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The main reason for slow implementation of scientific developments of marine algotechnology into in-
dustrial practice is the lack of systems that allow obtaining microalgae biomass in quantities that are nec-
essary for practical study of potential products and development of industrial technology for their
production. Such systems can significantly reduce the economic cost of creating and maintaining fa-
vorable abiotic conditions for growing microalgae on an industrial scale, since solar energy is used
as a light source. The article proposes a method for growing marine microalgae Tetraselmis viridis
in natural light and at minimum technical cost. The authors developed a mobile unit for cultivating
marine microalgae and studying their growth characteristics in natural light. This unit is proposed to be
used in the transition from laboratory cultivation to cultivation on an industrial scale. The basic re-
quirements for the mobile unit for industrial cultivation of algologically pure T. viridis are specified.
The technology ensuring the organization of T. viridis cultivation process with a maximum productiv-
ity of 5.7 g·m⁻²·day⁻¹ and a maximum culture density of 271.6 billion cells·m⁻² (R² = 0.99) has been
developed. The authors provide a comparative assessment of the biochemical composition and ki-
netic growth characteristics of T. viridis depending on growing conditions using either the mobile unit
in natural light or the laboratory photobioreactor in constant artificial light.
Keywords: marine microalgae, Tetraselmis viridis, batch culture, productivity, industrial cultivation

Intensive cultivation of microalgae in open water bodies is aimed mainly at obtaining biomass
and using it as a food supplement [Benemann, 1992; Chaumont, 1993; Gudvilovich, Borovkov, 2012],
as a source of raw materials in producing chemicals for their further use in the pharmaceutical in-
dustry [Demmig-Adams, Adams, 2002; Zhondareva, Trenkenshu, 2019], and for wastewater treat-
ment [de la Noüe et al., 1992; Dobrojan, 2010; Markou, 2015]. The main reason for slow implementa-
tion of scientific developments of algotechnology into practice is the lack of industrial systems that allow
obtaining microalgae biomass in quantities necessary for study of potential products and development
of technologies for their production.

In most cases, the technology of microalgae mass cultivation involves the use of open systems
in natural light, consisting of pools and ponds. Mostly, these are shallow film-lined pools; sometimes,
these are cemented trenches, trays of various shape, or tanks. Such systems can significantly reduce
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the economic cost of creating and maintaining favorable conditions for microalgae cultivation on an in-
dustrial scale, since solar energy is used as a light source. However, when using open systems, there
is a danger of biomass contamination by bacteria and other invasive organisms. Moreover, it is reason-
able to place production facilities in areas with few cloudy and rainy days and small diurnal tempera-
ture fluctuations. One of such areas is the south of Russia; this is due to favorable climatic conditions
which allow growing microalgae using only solar energy continuously for two–three seasons during
the year [Abdulagatov et al., 2018; Borovkov et al., 2020; Peel et al., 2007].

The objective of this work was to develop a low-cost version of mobile unit, the conditions in which
are close to industrial conditions for growing marine microalgae on the example of Tetraselmis viridis
(Rouchijajnen) R. E. Norris, Hori & Chihara, 1980, and to compare the biochemical composition and ki-
netic characteristics of algae growth when cultivated in laboratory conditions under constant artificial
light and in the mobile unit under natural light.

MATERIAL AND METHODS

The green microalga T. viridis, strain IBSS-25 from IBSS collection, served as a study object. A nu-
trient medium was prepared based on non-sterile Black Sea water with a salinity of 1.4–1.8‰. The com-
position of the medium for T. viridis cultivation in dense culture was given earlier [Trenkenshu et al.,
1981]. To preserve the algologically pure culture of the microalga, the salinity level in the medium was
increased to the Mediterranean one by adding 15 g·L⁻¹ NaCl [Gorbunova, Trenkenshu, 2020]. To obtain
an inoculum, T. viridis was grown for 5 days in laboratory conditions by the batch method in 3-L pho-
tobioreactors under 10 klx illuminance on the Trenkenshu nutrient medium. The pool was filled with
an actively dividing culture with an initial density of 0.08 g·L⁻¹ of dry matter.

The unit for the microalga cultivation was placed on the pier of IBSS laboratory building from 26 Au-
gust to 7 September, 2020. It was a pool 1 × 1 m in size and 0.1 m in height (Fig. 1). Since the unit
was in the open air 24 h a day, it was necessary to maintain the temperature there within optimum
for T. viridis cultivation. For this purpose, a cooling system was connected. A foam sheet was fixed
throughout the perimeter of the pool bottom, with a polyurethane tube placed on it, through which sea-
water continuously circulated. The tube was covered with sand, and the pool bottom was lined with
plastic film.

