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Abstract 
The study aims to monitor the emissions and uptake of carbon dioxide and water vapour 
at  a specialized carbon polygon near the city of Gelendzhik, Krasnodar Krai. The paper anal-
yses CO₂ and H₂O 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, 
CO₂ emission into the atmosphere prevails, while from April onward its uptake by the eco-
system is observed. The average CO₂ concentration in the air during the observation period 
was 423.2 ± 5.2 μmol/mol (with a global average of 420 μmol/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. 
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Опыт мониторинга эмиссии и поглощения 
парниковых газов в прибрежной зоне моря 
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Аннотация 
Цель работы – мониторинг эмиссии и поглощения углекислого газа и водяного пара 
на специализированном карбоновом полигоне в районе г. Геленджика Краснодарского 
края. Проанализированы потоки CO2 и H2O, а также параметры состояния атмосферы, 
зарегистрированные с декабря 2024 г. по май 2025 г. с помощью автоматической стан-
ции мониторинга LI-COR Environmental, установленной в 25 м от береговой линии. 
Потоки газов рассчитывались методов турбулентных пульсаций с частотой 10 Гц.  
Основными компонентами станции являются: датчики потоков атмосферного тепла, 
включая датчик фотосинтетической активной радиации; ультразвуковой анемометр; 
газоанализатор; датчик температуры и влажности воздуха; почвенные датчики.  
Применялось дневное и ночное разделение чистого потока CO2 на валовую первичную 
продукцию и экосистемное дыхание. Установлено, что за указанный период на иссле-
дуемом участке с квадратного метра в атмосферу поступило около 500 г углекислого 
газа. При этом на экосистемное дыхание пришлось около 1300 г, на валовую продук-
цию – 800 г. Выявлена сезонная динамика обмена: в зимние месяцы, а также в начале 
календарной весны преобладает эмиссия CO2 в атмосферу, с апреля наблюдается его 
усвоение экосистемой. Средняя за период наблюдений концентрация CO2 в воз-
духе составила 423.2 ± 5.2 мкмоль/моль (при среднемировой в 420 мкмоль/моль). 
Несмотря на сложные условия расположения станции в прибрежной зоне моря, полу-
ченные результаты физически обоснованы и могут использоваться для оценок потоков 
парниковых газов. 

Ключевые слова: карбоновые полигоны, Геленджик, поток углекислого газа, метод 
турбулентных пульсаций, Li-Cor 
Благодарности: работа выполнена в рамках темы государственного задания Института 
океанологии РАН № FMWE-2023-0001 при финансовой поддержке Фонда Мельниченко. 

Для цитирования: Дивинский Б. В., Куклев С. Б., Кременецкий В. В., Недоспасов А. А. 
и др. Опыт мониторинга эмиссии и поглощения парниковых газов в прибрежной зоне 
моря // Экологическая безопасность прибрежной и шельфовой зон моря. 2026. № 1. 
С. 6–26. EDN PGBTAO. 

 
Introduction 
Greenhouse gases that determine the nature of climate change on the planet  

include water vapour H₂O, carbon dioxide CO₂, methane CH₄, nitrous oxide N₂O, 
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 1), according to various estimates, is 40–70%. At the same time,  
 

 
1) 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 H₂O 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 CO₂ 
share of the anthropogenic temperature increase was about 66%. For comparison: 
the share of CH₄ was 16%, and that of N₂O was 6%. The global average concen-
tration of carbon dioxide in the atmosphere in 2023 was 420.0 ± 0.1 μmol/mol, 
with the average growth rate over the last decade reaching 2.4 μmol/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 3), 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). 

 
 

 
 

F i g .  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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F i g .  2 .  Measuring instruments of the LI-COR monitoring station: 1 – 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 CO₂ and water vapour H₂O, 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 4), 5) 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 

5) 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). 



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

For example, the 80% footprint is the length (in meters) of the area from which 
the contribution of a given substance (CO₂ 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 CO₂ 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], Reco 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 NEEmod 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 (Reco – 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 Ta values were noted only in the second half of February. The dynamics 
of soil temperature Ts 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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F i g .  3 .  Daily average values of photosynthetic photon flux density PPFD, soil 
heat flux SHF, air temperature Ta and soil temperature Ts from December 2024 
to May 2025 
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F i g .  4 .  Daily atmospheric precipitation values from December 2024 to May 2025 
 
 
 

 
 

F i g .  5 .  Daily average concentrations of carbon dioxide and water vapour in the at-
mosphere from December 2024 to May 2025. The red line represents linear approx-
imation, the pink area shows the 95% confidence interval for the regression line 
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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 6) 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 μmol/mol), and the minimum in May (410.5 μmol/mol).  

The highest water vapour concentrations were recorded in May (18.1 mmol/mol), 
the lowest in March (1.9 mmol/mol). The average CO₂ concentration in the air over 
the observation period was 423.2 ± 5.2 μmol/mol (compared to the global average 
of 420 μmol/mol), and for H₂O 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. 

 
 

 
 

F i g .  6 .  Wind speed frequency V (%) by directions in the experiment area 

 
6) 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). 



Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2026                                      17 

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 
 

 

 
 

F i g .  7 .  Monthly flux footprint coverage areas. Isolines are drawn for 10, 20, …, 90th 
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 m² 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 CO₂ 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 CO₂ emission was observed in December, and the largest 
 

 

 
 

F i g .  8 .  Diurnal water vapour fluxes 
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F i g .  9 .  Diurnal carbon dioxide fluxes 
 
 
uptake in May, with characteristic flux values of 4–5 and 3–4 μmol/m²⋅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 Reco 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 Reco 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 Reco and NEE. In daytime partitioning, both GPP and Reco 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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F i g .  1 0 .  Diurnal fluxes of gross primary production GPP and ecosystem respira-
tion Reco (the solid line is average, the dotted line is median, the shaded area is 95% 
confidence interval) 
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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. 

 
 

 
 

F i g .  1 1 .  Daily masses of carbon dioxide corresponding to net ecosystem  
exchange NEE, gross primary production GPP and ecosystem respiration Reco 

 
 

 
 

F i g .  1 2 .  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, CO₂ emission into the atmosphere was observed. 
Net ecosystem exchange NEE in December amounted to 278 gCO₂/(m²⋅month), 
in March – 76 gCO₂/(m²⋅month). From April onwards, a tendency towards atmo- 
spheric carbon dioxide uptake was observed, which reached 88 gCO₂/(m²⋅month) in 
May. 

In total, over the six months of measurements, the net volume of carbon di-
oxide emissions NEE amounted to 529 gCO₂/m². Ecosystem respiration accounted 
for Reco(night) = 1338 gCO₂/m², and gross primary production accounted 
for GPP(night) = 809 gCO₂/m². 

Estimates obtained using the daytime flux partitioning scheme demonstrate 
comparable results: Reco(day) = 1271 gCO₂/m², GPP(day) = 768 gCO₂/m². These 
values yield a model estimate of NEE(day) = 503 gCO₂/m². 

Thus, the experimental value of total emissions (NEE) for the six months was 
529 gCO₂/m², while the model value was 503 gCO₂/m². 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. 
 
 

 
 

F i g .  1 3 .  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 CO₂ 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, CO₂ 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. 

RE F E R E N C ES 
1. Zamolodchikov, D.G., Gytarsky, M.L., Shilkin, A.V., Marunich, A.S. and Karelin, D.V., 

2017. Monitoring of Carbon Dioxide and Water Vapor Cycles at the Log Tayozhny 
Experimental Site (National Park Valdaysky). Fundamental and Applied Climatology, 
1, pp. 54–68. https://doi.org/10.21513/2410-8758-2017-1-54-68 (in Russian). 

2. Khoruzhy, D.S., 2018. Variability of the CO2 Flux on the Water-Atmosphere Interface 
in the Black Sea Coastal Waters on Various Time Scales in 2010–2014. Physical Ocean-
ography, 25(5), pp. 401–411. https://doi.org/10.22449/1573-160X-2018-5-401-411 

3. Krivenok, L.A., Suvorov, G.G., Avilov, V.K. and Sirin, A.A., 2019. Eddy Covariance 
Measurement of CO2, CH4, and H2O Fluxes: Use of a Mobile Tower and Taking 
into Account the Changing Fetch. Optika Atmosfery i Okeana, 31(11), pp. 942–950. 
https://doi.org/10.15372/AOO20191111 (in Russian). 

4. Fedorov, Yu.A., Sukhorukov, V.V. and Trubnik, R.G., 2021. Review: Emission and 
Absorption of Greenhouse Gases by Soils. Ecological Problems. Anthropogenic Trans-
formation of Nature, 7(1), pp. 6–34. https://doi.org/10.17072/2410-8553-2021-1-6-34 
(in Russian). 

5. Satosina, E., Zyrianov, V., Prokushkin, A. and Olchev, A., 2022. Temporal Variability 
of Carbon Dioxide, Methane, Sensible and Latent Heat Fluxes in Forest and Moore 
Cosystems of Northen Eurasia. Grozny Natural Science Bulletin, 7(4), pp. 79–85. 
https://doi.org/10.25744/genb.2022.41.14.010 (in Russian). 

