Exclusive Economic Zone of the Russian Federation”, provide
the legal framework for implementing international environmental requirements
in the Arctic waters. Currently, IMO Resolution MEPC.329(76) is not in effect
for Russia pending specific approval from the Russian government ®.

To forecast the potential consequences of the entry into force of IMO Resolu-
tion MEPC.329(76) for the Russian Federation, an assessment was made of the use
of various fuel types by vessels on the NSR, and an analysis of the risks for the de-
velopment of Arctic offshore projects was conducted.

In total, 392 vessels operated on the NSR in 2024, of which 228 vessels used
HFO. As follows from statistical data on the bunkering of vessels for 2024 (Fig. 1),
HFO remains the predominant type of fuel.

Fig. 1. Use of fuel (thous. t) by vessels of various types
in 2024

® Declaration by the Russian Federation pursuant to Article 16 (2)(f)(ii) of MARPOL. Available
at: https://portnews.ru/upload/basefiles/2677_PMP.1-Circ.228%20-%20Declaration%20by%20the%
20Russian%20Federation%20pursuant%20t0%20Article%2016%20(2)(f)(i1)%200f%20MARPOL%
20(Secretariat).pdf [Accessed: 9 February 2026] (in Russian).
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Its share of total consumption was slightly less than 60%. About a quarter of bun-
kering volumes accounted for light fuel oil, while the share of LNG (liquefied natu-
ral gas) did not reach 15%.

An analysis of HFO consumption by different vessel types on the NSR
(Table 1) established that the largest volumes — 37.5% of the total bunkering vol-
ume — are consumed by Arctic gas carriers of the Yamalmax class (LNG tankers).
Such vessels are equipped with multi-fuel engines capable of running on diesel
fuel, HFO, and the LNG they carry. While LNG is considered the primary fuel and
HFO a backup option, shipowners find it more profitable to use HFO.

Furthermore, significant volumes of HFO are consumed by oil tankers —
27.93%, dry cargo ships — 9.74%, and icebreakers — 9.23%. The use of HFO by
container ships (4.62%), research vessels (4.43%), tugs (2.33%), and bulk carriers
(1.31%) constitutes a relatively small share of the total HFO consumption on
the NSR.

Table 1. Use of fuel (thousand tonnes) by various vessel types in 2024

Fuel type
Vessel type
Heavy fuel Light fuel LNG
Tankers 120.48 36.63 -
LNG-tankers 161.68 57.85 106.25
Icebreakers 39.80 23.85 -
Dry cargo ships 42.00 21.38 -
Bulk carriers 5.65 1.94 -
Tow boats 10.05 6.70 -
Container carriers 19.91 3.05 -
Other cargo vessels 4.89 2.80 -
Supply vessels 0.63 4.15 -
Research vessels 19.10 14.05 -
Others 7.14 13.88 -
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Fig. 2. Fuel consumption by vessels of different types, %

The predominance of heavy fuel oil usage in the NSR water area in 2024
(Fig. 2) is observed for container ships at 86.7%, tankers at 76.7%, and bulk carri-
ers and dry cargo ships at 74.5% and 66.3% respectively.

The prohibition on the use and carriage of heavy fuel oil in Arctic waters af-
fects vessels that are crucial for implementing the objectives outlined in strategic
documents for the development of the Russian Arctic and the NSR, and which
handle the largest volumes of traffic (Table 2). Primarily, these are vessels support-
ing projects for the extraction of hydrocarbons (oil, LNG) and mineral raw materi-
als in the Arctic, as well as those performing Northern Delivery tasks.

For instance, cargo transportation for the Norilsk Nickel project on the Mur-
mansk—Dudinka route is provided by a fleet of six vessels of various types,
the Aker ACS 650 project with Arc6 ice class, all operating on heavy fuel oil.
Oil extracted in the Timan-Pechora oil and gas province is exported year-round via
Lukoil's Varandey loading terminal to the port of Murmansk by a fleet of three
Arcb6 class shuttle tankers with a deadweight of about 70,000 tonnes, also operating
on heavy fuel oil. A key element of the Novy Port project logistics is six Arc7 ice-
class shuttle tankers of the "Shturman" series (Project SHI 42K Arctic Shuttle
Tanker), transporting oil year-round from the "Gate of the Arctic" terminal to
a transshipment point in Murmansk. The main engines of the "Shturman" series
vessels operated exclusively on heavy fuel oil in 2024. The transportation of lique-
fied natural gas from the Yamal LNG and Arctic LNG 2 projects is carried out by
a fleet of 20 Arc7 ice-class gas carriers. Although the primary fuel for these LNG
tankers is intended to be the LNG they carry, in practice, these vessels predomi-
nantly use heavy fuel oil.
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Table 2. Percentage distribution of fuel types consumed by vessels of
Arctic projects in 2024, %