Fig. 1. The pool with a cooling system

Морской биологический журнал Marine Biological Journal 2023 vol. 8 no. 3
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Using a water pump Air Pump ACO-008, with a power of 120 W and a pressure of less than
0.032 MPa, water was supplied from the sea to the pier. The daytime temperature of the suspension
in the pool was lower than the air temperature by 3–7 °C. Throughout the experiment, the daily temper-
ature in the unit was maintained within the range of +23…+28 °C. Without a cooling system, the culture
overheated and died within 36–48 h. To protect the pool from debris and possible precipitation, a sloping
roof covered with plastic film was installed (Fig. 1); this ensured natural ventilation of the unit. The work-
ing volume of the pool was 70 L. To compensate for water evaporation, this volume was maintained
throughout the experiment by adding distilled water before measurements to the level of 7 cm.

Continuous mixing of the microalga in the pool was carried out by the water pump, with a suspension
pumping rate of 2,800 L·h⁻¹, which ensured round-the-clock gas exchange of the culture and uniform
cell illumination throughout the unit. On the pool surface, illumination was monitored twice a day
with a Yu-116 luxmeter. Prior to the pool launch, the culture was kept under different light conditions:
in the laboratory, the illumination was constant, and its intensity was more than 6 times lower than
the natural maximum daily light. During the first three days, while the culture density was low, the pool
roof was shaded with a net. Otherwise, under cloudless conditions, T. viridis cells became completely
discolored. On average, during the experiment, the maximum daily illumination in the area of photo-
synthetically active radiation was 300 W·m⁻²; for calculations, the data presented in [Chekushkin et al.,
2020] were used. The value of illumination is given taking into account the absorption of 25% of solar
energy by the pool roof.

At the same time, T. viridis was grown in the laboratory photobioreactor under the same conditions
as the pool inoculum. The optical density was calculated by the formula D = −lg(T), where T is the trans-
mission value determined using Unico 2100 (United Products & Instruments, the USA) at a wavelength
of 750 nm, in cuvettes with a working length of 0.5 cm. Absolute error did not exceed 1.0%.

For the convenience of comparing the obtained results with the data presented in the publica-
tion [Zhondareva, Trenkenshu, 2019], the optical density of the suspension layer (7 cm) was determined
by multiplying the density values in the cuvette (0.5 cm) by 14.

When calculating optical density units (o. d. u.) in terms of the microalga dry weight (here-
inafter DW), an empirically determined coefficient k was used, equal to 0.8 g·L⁻¹·o. d. u.⁻¹:
DW = k × D₇₅₀ [Borovkov, Gevorgiz, 2005]. The cell concentration was determined by direct count-
ing in the Goryaev chamber under a microscope in eight replications. Microscopic control of the culture
was carried our under a light microscope Carl Zeiss Axiostar Plus (Germany).

Pigments (chlorophyll a, chlorophyll b, and carotenoids) were extracted from the microalga cells
with acetone (100%) [Kopytov et al., 2015]. The absorption spectra of acetone extracts were recorded
in the range 400–800 nm in quartz cuvettes with a 1-cm optical path. The pigment composition was
estimated from the absorption spectrum of acetone extract in three replications according to the standard
method, using linear equations for three points in the absorption spectrum of the extract [Wellburn,
1994]. All calculations were performed for the significance level a = 0.05. Mathematical processing
and modeling of the experimental data were carried out using computer programs Grapher 3, MS Excel,
and MATLAB.

RESULTS AND DISCUSSION
The growth of T. viridis culture in the pool with constant illumination was monitored for 12 days.

Linear growth of the culture was recorded from the 2ⁿᵈ to the 10ᵗʰ day of the experiment (Fig. 2A).
During this time, the culture density increased by 7.5 times.