6. Mamkin, V., Avilov, V., Ivanov, D., Varlagin, A. and Kurbatova, J., 2023. Interannual 
Variability in the Ecosystem CO2 Fluxes at a Paludified Spruce Forest and Om-
brotrophic Bog in the Southern Taiga. Atmospheric Chemistry and Physics, 23(3), 
pp. 2273–2291. https://doi.org/10.5194/acp-23-2273-2023 

7. Orekhova, N.A., Medvedev, E.V., Mukoseev, I.N. and Garmashov, A.V., 2024. Sea-
Air CO2 Flux in the Northeastern Part of the Black Sea. Ecological Safety of Coastal 
and Shelf Zones of Sea, (1), pp. 57–67. 

8. Panov, A.V., Makhnykina, A.V., Urban, A.V., Zyryanov, V.I., Polosukhina, D.A., 
Kukavskaya, E.A., Aryasov, V.E., Kolosov, R.A., Putilin, I.R. et al., 2024. Carbon 
Flows in the Ecosystems of the Middle Taiga of Central Siberia. Siberian Forest Jour-
nal, (3), pp. 37–53. https://doi.org/10.15372/SJFS20240305 (in Russian). 

9. Romanovskaya, A.A., ed., 2023. [Evaluation of Greenhouse Gases Fluxes in Regional 
Ecosystems of the Russian Federation]. Moscow: IGKE, OOO Print, 346 p. (in Russian). 

10. Kuklev, S.B., Kremenetskiy, V.V., Krylenko, V.V. and Rudnev, V.I., 2022. Digital 
Model of the "Carbon Test Site in Krasnodar Region" on the Base of SBIO  RAS 
(Gelendzhik). Hydrosphere Ecology, (1), pp. 18–28. https://doi.org/10.33624/2587-
9367-2022-1(7)-18-28 (in Russian). 

11. Varvarova, A.O., Polukhin, A.A., Berdnikova, E.K., Mukhametov, S.S., Borisenko, G.V. 
and Pronina, Yu.O., 2023. Spatial and Temporal Variability of Carbonate System Pa-
rameters at the Gelendzhik Carbon Test Area During the Summer Period. In: MSU, 



Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2026                                      25 

2024. Conference Proceedings of the XII International conference “Marine Research 
and Education” MARESEDU-2023. Moscow, 23–27 October 2023. Tver: PoliPRESS. 
Vol. II(IV), pp. 503–507 (in Russian).   

12. Rudnev, V.I., Pushkin, V.V. and Kuklev, S.B., 2024. Methodology for Measuring 
Greenhouse Gas Concentrations at a Test Site near the Blue Bay (Northeast of the Black 
Sea). Hydrosphere Ecology, (2), pp. 91–100. https://doi.org/10.33624/2587-9367-
2024-2(12)-91-100 (in Russian). 

13. Wutzler, T., Lucas-Moffat, A., Migliavacca, M., Knauer, J., Sickel, K., Sigut, L., Men-
zer, O. and Reichstein, M., 2018. Basic and Extensible Post-Processing of Eddy Covar-
iance Flux Data with REddyProc. Biogeosciences, 15(16), pp. 5015–5030. 
https://doi.org/10.5194/bg-15-5015-2018 

14. Reichstein, M., Falge, E., Baldocchi, D., Papale, D., Aubinet, M., Berbigier,  P., 
Bernhofer, C., Buchmann, N., Gilmanov, T. et al., 2005. On the Separation of Net Eco-
system Exchange into Assimilation and Ecosystem Respiration: Review and  Im-
proved Algorithm. Global Change Biology, 11(9), pp. 1424–1439. 
https://doi.org/10.1111/j.1365-2486.2005.001002.x 

15. Lasslop, G., Reichstein, M., Papale, D., Richardson, A.D., Arneth, A., Barr, A., Stoy, P. 
and Wohlfahrt, G., 2010. Separation of Net Ecosystem Exchange into Assimilation and 
Respiration Using a Light Response Curve Approach: Critical Issues and Global Eval-
uation. Global Change Biology, 16(1), pp. 187–208. https://doi.org/10.1111/j.1365-
2486.2009.02041.x 

16. Foken, T. and Wichura, B., 1996. Tools for Quality Assessment of Surface-Based Flux 
Measurements. Agricultural and Forest Meteorology, 78(1-2), pp. 83–105. 
https://doi.org/10.1016/0168-1923(95)02248-1 

17. Timokhina, A.V., Prokushkin, A.S. and Panov, A.V., 2014. Daily and Seasonal Dy-
namics of CO2 and CH4 Concentration in the Atmosphere over the Western Siberia (Pri-
Yeniseysk Part) Ecosystems. Bulletin of KSAU, (12), pp. 83–88 (in Russian). 

18. Rastogi, B., Berkelhammer, M., Wharton, S., Whelan, M.E., Meinzer, F.C., Noone, D. 
and Still, C.J., 2018. Ecosystem Fluxes of Carbonyl Sulfide in an Old-Growth Forest: 
Temporal Dynamics and Responses to Diffuse Radiation and Heat Waves. Biogeosci-
ences, 15(23), pp. 7127–7139. https://doi.org/10.5194/bg-15-7127-2018 

19. Gulev, S.K. and Olchev, A.V., eds., 2025. [Carbon Polygons: Monitoring, Geoinfor-
mation Systems, Sequestering Methods]. Moscow: Nauchny Mir, 419 p. (in Russian). 

20. Stagakis, S., Feigenwinter, C., Vogt, R., Brunner, D. and Kalberer, M., 2023. A High-
Resolution Monitoring Approach of Urban CO2 Fluxes. Part 2 – Surface Flux Optimi-
sation Using Eddy Covariance Observations. Science of the Total Environment, 903, 
166035. https://doi.org/10.1016/j.scitotenv.2023.166035 

Submitted 16.09.2025; accepted after review 11.11.2025;  
revised 18.12.2025; published 31.03.2026 

 
About the authors: 
Boris V. Divinsky, Leading Researcher, Laboratory of Geology and Lithodynamics, Shir-
shov Institute of Oceanology, Russian Academy of Sciences (36, Nakhimov Ave., Moscow, 
117997, Russia), PhD (Geogr.), ORCID: 0000-0002-2452-1922, ResearcherID: C-7262-2014, 
divin@ocean.ru 
Sergey B. Kuklev, Head of the Laboratory of Hydrophysics and Modeling, Shirshov Institute 
of Oceanology, Russian Academy of Sciences (36, Nakhimov Ave., Moscow, 117997, Rus-
sia), PhD (Geogr.), ORCID: 0000-0003-4494-9878, ResearcherID: G-5656-2017, 
kuklev@ocean.ru 



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

Vyacheslav V. Kremenetsky, Deputy Director for Physical Direction, Shirshov Institute of 
Oceanology, Russian Academy of Sciences (36 Nakhimov Ave., Moscow, 117997, Russia), 
PhD (Geogr.), sk@ocean.ru 
Andrey A. Nedospasov, Junior Researcher, Laboratory of Experimental Ocean Physics, 
Shirshov Institute of Oceanology, Russian Academy of Sciences (36, Nakhimov Ave., Mos-
cow, 117997, Russia), nedospasov.aa@ocean.ru 
Vladimir V. Ocherednik, Researcher, Laboratory of Hydrophysics and Modeling, Shir-
shov Institute of Oceanology, Russian Academy of Sciences (36 Nakhimov Ave., Mos-
cow, 117997, Russia), ORCID: 0000-0002-3593-7114, ResearcherID: G-2850-2017,  
poekperementarium@gmail.com 
Olga N. Kukleva, Researcher, Laboratory of Hydrophysics and Modeling, Shirshov Institute 
of Oceanology, Russian Academy of Sciences (36, Nakhimov Ave., Moscow, 117997, Rus-
sia), ResearcherID: J-7126-2018, kukleva-ola@mail.ru 
 
Contribution of the authors: 
Boris V. Divinsky – problem statement, analysis of the results, article preparation 
Sergey B. Kuklev – problem statement, analysis of the literature sources 
Vyacheslav V. Kremenetsky – experiment support 
Andrey A. Nedospasov – experiment support 
Vladimir V. Ocherednik – experiment support 
Olga N. Kukleva – preparation of source data, article preparation 
 
All the authors have read and approved the final manuscript. 



Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2026  27 

Origina l  paper  

Layering of the Spatial Structure of the Crimean Shelf 
Pelagic Community in the Summer Season 

S. A. Piontkovski 1 *, A. V. Melnik 2, Yu. A. Zagorodnyaya 2, 
Yu. G. Artemov 2, E. A. Skripaleva 3, E. Yu. Georgieva 2

1 Sevastopol State University, Sevastopol, Russia 
2 A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS, Sevastopol, Russia 

3 Marine Hydrophysical Institute of RAS, Sevastopol, Russia 
* e-mail: spiontkovski@mail.ru

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. 