Arctic project Heavy Light fuel LNG
fuel

Northern delivery 80.85 19.15 -
New Port Project 98.40 1.60 -
OJSC MMC Norilsk Nickel 98.50 1.50 -
NSR icebreaker support 62.60 37.50 -
LNG Project of PJSC
Novatek 49.60 17.80 32.7
(LNG transportation)
LNG Project of PJSC
Novatek 56.40 43.60 -
(SGC transportation)

Note: SGC — stable gas condensate.

The socially significant Northern delivery ensures food and energy security for
populations in remote Arctic regions. A significant portion of these deliveries is
carried out by vessels using HFO.

It should be noted that the fleet of major Arctic projects uses HFO due to its
availability and relatively low cost. Retrofitting vessels to run on LNG or other al-
ternative fuels requires significant investment. Furthermore, the cost of alternative
fuels may be higher than that of HFO, which would increase operating expenses,
reduce project profitability, and increase the share of transport costs in the price of
goods, including those for Northern delivery.

Reducing the use of HFO is one of the key tasks in the context of ensuring
the environmental safety of the Arctic region. However, the restrictions of IMO
Resolution MEPC.329(76) must be implemented with due regard to national inter-
ests, based on a phased transition to environmentally friendly fuels while maintain-
ing the necessary pace of development of maritime activities in the Arctic waters.

A similar assessment of the consequences of the entry into force of IMO
MEPC.329(76) was conducted by Canadian scientists in 2020 [3]. It was found that

of the total number of vessels operating in the Canadian Arctic from 2010 to 2018,
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about 37% used HFO. These vessels accounted for approximately 45% of the total
distance sailed in that water area. The researchers noted that a prohibition on the use
and carriage of HFO could significantly impact Canadian Arctic communities and
the economy, which depend on maritime shipping.

The authors of work [9] rightly note that the prohibition on the use of HFO
will most severely affect Canada and Russia, as the states with the longest coast-
lines, because it will reduce the attractiveness of new shipping routes and impact
regional economic development. It is worth noting that Canada availed itself of
a postponement of the entry into force of IMO Resolution MEPC.329(76) until Ju-
ly 1, 2029.

Meanwhile, the geographical zone of application of IMO Resolution
MEPC.329(76) is defined according to the Polar Code (Fig. 3, a). An analysis of
this zone shows that it encompasses the area of active shipping on the NSR.
At the same time, the prohibition does not extend to the coast of Scandinavia and
the Kola Peninsula but affects the socially and economically significant NSR area
for the Russian Federation, while allowing for active trade and navigation in the North
Atlantic by vessels using HFO.

Visualization of shipping intensity in the Arctic (Fig. 3, b) shows that the Arc-
tic sector including the economic zone of Norwegian waters, where the prohibition
on the use of HFO does not apply, is the water area with the highest density of mar-
itime traffic and frequency of voyages, and is characterized by more intensive mar-
itime activity than the NSR.

Fig. 3. The zone of prohibition on the use of heavy fuel oil (a) and a visualization of
arctic navigation intensity, h/km?, in September 2024. Source: Global Maritime Traffic ser-
vice (Available at: https://globalmaritimetraffic.org/gmtds.html) ()
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Contemporary variants of scientifically based boundaries of the Arctic (Fig. 4),
adopted by AMAP (Arctic Monitoring and Assessment Programme), are deter-
mined by the physical-geographical features of the region®. The zone established
in the IMO Resolution does not coincide with any of the existing boundary options
proposed by AMAP and lacks scientific justification. It is evident that an HFO spill
off the northern coasts of the Scandinavian Peninsula would cause no less harm to
Arctic ecosystems than a spill within the prohibition zone according to IMO Reso-
lution MEPC.329(76).

The introduction of IMO restrictions is also justified by the increased risks of
petroleum spills in Arctic conditions. However, ice-class vessels that meet the re-
quirements of the Polar Code are structurally adapted for safe navigation in ice,
including the prevention of fuel spills. The current navigation regime on the NSR
permits only certified vessels and regulates navigation depending on ice conditions.
Thus, the necessity for a complete prohibition on the use of HFO requires addition-
al justification, considering existing control mechanisms and technical standards
for shipping in polar waters.