Keywords: Black Sea, coastal shelf, thermohaline waters structure, phytoplankton, chloro-
phyll a, total suspended matter concentration, zooplankton, bioluminescence, sound scatter-
ing layers, pelagic community 
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Аннотация 
Пространственная неоднородность термохалинной структуры и динамики биотопа, 
а также трофические взаимодействия организмов формируют слои их высокой числен-
ности и биомассы. На основе экспедиционных данных, полученных в летний период 
2010–2024 гг., проанализированы характеристики поверхностного и подповерхностно-
го максимумов биомассы фитопланктона, хлорофилла а, общего взвешенного веще-
ства, зоопланктона (кормового и желетелого), интенсивности биолюминесценции 
и звукорассеивающих слоев (индикаторов обилия мелких пелагических организмов) на 
шельфе Крыма. Приводятся характерные значения параметров, толщина слоев и глу-
бина их залегания. Обсуждаются механизмы формирования слоистости и взаимосвязь 
структурных и функциональных свойств пелагического сообщества. Отмечено, что на 
низших трофических уровнях слоистость регулируется преимущественно термохалин-
ной стратификацией водной толщи. На средних трофических уровнях, представленных 
копеподами и мелкими пелагическими рыбами, доминирующим фактором в регуляции 
слоистости выступает двигательная активность организмов, связанная с пищевым, ре-
продуктивным, защитным поведением и прочими его формами. В контексте взаимо-
связи структуры и функции в пелагической экосистеме отмечено, что слоистость рас-
пределения организмов формирует вертикальную неоднородность плотности трофиче-
ских взаимодействий и, как следствие, вертикальную неоднородность потока вещества 
и энергии в сообществе. Трофические взаимодействия наиболее интенсивны в слоях 
максимальной толщины в связи с их большей экологической емкостью. К таким слоям 
относятся поверхностный и подповерхностный максимумы биомассы фитопланктона, 
зоопланктона и мелких пелагических рыб, прежде всего массовых (хамсы и шпрота). 

Ключевые слова: Черное море, шельф, термохалинная структура вод, фитопланктон, 
хлорофилл а, концентрация общего взвешенного вещества, зоопланктон, биолюми-
несценция, звукорассеивающие слои, пелагическое сообщество 
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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. 

 

T a b l e  1 .  A general characteristic of expedition studies aboard R/V Professor Vodyanitsky 

Number 
of cruise Field work period 

Number of 
oceanographic 

stations 

Number of 
Salpa-M 

soundings 

Number of 
plankton sam-
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 



Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2026                                      31 

 

F i g .  1 .  Examples of transects and station grids of R/V Professor Vodyanitsky 
summer expeditions: the 70th (a), 96th (b), 102nd (c) and 128th (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 1). 

Chlorophyll a. The fluorescence intensity of chlorophyll a was measured using 
the  IDRONAUT OCEAN SEVEN 320 Plus M, SBE 911plus and Salpa-M 2)  
 

 
1) Radchenko, I.G., Kapkov, V.I. and Fedorov, V.D., 2010. [A 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 3). 

Zooplankton. Zooplankton samples collected with a Juday plankton net (en-
trance diameter 36 cm, mesh size 140 µm) 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 
(CTSM) 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. CTSM was calculated using the empirical relation-
ship CTSM = 1.514 × 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−2·L−1) 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 Et = αdT/dz, where α 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 4). 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−1. 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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F i g .  2 .  Vectors of in situ-measured currents across various depths according to 
the 102nd (a) and 103rd (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. Sundström and Proboscia alata (Bright- 
well) Sundström, which accounted for up to 90% of the phytoplankton biomass. 
In  the thermocline, the dinoflagellates Ceratium furca (Ehrenberg) Claparède & 
Lachmann and Dinophysis rotundatum Claparède & Lachmann predominated,  
 

 

 
 

F i g .  3 .  Vertical distribution of phytoplankton biomass (a, b), bioluminescent 
potential (BP), temperature and salinity (c, d), during the 64th cruise in July 
2010 (a, c) and 108th 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. Sundström, 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]. 

 
 

 
 

F i g .  4 . Vertical distribution of chlorophyll a concentration and temperature across 
the  Crimean shelf in June 2020 (113th 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. A. 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 A. aurita. 

 
 

 

 
 

F i g .  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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F i g .  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 133rd 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 5). 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. 

5) Greze, V.N., ed., 1979. [Fundamentals of Biological Productivity in the Black Sea]. Kiev:
Naukova Dumka, 392 p. (in Russian). 
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F i g .  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−3, 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 6). 

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  
 

 
6) 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). 
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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]. 
 

 

 
 

F i g .  8 .  Echogram of the sound scattering layer (SSL) and the averaged 
profile of the volume backscattering strength SV, dB, at station 190 during 
the 123rd 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, I.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.  

F i g .  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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a  b   c  d  
 

F i g .  1 0 .  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); c – 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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T a b l e  2 .  Characteristics of deep (subsurface) maxima of investigated parameters 
in the summer period 

Parameter D B L Data 
source 

Maximum UTB 
in absolute value 
(seasonal  
thermocline) 

5–15 N/d 5–12 

Measurements  
during cruises  

with CTD-complexes  
IDRONAUT OCEAN 
SEVEN 320 Plus M, 

SBE 911plus and  
Sea-Bird 911plus 

Maximum UPB 
(seasonal  
pycnocline) 

5–15 N/d 5–10 – 

Total suspended 
matter  
concentration 

10–15 N/d 4–16 LAC measurements 
using SIPO 4 

Chlorophyll a 
concentration 23–54 N/d 3–5 

Measurements  
during cruises  

with CTD-complex 
IDRONAUT OCEAN 
SEVEN 320 Plus M 

Phytoplankton 
biomass 0–20 100–340 10 Cruise reports 

Dinophytes 
biomass 
(Dinophyceae) 

15–20 40–190 5–10 Cruise reports 
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Table 2 concluded 

Parameter D B L Data 
source 

Noctiluca scintillans 
biomass 35–20* 108 15 Cruise reports 

Copepodes 
biomass 76–104 243 29 Cruise reports 

Forage 
zooplankton 
biomass 

76–104 345 29 Cruise reports 

Aurelia aurita 
biomass N/d 190 g·m−2 N/d Cruise reports 

Bioluminiscent 
potential 15–35 N/d 5–10 Salpa-M 

SV 20–30 N/d 15–25 Lowrance 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 30–40 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 8) [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 A. 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−1) 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 μg·L−1, 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. 
Keywords: coastal waters, fuel oil spill, petroleum hydrocarbons, petroleum pollution, 
seawater, suspended matter, Black Sea 
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Аннотация 
В результате разлива мазута с танкеров «Волгонефть-212» и «Волгонефть-239» в Кер-
ченском проливе 15 декабря 2024 г. подверглось загрязнению побережье Крыма 
и Краснодарского края. Цель работы состоит в исследовании углеводородного за-
грязнения воды и взвешенного вещества прибрежных акваторий Керченского полу-
острова и Краснодарского края, подвергшихся выбросам мазута с декабря 2024 г. 
по январь 2025 г. Хотя в первые дни после аварии танкеров (16–18 декабря) содер-
жание углеводородов в воде на 70 % станций превышало ПДК (0.05 мг·л−1), состав  
н-алканов и значения маркеров указывают, что основными источниками обнаружен-
ных углеводородов в воде и взвешенном веществе исследуемой акватории были при-
родные источники. Отмечены признаки наличия деградированных нефтепродуктов, 
что свидетельствует о хроническом нефтяном загрязнении акватории. В период вы-
бросов нефтепродуктов (январь 2025 г.) средние концентрации углеводородов в воде 
побережья Керченского полуострова и Краснодарского края не превышали ПДК.  
Содержание углеводородов во взвеси исследуемого района, колебавшееся в диапа-
зоне 13–67 мкг·л−1, можно характеризовать как высокое. Распределение и состав  
н-алканов во взвешенном веществе в январе 2025 г. указывают на вероятное нефтя-
ное загрязнение. Анализ маркеров генезиса углеводородов подтверждает данный вы-
вод. Таким образом, мазут, поступивший к январю 2025 г. в результате аварии, 
не вызвал повышения концентрации углеводородов в воде. Признаки нефтяного за-
грязнения в январе 2025 г. зафиксированы только во взвешенном веществе в морской 
воде. С учетом того, что разлив мазута оказал определенное влияние на отдельные 
компоненты прибрежной экосистемы, необходимы дальнейшие исследования в дан-
ном направлении для оценки долговременного воздействия углеводородов на компо-
ненты экосистемы акваторий. 
Ключевые слова: прибрежная акватория, разлив мазута, углеводороды нефти,  
загрязнение нефтепродуктами, морская вода, взвешенное вещество, Черное море 
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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 1). 
Due to the fact that the Kerch Strait has recently become one of the main thorough-
fares for Russian oil exports 2), the risk of accidents has increased significantly.  

During a storm on 15 December 2024, two oil tankers (Volgoneft-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.  

 
1) 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 16–18 December 2024 (immediately after the accident) and 20–23 Janu-
ary 2025 (Fig. 1). Seawater samples were collected at 10 stations on 16–18 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 μm 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 μL) 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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F i g .  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 μm (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 μg/mL. 
Pristane (Pr) and phytane (Ph) were identified using a sample with a concentration 
of 100 μg/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. 