D AMAP area

—— Arctic marine boundary
77777 Arctic circle

10 C July isotherm

Fig. 4. Arctic borders according to AMAP. Source: Arctic Portal.
Available at: https://www.amap.no/documents/download/585/inline
[Accessed: 20 February 2026]

9 Arctic Monitoring and Assessment Programme (AMAP). Geographical coverage.
Available at: https://www.amap.no/about/geographical-coverage [Accessed: 9 February 2026].
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Since, according to IMO statistics [19], the risk of spills is higher in water are-
as with more active shipping, vessel traffic in the coastal waters of Scandinavia is
more intense than in the NSR waters, making the introduction of a prohibition
on the use of HFO only in the NSR zone seem poorly substantiated.

Therefore, the prohibition on the use of HFO currently poses significant risks
to domestic Arctic shipping, jeopardizing the implementation of Arctic mineral re-
source projects, transport accessibility, the energy security of remote Arctic territo-
ries, and the socio-economic interests of indigenous populations who depend
on seasonal deliveries of goods by sea. The zone of the HFO prohibition does not
correspond to existing concepts of Arctic zone boundaries. Moreover, the prohibi-
tion does not apply to areas of Arctic shipping with the most intensive traffic,
which entails spill risks.

IMO restrictive measures concerning greenhouse gas emissions from ships

The IMO is one of the initiators of the development of regulatory documents
related to the regulation of greenhouse gas emissions and decarbonization in global
shipping. In 2003, IMO Assembly Resolution A.963(23) on reducing greenhouse
gas emissions from ships was adopted, which for the first time officially intro-
duced measures to control greenhouse gas emissions. In 2011, IMO Resolution
MEPC.203(62) was approved, which is considered the first regulatory legal act es-
tablishing CO, emission standards in a global economic sector. In April 2018,
the IMO adopted the Initial IMO Strategy on the Reduction of GHG Emissions
from Ships, envisioning their complete reduction by the end of this century (2100).

In July 2023, the 80" session of the IMO Marine Environment Protection
Committee was held, during which the IMO Strategy on the Reduction of GHG
Emissions from Ships was quite sharply and ambitiously revised. It now envisions
achieving net-zero GHG emissions by 2050. The revised 2023 IMO Strategy in-
cludes indicative checkpoints for the share of fuels/technologies with low or net-
zero GHG emissions to be used by 2030, and interim emission reduction targets
compared to 2008: “to reduce the total annual GHG emissions from international
shipping by at least 20%, striving for 30%, by 2030; ... by at least 70%, striving for
80%, by 2040 '9, compared to 2008 levels.”

The required reduction in greenhouse gas emissions presents a serious chal-
lenge for the development of maritime activities. The entire Arctic fleet, with the ex-
ception of eight nuclear-powered vessels of FSUE Atomflot, uses hydrocarbon fuels

10 Available at: https://www.imo.org/ru/ourwork/environment/pages/2023-imo-strategy-on-
reduction-of-ghg-emissions-from-ships.aspx [Accessed: 20 February 2026].
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(HFO, light fuel oil, LNG). Their combustion inevitably produces greenhouse gas-
es, the quantity of which is regulated by the Strategy under discussion.

The scale of the problem affects the entire maritime sector of the Russian
economy, while this work considers only the Northern Sea Basin, specifically
the NSR waters. The significance of the issue is heightened by the fact that
the baseline year for calculating emission reductions is set as 2008. During that pe-
riod, cargo turnover on the NSR amounted to 2.22 million tonnes, compared
to 37.9 million tonnes in 2024. Such a significant increase in cargo turnover inevi-
tably leads to a proportional increase in GHG emissions in the NSR waters, making
the task of reducing emissions particularly challenging and requiring a comprehen-
sive approach.

By 2030, the reduction in GHG emissions, according to the 2023 IMO Strate-
gy, must be at least 20% relative to the 2008 level. The methodology for calculat-
ing GHG emission volumes in this work is based on the assumption of a constant
coefficient of GHG emissions per unit of cargo transported on the NSR (Table 3).
Based on data for 2024 — cargo transportation volumes, total fuel consumption, and
calculated total emissions — the emission coefficient per tonne of cargo transported
was determined. To calculate annual emissions from the known total fuel consump-
tion on the NSR, emission factors for CO,, CHs, and NOy recommended by IMO
Resolution MEPC.376(80) were used. A retrospective calculation allowed for de-
termining the GHG emission volumes in 2008, shown in Table 3.