T a b l e  1 .  Diagnostic molecular ratios and their typical values 

Diagnostic index  
(calculation formula) Value Typical value 

interpretation 

LWH/HWH =  
= ∑(С11

 – C21)/∑(С22
 – С35) 

> 1 Oil origin 

< 1 Terrigenous, 
higher plant 

CPI2
 = (1/2){(C25

 + C27
 + C29

 + C31
 + 

+ C33
 + C35)/(C24

 + C26
 + C28

 + C30
 + C32

 + 
+ C34) + (C25

 + С27
 + C29

 + C31
 + C33

 +
+ C35)/(C26

 + C28
 + C30

 + C32
 + C34)} 

~ 1 
Large portion 
of petroleum 
hydrocarbons 

< 1 Mainly  
biogenic origin 

> 1

Biogenic, influence 
on hydrocarbon  

composition 
of terrigenous  
organic matter 

Ki = (Pr + Ph)/(n-С17 + С18) 

0.8 ≤ Ki ≤ 1.5 
Presence 

of moderately 
degraded oil 

0.3 ≤ Ki ≤ 0.8 
Presence 
of mildly 

degraded oil 

Ki ≤ 0.3 Presence 
of fresh oil 

Pr/Ph < 1 
Presence 

of oil 
in bottom 
sediments 
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Table 1 concluded 

Diagnostic index  
(calculation formula) Value Typical value 

interpretation 

Paq = (C23 + C25)/(C23 + С25 + C29 + C31) 

0.1 
Traces  

of terrigenous  
degraded plants 

0.1 < Paq < 0.4 Fresh 
macrophytes 

0.4 < Paq < 1.0 Water 
macrophytes 

TAR = (C27 + C29 + C31)/(C15 + C17 + C19) High TAR 
Prevalence 

of terrigenous 
material 

ACL = [25C25 + 27C27 + 29C29 + 31C31 + 
+ 33C33]/[C25 + C27 +C29 + C31 + C33] 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−1 
(Fig. 2), averaging 0.061 mg·L−1 along the coast. In 70% of samples, the maximum 
permissible concentration (MPC) (0.05 mg·L−1) 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−1. 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 10−4 mg·L−1), 
while Ph was found in concentrations of the order of 10−3 mg·L−1. 

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 C17 and C19, characterising the development of the phyto-
community [8]. The second group of maxima was in the C24–C32 range and included 



Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2026                                      59 

 
 

F i g .  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 C17 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 C30 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). 

 
 
 

 
 

F i g .  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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T a b l e  2 .  Values of hydrocarbons genesis markers in the water off the coast of Kerch 
Peninsula and Krasnodar Krai, December 2024 (after the accident) 

Station 
number 

Marker 

Paq TAR ACL LWH/HWH C17
 + C19

 + C21/ 
n-alkanes CPI2 

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, CPI2, 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 1 (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 C17 and C19 and are therefore related to natural 
primary production processes [13]. The increased content of autochthonous com-
pounds at stations 5 and 10 is further supported by the ratio of these compounds 
to the total n-alkanes in water.  

The Paq 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 10, 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 (C17, C19) 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 μg·L−1 (Fig. 4), with an average of 121 μg·L−1. 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. 
 
 

 
 

F i g .  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 C15–C33 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 C17 and C19 of phytoplankton origin [8]. The second maximum was 
in the C24–C31 range, which included both bacterial even-numbered peaks and C25, 
the presence of which is associated with the presence of aquatic macrophytes [17]. 
Allochthonous C27, C29 and C31, 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 Paq 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 1, its value was less than unity, which is 
typical of the predominance of autochthonous compounds. This station also 
showed elevated Paq (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]. 

 
 

 
 

F i g .  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) 
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T a b l e  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) 

Station 
number 

Marker 

Paq TAR ACL LWH/ 
HWH 

C17
 + C19

 + C21/ 
n-alkanes CPI2 Pr / Ph Ki 

1 0.5 0.7 30 0.7 0.3 1.4 0.3 1.1 
2 0.4 1.9 31 0.3 0.2 1.2 0.3 1.3 
3 0.4 3.2 29 0.4 0.1 1.5 0.2 1.9 
4 0.3 4.2 29 0.3 0.1 1.5 0.2 2.0 
5 0.2 4.7 30 0.2 0.1 1.1 0.1 1.5 
6 0.2 4.5 30 0.2 0.1 1.9 0.3 1.1 
7 0.4 3.9 31 0.2 0.1 1.4 0.1 0.8 
8 0.3 2.2 30 0.6 0.2 1.8 0.1 1.8 
9 0.4 4.0 31 0.2 0.1 1.3 – – 

10 0.4 2.4 30 0.3 0.2 1.6 0.2 1.6 

Average 0.4 3.2 30 0.4 0.2 1.5 0.2 1.4 
 
 

High-molecular-weight compounds prevailed at most stations. The exceptions 
were station 1 (LWH/HWH = 0.7) due to the high content of autochthonous C15, 
C17 of phytoplankton origin [10] and C20 of bacterial origin [19], as well as sta-
tion 8 (LWH/HWH = 0.6) due to the high content of C19 of phytoplankton origin 
[7] and C20 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 (Ki = 0.8...2.0) aligns with the presence of moderately to 
highly degraded petroleum products. 

The main marker of oil pollution, CPI2, 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 1 differed sig-
nificantly from that at other stations, where the proportion of low-molecular-weight 
n-alkanes, starting with C15, 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−1, with an average of 0.035 mg·L−1. The MPCs were exceeded at two 
stations: 12 (1.3 times the MPC) and 16 (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 16, which most likely indicates active transformation of n-alkanes. 

We identified n-alkanes ranging from C17 to C33, with C17–C31 compounds be-
ing present almost throughout the study area, while C32–C33 compounds were found 
only in a few samples. The distribution of n-alkanes was bimodal (Fig. 7), with 
the first peak corresponding to C17, an n-alkane of phytoplankton origin (its aver-
age proportion was 16%), and the second peak corresponding to C29 of allochtho-
nous origin (16%). This distribution pattern indicates that natural pathways prevail 
in the HC input into the coastal waters. 

At station 12, where peaks were observed in the C29–C32 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 (10−5 mg·L−1) and Ph (10−3 mg·L−1) were detected 
at low concentrations, which corresponds to their natural levels. 

The Paq marker values (Table 4) indicate the presence of traces of macro-
phytes; however, at station 12, 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 
 

 

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

T a b l e  4 .  Values of markers of hydrocarbons genesis in the water off the coast of 
the Kerch Peninsula and Krasnodar Krai, January 2025 

Station 
number 

Marker 

Paq TAR ACL LWH/HWH C17
 + C19

 + C21/ 
n-alkanes CPI2 

1 0.4 1.1 28 0.5 0.2 1.1 
2 0.2 1.7 29 0.3 0.2 0.8 
3 0.2 1.6 29 0.3 0.2 0.9 
4 0.3 1.5 28 0.4 0.2 1.4 
5 0.3 0.8 28 0.8 0.4 1.6 
6 0.7 0.3 27 0.6 0.4 0.5 
7 0.3 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 0.4 1.8 

10 0.3 1.8 28 0.4 0.2 1.7 
11 0.3 1.6 28 0.6 0.3 2.6 
12 0.1 5.5 30 0.1 0.1 1.3 
13 0.3 3.5 29 0.2 0.1 1.7 
14 0.4 1.5 28 0.4 0.2 1.4 
15 0.3 1.9 28 0.3 0.2 2.0 
16 0.4 2.3 28 0.3 0.1 1.0 

Average 0.3 1.8 28 0.4 0.2 1.4 
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a high proportion of autochthonous components. At station 12, 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 12 
(0.1) and station 13 (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 CPI2 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 (1.1), 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 μg·L−1, with an average of 34 μg·L−1 (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. 

 
 

 
 

F i g .  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 C16 to C33.  
Namely, C16 and C33 were recorded at certain stations (stations 14–16), while  
C17–C32 were present at the others. The insignificant proportion of phytoplankton-
derived C17 (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 C27 and C29 [7] and the bacteria-derived C26 [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 C24, C26 and C28 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 C25 content, 
which is associated with macrophytes, and also indicate the active development 
 

 

 
 

F i g .  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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T a b l e  5 .  Values of markers of hydrocarbons genesis in the suspended matter off 
the coast of the Kerch Peninsula and Krasnodar Krai, in January 2025 

Station 
number 

Marker 

Paq TAR ACL LWH/ 
HWH 

C17
 + C19

 + C21/ 
n-alkanes CPI2 Pr / Ph Ki 

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 4.9 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 
8 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 0.4 

Average 0.7 5.8 27 0.2 0.1 0.8 0.7 1.1 
 
 
of the bacterial community (C24, C26, C28) [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 13 and 14, 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 CPI2 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 1, 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 5, 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 16, 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 15 standing out, where a reduced proportion of C24–C28 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−1) 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 (R2 = 0.802) was found 
between the density of sprat aggregations (over 30 t/mile2) and the vertical temperature 
gradient (R2 = 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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в Среднем Каспии в летний период 
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Аннотация 
Цель работы – на основе гидроакустических и гидрологических данных за 2014–
2021 гг. выявить особенности распределения каспийских килек (основных промыс-
ловых рыб в Каспийском море) в эпипелагиали Среднего Каспия в летний период 
и оценить связь плотности их скопления с температурным градиентом. Гидроаку-
стическую съемку производили в глубоководной части моря (глубина до 800 м) 
установленным на НИС «Исследователь Каспия» гидроакустическим комплексом 
Simrad EK-60, оборудованным стационарно установленными антеннами с расщеп-
ленным лучом на частоте 38 и 120 кГц. Расчет биомассы выполнен для стандартных 
10-метровых слоев от 0 до 50 м. Температуру воды измеряли на горизонтах 10, 20, 25, 
30 и 50 м. Вертикальный температурный градиент рассчитывали для слоя 20–30 м. 
Связь между плотностью скоплений и градиентом оценивали методом линейного 
регрессионного анализа. Установлено, что в летний период основная масса каспий-
ских килек, совершая нагульные миграции, концентрируется в средней части Кас-
пийского моря в верхнем 50-метровом слое. По результатам летней гидроакустиче-
ской съемки 2021 г. построена карта распределения килек в средней части Каспий-
ского моря. Максимальные концентрации килек были отмечены в слое 20–30 м. 
Выявлена значимая линейная зависимость (R2 = 0.802) между плотностью скоплений 
кильки (свыше 30 т/миля2) и вертикальным температурным градиентом (R2 = 0.802) 
в этом слое. Показано, что плотные промысловые скопления формируются при гра-
диенте не ниже 0.3 °С/м и температуре на горизонте 30 м выше 9.0 °С. Результаты 
могут быть использованы для прогнозирования локализации промысловых скопле-
ний кильки в глубоководной части Среднего Каспия в летний период. 
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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 1), 2).  

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) [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 4) 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 4). 

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).  

 
 

 
 

F i g .  1 .  Part of an echogram showing Caspian sprat aggregations at a depth of 
91 m. A nighttime record on 29 July 2017. NASC 5943 m2/nmi2 
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F i g .  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/nmi2, 
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).  

 
 

 
 

F i g .  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 (t20) 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 ∆t20–30 in the 20–30 m 
layer varied from 1.2 to 17.1°C.  

Fig. 4 shows the distribution of sprat biomass in the 20–30 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/nmi2. In the southern part of the water 
area, at temperatures of 14–15°C, the density of sprat aggregations increased to 
20 t/nmi2. The densest aggregations, i. e. exceeding 50 t/nmi2 (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/nmi2 (Fig. 5). The t20 values at these stations ranged 
from 12.3 to 26.5°C, t30 was within 8.9 and 14.7°C and ∆t20–30 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 ∆t20–30 is approximated by the linear 
equation y = 1.917x − 13.059 (R² = 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/nmi²) were observed at the vertical  
 

 

 
 

F i g .  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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F i g .  5 .  Dependence of sprat aggregation density on temperature 
at a depth of 30 m (t30) and vertical temperature gradient in the 20–
30 m layer (∆t20–30), August–September 2021. The circle diameter is 
proportional to the aggregation density (t/nmi²); only values over 
30 t/nmi² were considered 

 
 

gradient at least 0.3°C/m and t30 values above 9.0°C. The conversion of NASC 
(m²/nmi²) to the Caspian sprat biomass density (t/nmi²) 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, t20 = 24.8, t30 = 12.1°C (∆t20–30 = 12.7°C); 
in the second case, t20 = 26.4, t30 = 13.3 °C (∆t20–30 = 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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F i g .  6 .  Part of an echogram showing sprat aggregations at a depth of 89 m. 
A daytime record on 18 August 2021. NASC 967 m2/nmi2 

 
 
 

 
 

F i g .  7 .  Part of an echogram showing sprat aggregations at a depth of 269 m. 
A nighttime record on 15 August 2021. NASC 1652 m2/nmi2 
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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 5) [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/nmi2 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 III (moderately polluted) in the Kacha and Belbek Rivers and down to class II (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103 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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Аннотация 

Исследовано влияние паводкового стока на содержание микроэлементов (металлов 

и металлоидов) в воде рек Кача, Бельбек и Черная в окрестностях Севастополя в 2024 г. 

В паводковый (март 2024 г.) и засушливый (июль 2024 г.) периоды в речной воде бы-

ли определены концентрации растворенных форм ряда элементов (Be, V, Fe, Co, Ni, 

Cu, Zn, As, Se, Mo, Cd, Sb, Tl, Pb, Ag), в том числе тяжелые металлы, а также их об-

щие концентрации, включающие растворенные формы и связанные со взвешенным 
веществом. Содержание всех изучаемых элементов определяли в их кислотных кон-

центратах и минерализатах в соответствии с ГОСТ Р 56219–2014 методом масс-

спектрометрии с индуктивно-связанной плазмой на масс-спектрометре PlasmaQuant 

MS Elite (Analytik Jena, Германия). Установлено, что в паводковый период в р. Кача 

и Бельбек концентрация взвешенного вещества увеличилась более чем в 100 раз, в то 

время как в р. Черной этот показатель вырос в 2.5 раза. Полученные данные позволи-

ли выявить критические элементы, у которых концентрации растворенных форм или 

общие концентрации превышали установленные нормы. Так, обнаружено превышение 

ПДК в воде рыбохозяйственных водоемов для растворенных форм меди и цинка.  

Анализ общих концентраций микроэлементов с использованием нормативов «Гол-

ландских листов» показал более широкий перечень загрязнителей в паводок: в реках 
Кача и Бельбек зафиксированы превышения ПДК никеля, меди, цинка, ванадия, а так-

же кобальта и бериллия (только в реке Кача). Интегральная оценка по индексу загряз-

ненности подтвердила ухудшение качества воды в паводковый период на 1–2 класса: 

в реках Кача и Бельбек до III класса (умеренно загрязненная), в реке Черной –  

до II класса (чистая). Кроме того, проанализировано распределение микроэлементов 

в системе вода – взвешенное вещество и установлен преобладающий вклад взвешенного 
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вещества в общее содержание микроэлементов в речной воде в паводковый и сухой 

периоды. Оценена аккумулирующая способность взвешенного вещества в отношении 
исследуемых микроэлементов: коэффициенты накопления для различных элементов 

варьировали от n103 до n107, что подтвердило ведущую роль взвеси в процессах  
самоочищения вод от загрязнителей и перераспределения микроэлементов между ком-

понентами водных экосистем. Полученные результаты обосновывают необходимость 

учета взвешенных форм микроэлементов при мониторинге качества вод, используемых 

для питьевого водоснабжения, особенно в паводковые периоды. 

Ключевые слова: тяжелые металлы, растворенная форма элемента, взвешенная 

форма элемента, общая концентрация элемента, взвешенное вещество, коэффициент 

накопления, предельно допустимая концентрация, индекс загрязненности воды, па-

водковый сток, межень, река Черная, Севастополь, Крым 

Благодарности: работа выполнена по теме госзадания ФИЦ ИнБЮМ «Изучение 

биогеохимических закономерностей радиоэкологических и хемоэкологических про-

цессов в экосистемах водоемов Азово-Черноморского бассейна в сравнении с други-
ми акваториями Мирового океана и отдельными водными экосистемами их водо-

сборных бассейнов для обеспечения устойчивого развития на южных морях России» 

(№ гос. регистрации 124030100127-7). 

Для цитирования: Чужикова О. Д., Проскурнин В. Ю., Параскив А. А., Мирзоева Н. Ю. 

Влияние паводкового стока на содержание микроэлементов в воде рек Кача, Бельбек 

и Черная // Экологическая безопасность прибрежной и шельфовой зон моря. 2026. 

№ 1. С. 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 50–75 million m3 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-

rate 1) due to the influx of chemical, organic, and biological pollutants with flood 

runoff waters [7]. 

                                                        

1) Goncharov, S.F., Batrak, N.I., Sakhno, I.I., Suranova, T.G. et al., 2014. Monitoring of 

the Sanitary-Epidemiological Situation in Zones of Flooding and Catastrophic Flood. Ed. by 

L.I. 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 2). 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” 3). 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 μm. The total suspended matter concentration was determined by the gravi-

metric method in accordance with PND F 14.1:2:3.110-97 4). 

                                                        

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) Trofimchuk, M.M., ed., 2024. Quality of Surface Waters of the Russian Federation. Yearbook. 

2023. Rostov-on-Don: Hydrochemical Institute, 597 p. (in Russian). 

4) 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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F i g .  1 .  Schematic map of the study area and sampling points around Sevastopol:  

1 – 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 5). 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 6). Concentrations of the studied elements (Be, V, Fe, Co, 

Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sb, Tl, 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 7) at the Center for Collective Use “Spectrometry and 

Chromatography” of the FRC IBSS. The mass spectrometer was calibrated using  

 

                                                        

5) RD 52.10.243-92, 1993. Guidelines for the Chemical Analysis of Marine Waters. Saint Peters-

burg: Gidrometeoizdat, 264 p. (in Russian). 

6) 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). 

7) 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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F i g .  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 IV-28, HNO3/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)  
 



Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2026                                    91 

established by SanPiN 1.2.3.3685-2 8) for surface water bodies used for domestic 

drinking and cultural-household use (MPCDD), as well as with the MPC for harmful 

substances in water bodies of fishery importance (MPCfish), recommended by 

the order of the Federal Agency for Fisheries (Rosrybolovstvo) 9). For comparison 

with foreign standards, the Dutch standards were used 10). 