Further analysis showed that without a transition to environmentally friendly
fuels and the implementation of innovative technologies by 2030, the required
20% emission reduction could only be achieved by limiting cargo turnover (Fig. 5).
Calculations demonstrate that in this case, to meet the GHG emission targets

Table 3. Greenhouse gas emissions relative to cargo turnover on the NSR against
the targets of the IMO 2023 Strategy

Coefficient of green-
Indicators 2008 2024 2030 2040 house gas emission
per 1 t of cargo

Emission, thous. t:

CO, 130.17 222231 104.37 26.03 5.860-1072

CH4 1.81 30.88 1.45 0.54 8.148-1077

NO« 7.63 130.29 6.11 2.29 3.438-10°°
Cargo turnover, M t 2.22 37.90 1.78 0.44 -
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Fig. 5. Projected reduction in CO, emissions and cargo traffic
on the NSR by 2030 and 2040. The dashed line is estimation

by 2030 and 2040, the volume of traffic along the NSR would have to be reduced
to 1.78 million and 0.44 million tonnes per year, respectively, at which point the
environmental commitments would be fulfilled.

The emission reduction tools proposed by the IMO are divided into so-called
short-term, mid-term, and long-term measures.

The package of short-term measures to reduce GHG emissions from ships in-
cludes requirements related to the energy efficiency and operational carbon intensi-
ty of existing ships. Amendments to MARPOL Annex VI containing these re-
quirements entered into force on November 1, 2022, were accepted by the Russian
Federation under the tacit acceptance procedure, and are currently an integral part
of the Russian legal system. The short-term measures are indicated by the IMO as
completed, while noting the need for and importance of their review, as defined in
regulations 25.3 and 28.11 of MARPOL Annex VL

The package of mid-term measures includes technical and economic require-
ments, including the development of a market-based mechanism to equalize the
cost of petroleum and alternative marine fuels, the establishment of a standard for
the lifecycle GHG intensity of marine fuels, and an emissions pricing mechanism.

Long-term measures are aimed at the progressive development and deploy-
ment of non-fossil fuels for the decarbonization of global shipping, as well as the
development of technologies with zero GHG emissions to improve the energy effi-
ciency of maritime transport.

An analysis of the short-term, mid-term, and long-term measures proposed by
the IMO Strategy revealed several significant limitations in their implementation.

Experts [14] note that the effectiveness of the stated measures does not even
come close to achieving the GHG emission target prescribed for 2050. These
measures only allow for an improvement in energy efficiency of a few percent.
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According to experts [15], fleet renewal is particularly important for achieving
the targets of the 2023 IMO Strategy. However, the adopted Strategy lacks clearly
defined technical solutions that need to be incorporated into the design of future
ships. In these circumstances, owners and shipbuilding companies cannot confi-
dently plan the development of new ship designs in light of future environmental
requirements [8].

The package of long-term measures provided for by the Strategy includes
the development and use of alternative fuels for shipping. Alternative energy
sources for ships include LNG, liquefied biogas, hydrogen, ammonia, methanol,
ethanol, wind power, etc. Numerous studies conducted [16-21] show that com-
pared to traditional light fuel oil, alternative marine fuels and energy sources are
proclaimed as ideal means for achieving zero emissions, but their use requires cor-
respondingly expensive technical and operational measures to ensure shipping
safety.

Experts [8] note that the approved Strategy requires significant scientific and
technical refinement, as the document reflects political ambitions more than the re-
al needs of the maritime industry, giving little consideration to the actual necessi-
ties and potential consequences for shipping. The proposed mechanisms for limit-
ing emissions are not fully elaborated or substantiated [21].

In addition to the technical and economic solutions discussed above, legal
mechanisms for implementing the IMO Strategy must be considered, which could
allow for a special approach to its application in the Russian Arctic. For instance,
Article 234 of the 1982 United Nations Convention on the Law of the Sea grants
coastal states the right to adopt and enforce special environmental requirements for
shipping in ice-covered areas within the exclusive economic zone, provided that
they are based on scientific evidence and are non-discriminatory. This provision
allows for the formation of a differentiated regulatory regime for shipping in Arctic
waters, considering local ice conditions and environmental risks.

Furthermore, in accordance with Article 211 of the United Nations Convention
on the Law of the Sea, national measures to prevent pollution from ships must con-
form to international standards but allow for adaptation in light of objective cir-
cumstances. International practice confirms the possibility of revising the timelines
for implementing new requirements in the presence of technical or economic con-
straints.

Meanwhile, the 2023 IMO Strategy, despite its recommendatory nature for
IMO Member States, currently serves as the basis for developing amendments to
IMO instruments, including the mandatory MARPOL Convention.