Unlike Russian regulatory documents, the Dutch standards regulate not only 

the concentrations of dissolved forms of trace elements in water (MPCDS), but also 

their total concentrations (MPCtot), 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 11). 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 (BOD5). In the present work, these indicators were not as-

sessed, and the IWP was calculated exclusively for the content of heavy metals 

in water (IWPHM) according to the formula [9] 

IWPHM  = 
 1 

n
∑

Ci

MPCi 

n
i=1 , 

where Ci is the actual concentration of the i-th pollutant metal; MPCi is the maxi-

mum permissible concentration of the i-th pollutant metal; n is the number of prior-

ity pollutant metals. MPCfish was applied as the MPC, and in the absence of this in-

dicator for any element, MPCDD or MPCDS 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. 

                                                        

8) 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). 

10) 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). 

11) 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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T a b l e  1 .  Maximum permissible concentrations (MPC) of some elements 

in surface waters according to various standards  

Element 
MPCDD,  

µg·L−1 

MPCfish,  

µg·L−1 

MPCDS,  

µg·L−1 

MPCtot,  

µg·L−1 

Pb 10 6 11 220 

Cu 1000 1 1.5 3.8 

Zn 5000 10 9.4 40 

Ni 20 10 5.1 6.3 

Co 100 10 2.8 3.1 

V 100 1 4.3 5.1 

As 10 50 25 32 

Ag 50 – 0.08 – 

Mo 70 1 290 300 

Cd 1 5 0.4 2 

Se 10 2 5.3 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 1.7 

 

Note: MPCDD – maximum permissible concentration of the element in water of 

surface water bodies for domestic and drinking water use; MPCfish – MPC of the 

element in fisheries; MPCDS – MPCs from Dutch standards; MPCtot – total MPCs 

of elements. 

 

 
Water quality classification was carried out according to the scale 11), 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 III; 

– more than 2.5 to 4.0 – polluted water, Class IV; 

– 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−1 

(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 MPCDD. 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 µg·L−1 

at MPCfish = 1 µg·L−1) 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 µg·L−1 at MPCfish = 10 µg·L−1) were above the MPC 

during the spring sampling in all rivers and in summer in the Kacha River (Fig. 4). 

 

 
 

 

 
 

 
F i g .  3 . Concentration of total sus-

pended matter (СTSM) in the Kacha, 

Belbek and Chernaya Rivers in March 

(flood) and July (low-water period) 

2024  
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F i g .  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 MPCtot were 

recorded for nickel (12.79 and 9.27 µg·L−1 at MPCtot = 6.3 µg·L−1), copper (9.45 

and 6.88 µg·L−1 at MPCtot = 3.8 µg·L−1), zinc (47.93 and 44.44 µg·L−1 at MPCtot = 

40 µg·L−1), and vanadium (8.43 and 6.25 µg·L−1 at MPCtot = 5.1 µg·L−1), and  

in the Kacha River – also for cobalt (3.17 µg·L−1 at MPCtot = 3.1 µg·L−1) and beryl-

lium (0.22 µg·L−1 at MPCtot = 0.2 µg·L−1) (Fig. 5). In the Chernaya River, an ex-

ceedance of MPCtot was found only for zinc (68.64 µg·L−1 at MPCtot = 40 µg·L−1) 

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 (IWPHM) 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 II). In the Chernaya  
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F i g .  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 III (moderately polluted) compared 

to Class I (very clean) in the dry period. This result is explained by the anomalous-

ly high concentration of dissolved zinc, which exceeded MPCfish by 6.6 times  

during the flood period. 

The IWPHM 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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F i g .  6 .  Relative concentrations of dissolved forms (Сd/MPCd) and relative total 

concentrations (Сt/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 IWPHM 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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T a b l e  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 

Assessment criterion 

Kacha River Belbek River Chernaya River 

March July March July March July 

Dissolved form 

IWPHM 0.7 1.0 0.6 0.4 1.4 0.3 

Water quality class II II II II III I 

Total content 

IWPHM 1.6 0.3 1.2 0.2 0.4 0.1 

Water quality class III I III I II I 

 
Note: IWPHM – 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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F i g .  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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F i g .  8 .  Contribution of dissolved and suspended forms to the total content of 

trace elements in the Kacha, Belbek and Chernaya Rivers during the low-water 

period (July 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 

(Cf), 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 Cf values for different ele-

ments differed by four orders of magnitude. The lowest Cf values (n·103) were not-

ed for zinc, molybdenum, silver, cadmium, and antimony during the flood period 

in the Kacha and Belbek Rivers. In the Chernaya River, Cf 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 Cf values (n·106–n·107) 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 Cf were in the range 

of  n·104–n·105. 

In general, for all rivers, similar Cf 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 C f: 

Fe > Co > V > Pb > As > Tl > Ni > Cu > Sb > Mo > Ag > Cd > Zn – during the flood 

period; Fe > Pb > Cd > Tl > As > Co > Sb > V > Zn > 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. 



Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2026                                    101 

 
 

F i g .  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 MPCfish 

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 MPCtot 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 I) to clean water (Class II) (in the Chernaya River) and to moderately 

polluted water (Class III) (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 Cf of elements in suspended mat-

ter for different elements varied by four orders of magnitude from n⋅103 (zinc, mo-

lybdenum, silver, cadmium, and antimony) to n⋅107 (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. 
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Long-Term Dynamics of Sea Surface Temperature 
in the Area of the Oyster and Mussel Farm 

(Outer Harbour of Sevastopol) 
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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. 

Keywords: average annual temperature, sea surface temperature, in situ measurements, 
Black Sea, coastal zone, cold intermediate layer, climate trend 
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Многолетняя динамика температуры поверхности моря 
в районе устрично-мидийной фермы 
(внешний рейд города Севастополя) 

М. А. Попов 
ФГБУН ФИЦ «Институт биологии южных морей имени А. О. Ковалевского РАН», 

Севастополь, Россия 
e-mail: mark.a.popov@mail.ru 

Аннотация 
На основе многолетних контактных измерений 2000–2024 гг. проанализирована из-
менчивость температуры поверхности моря в районе устрично-мидийной фермы, 
расположенной у восточного мыса Карантинной бухты (мыс Лоханочка, г. Севасто-
поль). Работа продолжает опубликованные ранее исследования за 2000–2013 гг. Тем-
пературу поверхности моря измеряли один раз в сутки метеорологическим ртутным 
термометром ТМ-10. Верификация была проведена по стандартным данным наблю-
дений морской гидрометеостанции «Херсонесский маяк», опубликованным в откры-
той печати. Сравнение данных показало сходные результаты в этих двух пунктах 
наблюдения. Многолетние (25 лет) наблюдения в районе м. Лоханочка показали зна-
чительные колебания температуры поверхности моря на межсезонном и межгодовом 
масштабах. Разность между максимальной и минимальной температурами поверхно-
сти моря за весь период измерений достигала 26 °С. Максимальное абсолютное зна-
чение температуры поверхности моря (29.8 °С) зафиксировано 12 августа 2010 г., 
а минимальное (3.8 °С) – 24 января 2006 г. Среднемноголетняя температура поверх-
ности моря за период наблюдения составила (15.9 ± 0.2) °С. Отмечено, что 2024 г. 
стал максимально теплым по среднегодовой температуре поверхности моря – 
(17.6 ± 0.7) °С, побив рекорд предыдущего экстремального 2010 г. – (17.1 ± 0.7) °С. 
Положительный линейный тренд среднегодовой температуры поверхности моря ра-
вен 0.07 °С/год. Отмечено, что климатические сезоны температуры поверхности 
моря запаздывают относительно атмосферных на один месяц, а летний сезон увели-
чился до четырех месяцев за счет сентября. Весна сокращается до двух месяцев. Пока-
зано, что повышение зимних значений температуры поверхности моря препятствует 
формированию холодного промежуточного слоя в его классическом понимании 
(температура ≤ 8 °C). Приведены среднемесячные значения температуры поверхно-
сти моря за весь период наблюдения. 
Ключевые слова: среднегодовая температура, температура поверхности моря, 
контактные измерения, Черное море, прибрежные зоны, холодный промежуточный 
слой, климатический тренд 
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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 1). In favorable weather, measurements were car-
ried out at point 1. During stormy winds, icy conditions, or rain, when observations 
at point 1 involved a risk, observations were carried out at point 2 (Fig. 1). 