Amendments to MARPOL Annex VI, currently being developed in line with
the indicative checkpoints of the 2023 IMO Strategy, upon ratification by the Rus-
sian Federation, will also be mandatory for application and will take precedence
over the norms of national legislation in case of conflict with the provisions of
MARPOL (Article 15.4 of the Constitution of the Russian Federation).
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Conclusions

Currently, there is a trend towards the tightening of international environmen-
tal standards in the field of maritime shipping. The regulatory restrictions discussed
in the article de facto regulate the scale of economic activity in the Arctic region.

The introduction of a prohibition on the use of HFO in polar waters, combined
with the implementation of the IMO Strategy for the decarbonization of the fleet,
creates significant challenges for the maritime transport industry. Economic actors
in the Russian Arctic zone (government bodies, ship-owning companies, and fleet
operators) are faced with the need to make comprehensive strategic decisions under
new regulatory conditions, lacking a clear understanding of the potential risks and
consequences.

Under conditions of sanctions pressure, implementing a set of measures aimed
at developing innovative climate technologies in shipping, introducing alternative
fuels, and developing the corresponding infrastructure involves significant eco-
nomic costs, which substantially complicates the process of environmental trans-
formation of Arctic shipping.

The issue raised in this work requires a comprehensive analysis of alternative
scenarios for the development of Arctic shipping, an assessment of the economic
efficiency of various technological solutions, and the development of a comprehen-
sive program for adapting the industry to the new environmental requirements.
It is necessary to create a coherent strategy that takes into account both internation-
al commitments and the interests of domestic Arctic transport, which presupposes
close cooperation among all interested parties.

Nearly all Arctic projects, transit traffic, and Northern delivery are at risk,
which necessitates careful planning of every step in the context of tightening envi-
ronmental standards and economic sanctions.
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Abstract

This study presents a technique for determining the true light absorption spectrum of
a dense culture of the marine coccolithophore Chrysotila sp. using a single-beam MS 122A
spectrophotometer equipped with an integrating sphere. The main problem with standard
measurements is the distortion of the spectrum due to light scattering by cells, which is es-
pecially noticeable in the near-infrared region (750-800 nm), where the pigments are not
absorbed, but the signal is not zero. To compensate for the scattering effect, the authors
used an approach based on recording absorption spectra at two positions from the integrat-
ing sphere: standard (close to) and at a distance of 2 mm. The correction factor, independent
of wavelength, was calculated from data in the range of 750—800 nm. Its value was 3.77.
The true absorption spectrum, stripped of the scattering contribution, was calculated using
the proposed formula. The technique has shown its effectiveness for cultures with a high
cell density, providing zero absorption values in the near-infrared region. However, with
a low cell concentration, the technique is inapplicable due to a significant increase in errors.
Thus, the work demonstrates a practical way to correctly determine in vivo absorption spec-
tra using available equipment, which is important for ecological and physiological studies
of phytoplankton as well as for development of regional remote sensing algorithms.
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AHHOTANUA

[IpencraBneHa METOAWKA OMPECIICHIS WCTHHHOTO CIICKTpa TONIONMICHUS CBETa INIOTHOU
KYIIBTYpOi MOpckoi KokkonuTodopuabl Chrysotila sp. ¢ UCIIONb30BaHHEM OTHOIYYEBOTO
cnekrpodoromerpa MC 122A, ocHaleHHOr0 WHTErpupyromei cdepoir. OcHOBHas Tpo-
OJeMa CTaHTAPTHBIX U3MEPCHUN 3aKITIOUACTCS B UCKAKCHUH CIIEKTPa M3-32 CBETOPACCESTHUS
KJIETKaMH, 9YTO 0COOCHHO 3aMeTHO B ONmKHEH mH(ppakpacHoi obmactu (750-800 M),
TJIC TIOTJIONICHUE MMHUTMEHTOB OTCYTCTBYET, HO U3MEPSCMBIH CHUTHAJ HE PaBEH HYIIO.
Jis xomrieHcarmu 3QQeKTa paccessHUS HCIONB30BaH MOAXOM, OCHOBAHHBIN HAa pPErucTpa-
UM CIIEKTPOB TMOIIONICHUS MPH JBYX MOJIMKCHHUSX KIOBETHI OTHOCHTEIBHO WHTETPUPYIO-
el cdepsl: CTaHAapTHOM (BIUIOTHYIO) M Ha paccTossHUM 2 MM. [lonpaBodHsIid ko3¢ uIm-
€HT, HEC 3aBUCSIIUIA OT JJIUHBI BOJHBI, PACCUUTHIBAIN TI0 JaHHBIM B obmactu 750-800 HM,
ero 3HaueHue coctaBuiio 3.77. VICTHHHBIM CHEKTp MOIMOLIEHUs, OUYUIIEHHBIH OT BKJIaja
paccesiHus, BBEIYUCIISUTH TI0 MPEIOKECHHOM (opMyne. MeTonuka mokaszana 3()(OeKTHBHOCTb
JUI KYJIBTYpP C BBICOKON YHCIICHHOCTBIO KIJICTOK, 0OECIIeUMBas HYJICBbIC 3HAUCHHUS IIOINIO-
uieaus B OmmwkHer MK-oOmactu. OmHako TpU HU3KOM KOHIIGHTPAIMHM KICTOK METOI He-
MPUMEHUM H3-3a 3HAUUTEIBHOr0 pocTa morpemHocteil. Takum oOpa3oM, paboTra JIeMOH-
CTPUPYET MPAKTUICCKHIA CITIOCOO KOPPEKTHOTO OMPE/CIICHUS CIICKTPOB MONIONMICHHS i1 VIVO
Ha JIOCTYITHOM OOOPYIOBaHHH, YTO BAKHO JUUISI IKOJIOTHUYCCKUX U (YU3UOIOTUICCKHUX HCCIIe-
JIOBAHWI (DUTOIIAHKTOHA, a TAKXKE JJIS Pa3BUTUS PETHOHAJIBHBIX aJITOPUTMOB JHCTAHIIU-
OHHOTO 30HTUPOBAHUS.

KunioueBbie cioBa: crnekrpodoromerpus, HWHTErpupymoomas cgepa, MOIIOLICHUE CBETa,
kokkonurodopunsl, Chrysotila sp., AICTHHHBIN CIIEKTp TNOIVIOIIEHHUS, TONPABOYHBIN K0d(-
(bUIMEHT, in vivo, in vitro, aleTOHOBBIN SKCTPAKT
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Introduction

Spectrophotometers are the primary tool for assessing the optical properties
of photosynthetic cells. However, the reliability of in vivo absorption spectrum
measurements is limited by the distorting effect of light scattering, the magnitude
of which depends both on the distribution of scattered light within the sample and
on the geometry of the cuvette and detector.

The most effective way to minimize the loss of scattered light is to use an inte-
grating sphere (IS) in spectrophotometers [1], the inner surface of which has a high
reflection coefficient. When the studied sample is placed inside such a sphere,
all scattered light reaches the photodetector, and the measured optical density is
determined only by the true absorption of light by the sample [2]. However,
in standard spectrophotometers equipped with an IS, the design typically does not
allow the sample to be placed inside the sphere, instead, the cuvette is positioned
in front of the entrance port. In this configuration, it is impossible to completely
eliminate the contribution of scattering.

Two approaches for correction have been proposed in the literature: the use
of correction factors and the method of recording spectra at different distances
from the IS [3, 4]. The second approach is based on the fact that changing the dis-
tance to the IS allows the fraction of scattered light in the recorded signal to vary.
Measurements at two distances (one close to and one far from the IS) make it pos-
sible to reconstruct the absorption spectrum compensated for scattering, which is
confirmed by values approaching zero in the 750-800 nm range, where pigment
absorption is absent [5].

Subsequently, such corrected spectra can be used in regional algorithms to
separate the contributions of coccolithophores, diatoms, and dinoflagellates from
multispectral measurements of the sea surface reflectance coefficient [6], obtained,
for example, from satellite data.

For the Black Sea, an urgent task is the development of regional algorithms for
interpreting satellite data, which allow the separation of the contribution of various
taxonomic groups of phytoplankton (coccolithophores, diatoms, and dinoflagellates)
to the total biomass [7]. Solving this problem requires reference absorption spectra
of pure cultures of dominant species. In 2023, a series of studies was initiated
to investigate the spectral features of the light absorption coefficient of individual
Black Sea phytoplankton species of different taxonomic affiliations. However,
the quality of the initial in vivo spectra obtained using the MS 122A spectropho-
tometer by the standard method remains unsatisfactory for reliable separation
of these contributions, making scattering correction mandatory.