 

1) Ivanov, G.S., ed., 1977. Guidelines for Hydrological Surveys in Oceans and Seas. Leningrad: 
Gidrometeoizdat, 725 p. (in Russian). 
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F i g .  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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F i g .  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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F i g .  3 .  Intra-annual variation of SST for 2000–2024.  
The error in average monthly temperatures is represented 
by the standard deviation 

 
 

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 R² = 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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F i g .  4 .  Average annual SST values and their linear trend, 
the error of average annual SST is presented by the 95% con-
fidence interval 

 
 
Average monthly temperature (°C) of the sea surface 

Year 
Months 

I II III IV V VI VII VIII IX X XI XII 

2000 7.5 7.4 7.8 11.4 16.4 19.9 22.4 24.4 21.4 17.1 15.3 11.9 
2001 9.1 7.6 8.7 11 15.5 18.8 24.5 27 23 18.6 12.4 7.9 
2002 7.4 8.7 9 10.5 16.1 20.5 23.5 24.1 22.3 18.8 13.8 9.8 
2003 7.7 6.9 7.4 9.2 15.3 20.6 22.6 24.2 21.2 16.6 12.7 10 
2004 8.6 7.4 8.6 10.8 14.8 19.5 22.4 24.7 22.2 17.5 13.9 9.6 
2005 8.3 6.9 7.3 10.2 16.1 20.7 23.6 26.1 23.5 19.1 14.6 11.6 
2006 7.4 6.4 7.9 10.8 15.2 20.3 23.7 24.8 19.8 18.4 13.3 10.9 
2007 8.7 7.9 8.1 10.5 16.6 23.2 24.9 26.4 21.8 18.4 13.8 10.1 
2008 8.6 8 8.6 11.1 16 21.1 24.1 24.9 21.7 18 15.3 11.3 
2009 8.3 8.4 9.2 11.8 15.6 21.2 25.7 24.4 21.8 18.9 15.4 12.3 
2010 9.9 8.9 9.6 12 17.4 23.3 27 28 23.4 17.7 15.3 12.2 
2011 9.3 7.7 7.8 10.5 15.8 21.9 23.5 24.2 22 17.3 12.1 10.1 
2012 8 5.9 7.6 10 18.2 22.1 24.8 24.7 22.4 20.2 15.8 11.5 
2013 8.7 8.7 8.9 11.2 18.5 22.5 24.4 24.5 20.7 16.1 13.6 9.8 
2014 9.1 8.7 10.1 12.5 17.0 21.7 24.2 26.0 22.6 17.6 13.1 11.2 
2015 9.3 8.4 9.3 10.8 16.0 21.4 23.8 25.2 23.9 18.8 13.8 10.7 
2016 8.8 8.8 9.7 11.8 17.1 22.5 26.5 26.3 23.7 18.0 12.9 8.8 
2017 6.8 7.4 9.3 11.0 15.9 21.7 23.8 25.0 23.1 17.8 13.3 10.8 
2018 8.8 8.4 8.8 12.8 18.8 23.2 25.6 25.9 23.4 18.9 14.9 10.7 
2019 9.1 8.9 9.1 11.5 16.4 24.4 23.9 24.9 22.6 18.2 15.3 11.7 
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Continued 

Year 
Months 

I II III IV V VI VII VIII IX X XI XII 

2020 9.2 8.7 9.8 11.7 15.5 21.9 25.5 25.0 24.2 21.3 15.8 11.9 

2021 10.3 9.3 9.5 11.0 15.8 20.9 24.5 26.6 22.4 17.1 14.6 11.5 

2022 8.6 8.5 8.1 10.6 15.3 21.2 23.7 26.0 23.1 18.8 18.8 15.1 

2023 10.2 8.9 9.5 11.9 16.2 22.0 24.3 26.4 24.2 19.4 15.4 13.5 

2024 9.5 9.8 10.9 14.1 16.9 23.5 26.3 26.4 24.8 20.9 16.0 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 
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Загрязнение почв приморских городов Крыма  
тяжелыми металлами и нефтепродуктами 
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Аннотация 
На примере Крыма рассмотрены особенности загрязнения почв в небольших примор-
ских городах с курортной специализацией. Специфика загрязнения почв городов свя-
зана с активным использованием автотранспорта, работой предприятий инфра-
структуры и развитием сельского хозяйства на прилегающих территориях. Ведущее 
место среди загрязняющих веществ занимают тяжелые металлы и нефтепродукты.  
Цель работы – оценить уровень загрязнения почв городов Южного берега Крыма  
тяжелыми металлами и нефтепродуктами на примере Ялты, Алушты и Судака.  
Методика исследования включала отбор проб почвы в разных функциональных зонах 
городов и за их пределами. Пробы для определения фоновых значений отбирали 
в отдалении от автотрасс в лесной зоне. Содержание тяжелых металлов в почве опре-
деляли рентгенофлуоресцентным методом, нефтепродуктов – люминесцентно-битуми- 
нологическим методом. В почвах селитебных зон трех рассмотренных городов отме-
чается превышение концентраций свинца (Pb) и цинка (Zn). Максимальные превы-
шения фоновых значений тяжелых металлов зафиксированы в Ялте (в 3.5–4 раза). 
Кроме того, в почвах курортных городов Южного берега Крыма активно аккумули-
руются медь (Cu), стронций (Sr), марганец (Mn), ванадий (V). В почвах пригород-
ных районов Южного берега Крыма возле автодорог накапливаются Pb, Zn, Cu, Sr, 
Mn, V. Содержание нефтепродуктов в почвах ожидаемо выше вдоль крупных заго-
родных автотрасс по сравнению с городской чертой. Главным источником загрязня-
ющих веществ является автотранспорт. Его влияние возрастает в летний сезон с при-
током на Южный берег Крыма отдыхающих, численность которых в 2021 г. достига-
ла 3.85 млн человек. Другим источником загрязнения выступают объекты теплоэнер-
гетики и печное отопление малоэтажных зданий. Суммарный показатель загрязнения 
Zc свидетельствует о низком уровне загрязнения почв исследуемых городов, однако 
концентрации некоторых загрязняющих веществ превышают фоновые. Результаты 
исследования могут быть использованы в системе экологического мониторинга, 
при формировании региональной экологической политики в курортных городах. 

Ключевые слова: экологические проблемы, курортные города, загрязнение почвы 
тяжелыми металлами, тяжелые металлы и металлоиды, нефтепродукты, побережье 
Черного моря 
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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 1). 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]. 

 
1) 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/ 
d98f00b204e9800998ecf8427e/phpPrPviN1.pdf [Accessed: 14 April 2023] (in Russian). 



Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2026                                    117 

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 1) 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 
 

 

 
 

F i g .  1 .  Location of routes and sampling points in: a – Yalta; b – 
Alushta; c – 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 m2. 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), 3).  

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 

Zc = ∑ Cci – (n – 1),n
i = 1  

where n is the number of determined substances being summed with Cci > 1;  
Cci 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 4): less than 1000 mg/kg corresponds to 
a permissible pollution level; 1000–2000 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). 
3) PND 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-
ot-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, 
 

 
T a b l e  1 .  Contents of heavy metals, metalloids and petroleum products in soils of Yalta 
and adjacent areas 

Sub-
stance 

Cf,  
mg/kg 

Town Route 1 Route 2 

Сavg, 
mg/kg Cc Сavg,  

mg/kg Cc Сavg,  
mg/kg Cc 

Pb 24.0 95.6 4.0 23.7 1.0 24.8 1.0 

Zn 72.0 249.0 3.5 76.3 1.1 76.3 1.1 

Cu 30.0 52.0 1.7 22.0 0.7 24.3 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 

V 49.0 58.9 1.2 40.7 0.8 56.7 1.2 

Fe 22 302.0 26 135.8 1.2 19 623.7 0.9 21 758.0 1.0 

As 13.3 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: Cf – background concentration; Сavg – 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 1, 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  
 

 

 
 

F i g .  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  
 

 
T a b l e  2 .  Contents of heavy metals, metalloids and petroleum products in soils of Alush-
ta and adjacent areas 

Sub-
stance 

Cf,  
mg/kg 

Town Route 1 Route 2 

Cavg,  
mg/kg Cc Cavg,  

mg/kg Cc Cavg,  
mg/kg Cc 

Pb 40.0 63.6 1.6 69.3 1.7 44.3 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 38.3 0.6 85.7 1.3 

Cu 55.0 60.2 1.1 156.0 2.8 44.3 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 32 143.0 26 832.0 0.8 20 165.0 0.6 35 311.0 1.1 

PP 310.0 254.1 0.8 2783.3 9.0 185.0 0.6 
 
Note: Cf – 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 1 do not exceed 2.8 (Table 2). 

The presence of Pb, Zn, and Sr in the soils of the mountain slopes along 
route 1 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 1, 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 1 are Cu, Zn, Pb, and Sr. No priority chemical 
elements stand out in soil samples taken on route 2. 

 
 

 
 

F i g .  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 1) (Fig. 3). 

For Alushta, the highest concentrations of petroleum products (4750 mg/kg) 
are found on route 1, 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  
 
 
T a b l e  3 .  Contents of heavy metals, metalloids and petroleum products in soils of Sudak 
and adjacent areas 

Sub-
stance 

Cf,  
mg/kg 

Town Route 1 Route 2 

Cavg,  
mg/kg Cc Cavg,  

mg/kg Cc Cavg,  
mg/kg Cc 

Mn 193.0 532.2 2.8 517.0 2.7 617.7 3.2 

Cu 17.0 40.4 2.4 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 

V 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: Cf – 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  
 

 

 
 

F i g .  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 1, 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. 

Keywords: Arctic, arctic water area, Northern Sea Route, maritime shipping, heavy fuel 
oil, greenhouse gases, International Maritime Organization  

Acknowledgements: The work was supported by a grant from the Russian Science Foun-
dation (project No. 25-27-20102). 

For citation: Vasileva, Zh.V., Vasekha, M.V., Erofeev, D.A., Gafurov, A.R. and  
Rumiantceva, E.A., 2026. International Environmental Standards as a Regulator of Marine 
Economic Activities in the Arctic. Ecological Safety of Coastal and Shelf Zones of Sea, (1), 

pp. 129–145. 