The present paper aims to determine the true light absorption spectrum of
a batch culture of the marine coccolithophore Chrysotila sp. using a single-beam
MS 122A spectrophotometer and the method of measurements at two distances
from the IS. This work was carried out using materials from a report presented
at the XIII All-Russian Conference with International Participation “Current Prob-
lems in Optics of Natural Waters 2025 [8].
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Materials and methods

The study used an algologically pure culture of the coccolithophore Chrysoti-
la sp. P. L. Anand from the collection of living cultures of marine planktonic mi-
croalgae at A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS.

The algae were cultivated in 0.2 L conical flasks in /2 medium [9] prepared
with pasteurized seawater. To maintain the culture in the exponential growth phase
and at a constant cell density, it was diluted daily with fresh nutrient medium.
The cultivation temperature was 18 £ 1°C, which corresponds to the temperature
optimum for the studied species.

Absorption spectra were recorded in cuvettes with an optical path length of
1 cm in the range from 300 to 800 nm with a step of 1 nm using a single-beam
MS 122A spectrophotometer (SOL instruments, Minsk, Belarus), equipped with
a diffuse transmission and reflection attachment with an IS. During the measure-
ments, the cuvette was placed in the cuvette holder of the attachment in front of
the IS entrance port”. The inner diameter of the IS is 50.8 mm (2 inches). The inner
surface coating of the IS is BaSOa.

Measurements were carried out at two cuvette positions (Fig. 1): the standard
position — flush against the IS entrance port (» = 0); the distant position —
at the maximum possible distance for this setup, » =2 mm from the IS entrance
port. The design of the cuvette compartment of the MS 122A spectrophotometer
does not allow the cuvette to be placed at a distance greater than 2 mm (a limita-
tion imposed by the mirror in the optical system); therefore, this value was used
in the work.

Fig. 1. Top view of the MS 122A cuvette compartment:
a — in a position close to the integrating sphere (IS); b — at a distance
of 2 mm from the IS

D Available at: https://solinstruments.by/produkciya/spektrofotometry/mc-122/dopolnitelnoe-
oborudovanie/ [Accessed: 14 February 2025].
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The true absorption spectrum, compensated for scattering, was determined
by the formula [1]:

a() = app s 1) — Lo (r; 0)-[apy (s ) — ap(3; 0)]. (1)

where apn(A; 7) is the light absorption coefficient of the sample located at a distance
from the IS; La(7; 0) is the correction factor; and ap(A; 0) is the light absorption
coefficient at the standard cuvette position.

Experiments studying the influence of the distance from the IS to the sample
on absorption spectra are well described in [3].

It is assumed that the correction factor L..(r; 0) is wavelength-independent
and its value can be determined by considering the wavelength region where
the sample does not absorb light (i.e., the 750-800 nm region of the visible range):

azs0-800(A; 1)

az50-g00(A; ) — a750_g00(A; 0)

Loy(r; 0) = (2

For comparative analysis, pigments were extracted from the cells with 100%
acetone according to the method described in [10]. Absorption spectra of the ex-
tracts were recorded on the same instrument using standard 1 cm cuvettes.

Results and discussion

With the standard cuvette position (close to the IS), light absorption by the sam-
ple ay(A; 0) in the 750-800 nm range, where pigments are not absorbing, does not
reach zero values. In this region, light absorption increases monotonically with in-
creasing distance between the cuvette and the IS. This phenomenon is caused
by non-selective scattering by microbial cells, which arises from abrupt changes
in the refractive index at interfaces. Selective scattering likely also contributes,
associated with abrupt changes in the refractive index caused by pigments embed-
ded in thylakoid membranes within the spectral regions of their light absorption
[4].

Fig. 2 shows the light absorption spectra of a dense culture obtained with
the MS 122A spectrophotometer at two cuvette positions: the standard position,
apn(; 0), and the position at a distance of 2 mm from the IS entrance port, ap(A; 7).

0.1 -
0.08 -
?‘g 0.06 -
2"
< 004 aw(hir) | |
& - Fig. 2. Examples of light absorption spectra
0.02 - 20 of the Chrysotila sp. culture obtained at the stan-
a2 0) dard cuvette position, apn(h; 0), and at a dis-
0 : . tance of =2 mm from the IS input window,
400 600 800  apn(A; 7)
A, nmM
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To correct for the scattering contribution, formula (2) was used, and calcula-
tions were performed for several A values:

_ a(750; 7) 00289
L7s0 = a(750; ) — a(750; 0)  0.0289 — 0.0216 3.96,
a(775; r) 0.0276
L775 = = = 363,
a(775;r) —a(775;0)  0.0276 —0.02
a(800; r) 0.0268

3.72.

Lonn = = =
800 4(800; 1) —a(800; 0)  0.0268 — 0.0196

According to the methods described in [3], the correction factor L was deter-
mined as the average value in the 750—-800 nm region. For the studied Chrysotila sp.
culture, the average value of the coefficient La.(r; 0) for the three wavelengths was
3.77 in this work.

Using formula (1), the true absorption value was calculated for each wave-
length. As an example, the calculation for the wavelength A = 443 nm is presented:

a(443) =0.0853—-3.77-[0.0853-0.0841] = 0.081.

Carrying out similar calculations for the remaining wavelengths, the true spec-
trum of the light absorption coefficient of the Chrysotila sp. culture, compensated
for scattering, was obtained (Fig. 3). A characteristic feature of this spectrum is
the absence of light absorption in the 750—800 nm range (Fig. 3), which confirms
the quality of the correction performed.

It should be noted that the described method is effective only at high cell
densities, when the culture in the cuvette exhibits a noticeable color, distin-
guishable visually. At low algae concentrations, the recorded spectra contain
(at apn(750; 0)>0.02 m™") a significant number of artifacts, which can be mistak-
enly interpreted as spectral peaks. An attempt to recover the true spectrum under
such conditions leads to the amplification of noise spikes and an increase in meas-
urement error. As an example, Fig. 4 shows spectra for two concentrations: the un-
diluted culture (570,000 cells/mL) (Fig. 4, a) and the culture after an eight-fold
dilution (71,300 cells/mL) (Fig. 4, b).

0.08 -
-~ 006 -
'S 0.04 -

0.02 -

Fig. 3. True light absorption spectrum of 0
the Chrysotila sp. culture determined by ex- 200 600 800
pression (1)

A, NM
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Fig. 4. Absorption spectra of the Chrysotila sp. culture normalized to 443 nm,
obtained at the standard position of the cuvette, an(A; 0), at a distance apn(A; 7)
from the IS input window and the true spectra @ calculated using expression (1)
for a concentration of 570,000 cells/mL (left) and 71,300 cells/mL (right)

Fig. 5 presents a comparison of the true in vivo absorption spectrum (dashed
line) and the spectrum of the acetone extract (solid line) for the concentration of
570,000 cells/mL. The spectrum of the acetone extract of the algae is characterized
by a shift of the peaks towards shorter wavelengths [11, p. 304] relative to the in
vivo spectrum. This shift is mainly due to the destruction of pigment-protein com-
plexes during extraction with organic solvents, changes in the polarity of the medi-

um, and aggregation/dissociation of pigments in acetone.

a(h)a(443)

Fig. 5. Light absorption spectra of the Chry-

sotila sp. culture normalized to 443 nm, where

the dotted line is the true spectrum calculated
= using expression (1), the solid line is the spec-
400 500 800 trum of the acetone extract
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This fact is critically important for interpreting remote sensing data, since
the calibration of satellite instruments is often based on in vitro spectra, whereas
in situ measurements correspond to the in vivo state of pigments. The difference
in spectral characteristics is due to the fact that in acetone extracts, some pigments
(e. g., chlorophylls) can form aggregates (dimers, oligomers). Aggregation often
leads to splitting and shifts of absorption peaks. In the native state, the absorption
maximum of chlorophyll is around 660-680 nm (red region), while in acetone ex-
tracts the peak can shift to 650—665 nm (hypsochromic shift), which is associated
with the loss of interaction with proteins [7].

Conclusions

A method for correcting phytoplankton absorption spectra for scattering has
been adapted for the single-beam MS 122A spectrophotometer with an IS. It was
established that the maximum possible distance of the cuvette from the IS (2 mm)
is sufficient for calculating the correction factor and obtaining the true absorption
spectrum, confirmed by values approaching zero in the 750—800 nm range.

For the Chrysotila sp. culture, the average value of the correction factor
L =3.77 was calculated in the 750-800 nm region. Using this factor, the true
in vivo absorption spectrum, corrected for the scattering contribution, was obtained.

The applicability limits of the method were determined: it is effective only
at high cell densities, when the absorption coefficient at a wavelength of 750 nm
apn(750; 0) exceeds 0.02 m™'. At low concentrations (below 700,000 cells/mL),
correction leads to noise amplification and the appearance of artifacts.

It was confirmed that the spectra of acetone extracts of Chrysotila sp. pigments
are characterized by a hypsochromic shift (shift to shorter wavelengths) relative
to in vivo spectra, which is caused by the destruction of pigment-protein complexes
and pigment aggregation in acetone. This difference must be taken into account
when calibrating algorithms for remote sensing of phytoplankton from satellite data.
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