©  Vasileva Zh.  V. ,  Vasekha M. V. ,  Erofeev D.  A. ,  Gafurov A.  R. ,  
 Rumiantceva E. A. , 2026 

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

ISSN 2413-5577, Ecological Safety of Coastal and Shelf Zones of Sea, 2026, No. 1, pp. 129–145.
___________________________________________________________________________________________________________________
_______



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

Международные экологические нормативы  
как регулятор морехозяйственной деятельности 

в Арктике 
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А. Р. Гафуров 1, Е. А. Румянцева 1 
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Аннотация 
В настоящее время наблюдается тенденция к ужесточению международных экологи-
ческих нормативов в сфере морского судоходства. В работе проанализированы воз-
можные последствия введения Международной морской организацией (ИМО) эколо-
гических ограничений на морехозяйственную деятельность в Арктическом регионе, 
включая запрет на использование судового мазута (резолюция ИМО MEPC.329(76)) 
и требования Стратегии ИМО 2023 по сокращению выбросов парниковых газов. 
Проанализирован объем использования различных видов судового топлива на Се-
верном морском пути в 2024 г., выполнена оценка использования судами мазута 
и анализ рисков для развития крупнотоннажных арктических шельфовых проектов 
при введении в действие резолюции MEPC.329(76).  Сделан прогнозный расчет соот-
ветствия выбросов парниковых газов грузообороту на Северном морском пути исхо-
дя из целевых показателей Стратегии ИМО 2023. Показано, что без перехода на эколо-
гически чистые виды топлива и внедрения инновационных технологий снижения эмис-
сий требуемое сокращение выбросов к 2030 и 2040 гг. может быть достигнуто лишь 
путем значительного ограничения грузооборота на Северном морском пути. Выполнен 
анализ разработанных ИМО инструментов сокращения выбросов парниковых газов 
с судов и возможностей правовых механизмов реализации Стратегии ИМО. 

Ключевые слова: Арктика, арктическая акватория, Северный морской путь, судо-
ходство, судовое топливо, парниковые газы, Международная морская организация 
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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 1), 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 

1) 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 2009 2) and 2011 3), 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. 

4) IMO, 2020. Fourth IMO GHG Study 2020. London: IMO, 524 p. Available at : 
https://wwwcdn.imo.org/localresources/en/OurWork/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 5), 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 1) 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 6) 
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 7) 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 4) and the calculated indicators of 
greenhouse gas emissions per tonne of cargo for 2024. 

5) 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). 

6) 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/m³ at a temperature of 15°C 
or a kinematic viscosity exceeding 180 mm²/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 8). 

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. 

 
 

 
 

 

 

 

 

F i g .  1 .  Use of fuel (thous. t) by vessels of various types 
in 2024 

 

                                                           
8) 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%20to%20Article%2016%20(2)(f)(ii)%20of%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. 

T a b l e  1 .  Use of fuel (thousand tonnes) by various vessel types in 2024 

Vessel type 
Fuel 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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F i g .  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 
Arc6 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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T a b l e  2 .  Percentage distribution of fuel types consumed by vessels of 
Arctic projects in 2024, % 

Arctic project 
Heavy 

fuel 
Light fuel LNG 

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  
(LNG transportation) 

49.60 17.80 32.7 

LNG Project of PJSC 
Novatek  
(SGC transportation) 

56.40 43.60 – 

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. 

а b 

F i g .  3 .  The zone of prohibition on the use of heavy fuel oil (a) and a visualization of 
arctic navigation intensity, h/km2, in September 2024. Source: Global Maritime Traffic ser-
vice (Available at: https://globalmaritimetraffic.org/gmtds.html) (b) 
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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 9). 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. 

F i g .  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]. 



Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2026                                    139 

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 CO2 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 80th 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 10), 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 CO2, CH4, and NOx 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 

T a b l e  3 .  Greenhouse gas emissions relative to cargo turnover on the NSR against 
the targets of the IMO 2023 Strategy  

Indicators 2008 2024 2030 2040 
Coefficient of green-
house gas emission  

per 1 t of cargo 

Emission, thous. t: 

СО2 130.17 2222.31 104.37 26.03 5.860·10−2 

СН4 1.81 30.88 1.45 0.54 8.148·10−7 

NOx 7.63 130.29 6.11 2.29 3.438·10−6 

Cargo turnover, M t 2.22 37.90 1.78 0.44 –
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F i g .  5 .  Projected reduction in CO2 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 VI. 

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. 

Keywords: spectrophotometry, integrating sphere, light absorption, coccolithophorides, 

Chrysotila sp., true absorption spectrum, correction factor, in vivo, in vitro, acetone extract 
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Аннотация 

Представлена методика определения истинного спектра поглощения света плотной 

культурой морской кокколитофориды Chrysotila sp. с использованием однолучевого 

спектрофотометра МС 122А, оснащенного интегрирующей сферой. Основная про-

блема стандартных измерений заключается в искажении спектра из-за светорассеяния 

клетками, что особенно заметно в ближней инфракрасной области (750–800 нм), 

где поглощение пигментов отсутствует, но измеряемый сигнал не равен нулю. 

Для компенсации эффекта рассеяния использован подход, основанный на регистра-

ции спектров поглощения при двух положениях кюветы относительно интегрирую-

щей сферы: стандартном (вплотную) и на расстоянии 2 мм. Поправочный коэффици-

ент, не зависящий от длины волны, рассчитывали по данным в области 750–800 нм, 

его значение составило 3.77. Истинный спектр поглощения, очищенный от вклада 

рассеяния, вычисляли по предложенной формуле. Методика показала эффективность 

для культур с высокой численностью клеток, обеспечивая нулевые значения погло-

щения в ближней ИК-области. Однако при низкой концентрации клеток метод не-

применим из-за значительного роста погрешностей. Таким образом, работа демон-

стрирует практический способ корректного определения спектров поглощения in vivo 

на доступном оборудовании, что важно для экологических и физиологических иссле-

дований фитопланктона, а также для развития региональных алгоритмов дистанци-

онного зондирования. 

Ключевые слова: спектрофотометрия, интегрирующая сфера, поглощение света, 

кокколитофориды, Chrysotila sp., истинный спектр поглощения, поправочный коэф-

фициент, in vivo, in vitro, ацетоновый экстракт 
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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 122А 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 122А 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 f / 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 122А 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 1). The inner diameter of the IS is 50.8 mm (2 inches). The inner 

surface coating of the IS is BaSO₄.  

Measurements were carried out at two cuvette positions (Fig. 1): the standard 

position – flush against the IS entrance port (r = 0); the distant position – 

at the maximum possible distance for this setup, r = 2 mm from the IS entrance 

port. The design of the cuvette compartment of the MS 122А 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. 

 
 

 

 
 

a   b  

F i g .  1 .  Top view of the MS 122А cuvette compartment:  
a – in a position close to the integrating sphere (IS); b – at a distance 

of 2 mm from the IS 

                                                        
1) 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]: 

ã(λ) = aph(λ; r) – Latt(r; 0)∙[aph(λ; r) – aph(λ; 0)]. (1) 

where aph(λ; r) is the light absorption coefficient of the sample located at a distance r 

from the IS; Latt(r; 0) is the correction factor; and aₚₕ(λ; 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 Latt(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): 

Latt(r; 0) =
a750–800(; r)

a750–800(; r) – a750–800(; 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 aₚₕ(λ; 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 122А spectrophotometer at two cuvette positions: the standard position, 

aₚₕ(λ; 0), and the position at a distance of 2 mm from the IS entrance port, aph(λ; r). 

 
 

 

 

 

 

 

 

F i g .  2 .  Examples of light absorption spectra 

of the Chrysotila sp. culture obtained at the stan- 

dard cuvette position, aph(λ; 0), and at a dis-

tance of r = 2 mm from the IS input window, 
aph(λ; r) 
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To correct for the scattering contribution, formula (2) was used, and calcula-
tions were performed for several λ values: 

L750 = 
a(750; r)

a(750; r) – a(750; 0)
 = 

0.0289

0.0289 – 0.0216
= 3.96, 

L775 = 
a(775; r)

a(775; r) – a(775; 0)
 = 

0.0276

0.0276 – 0.02
= 3.63, 

L800 = 
a(800; r)

a(800; r) – a(800; 0)
 = 

0.0268

0.0268 – 0.0196
= 3.72. 

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 Lₐₜₜ(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 λ = 443 nm is presented: 

0.0853 3.77 0 .8.0853 .( 0443) [ 00 8 .0 141]a       

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 аph(750; 0) > 0.02 m−1) 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). 

 

 
 

 
 

 

 

 

 

 

 

 

 

F i g .  3 .  True light absorption spectrum of 
the Chrysotila sp. culture determined by ex-

pression (1) 
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F i g .  4 .  Absorption spectra of the Chrysotila sp. culture normalized to 443 nm, 

obtained at the standard position of the cuvette, aph(λ; 0), at a distance aph(λ; r) 

from the IS input window and the true spectra а̃ 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. 

 
 

 

 
 

 

 

 

 

 

 

F i g .  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-

trum of the acetone extract 



Ecological Safety of Coastal and Shelf Zones of Sea. No. 1. 2026                                    153 

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 122А 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 

аph(750; 0) exceeds 0.02 m⁻¹. 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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