Морской биологический журнал Marine Biological Journal 2023 vol. 8 no. 3



6 S. Yu. Gorbunova and A. A. Chekushkin

Fig. 2. Dynamics of Tetraselmis viridis density (A) and growth (B) in the pool under natural light

On the 5ᵗʰ day, the productivity of the culture by biomass (Pm) decreased from 5.7
to 3.3 g DW·m⁻² (R² = 0.99). Apparently, this results from the beginning of limiting the microalga
growth by carbon or light conditions, since in the linear plot, the growth rate is determined by the magni-
tude of the external flux (light or carbon dioxide), which is completely absorbed by the culture and limits
its productivity [Trenkenshu, 2005]. On the 11ᵗʰ day, T. viridis growth stopped. The end of the lin-
ear growth phase indicates a change in the limiting factor [Lelekov, Trenkenshu, 2007], and both light
and mineral medium conditions can limit the microalga growth. In our experiment, the mineral compo-
nent cannot be a limiting factor, since the Trenkenshu nutrient medium, on which T. viridis was grown,
is designed to achieve a culture density of 4–6 g DW per L [Trenkenshu et al., 1981]. Thus, we can
assume that culture growth was limited by light conditions.

The obtained characteristics were compared with the results presented in [Zhondareva, Trenken-
shu, 2019]. In that work, the linear growth phase of T. viridis was two times shorter than that accord-
ing to our data and was recorded only from the 1ˢᵗ to the 5ᵗʰ day. Starting from the 6ᵗʰ day, the mi-
croalga growth stopped, while in our experiment, the linear growth phase was recorded from the 5ᵗʰ
to the 10ᵗʰ day, on which the maximum productivity was 3.3 g DW·m⁻². Thus, we obtained the mi-
croalga yield of 43.4 g DW·m⁻², and this value is 2 times higher than in [Zhondareva, Trenkenshu,
2019]. This can be explained by providing optimal conditions for T. viridis cultivation: the presence
of a cooling system, an increase in the salinity of the culture medium to the Mediterranean level, a 7-cm
layer of the microalga in the pool, and an effective mixing system. A similar pattern was observed
for the concentration dynamics of T. viridis cells in the culture (Fig. 2B).

As established, the linear growth of the culture occurs from the 3ʳᵈ to the 10ᵗʰ day of the experi-
ment, with a change in the curve slope on the 6ᵗʰ day, which confirms the theory about the beginning
of the microalga growth limitation by carbon or light conditions. T. viridis productivity in the first part
of the linear growth phase was 650 thousand cells·day⁻¹; in the second part (6ᵗʰ–10ᵗʰ days), the value
was 280 thousand cells·day⁻¹. During the experiment, the cell concentration almost reached the value
of 4 million cells·mL⁻¹. Fig. 3 shows the appearance of the pool at the beginning of the experiment
and at the end (in 12 days).

Морской биологический журнал Marine Biological Journal 2023 vol. 8 no. 3
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Fig. 3. The pool with Tetraselmis viridis culture at the beginning of the experiment (left) and at the end
(right)

As shown, with easy-to-use equipment and minimal capital investments, it is possible to organize
T. viridis cultivation with a productivity of up to 5.7 g DW·m⁻²·day⁻¹. When microalgae are grown
in large volumes in natural light, productivity values are higher than theoretical maximum; also,
the values may differ from those determined in laboratory conditions [Béchet et al., 2017; Bonnefond
et al., 2016].

Data on the biochemical composition and kinetic characteristics of T. viridis grown in the laboratory
photobioreactor under constant illumination and in a pool under natural light are given in Table 1.

Table 1. Biochemical composition and kinetic characteristics of the microalga Tetraselmis viridis
growth (the end of the linear growth phase)

Parameter Tetraselmis viridis
in the laboratory photobioreactor

Tetraselmis viridis
in the pool

Chlorophyll a, % 1.05 ± 0.05 1.01 ± 0.01

Chlorophyll b, % 0.58 ± 0.07 0.52 ± 0.01

Total carotenoids, % 0.23 ± 0.01 0.21 ± 0.004

Maximum density,
g DW·L−1 1.00 ± 0.05 0.62 ± 0.03

Maximum productivity,
g DW·L−1·day−1 (R² = 0.99) 0.122 0.08

In both cases, the culture was grown on the same nutrient medium and without additional carbon
sources used. Sampling for the analysis was carried out at the same time. Fig. 4 shows the appearance
of the laboratory photobioreactor at the beginning of the experiment and in 12 days.

Морской биологический журнал Marine Biological Journal 2023 vol. 8 no. 3



8 S. Yu. Gorbunova and A. A. Chekushkin

Fig. 4. Photo of the laboratory photobioreactor with the microalga Tetraselmis viridis at the beginning
of the experiment (left) and after 12 days (right)

Models of native forms of chlorophyll a, chlorophyll b, and total carotenoids were used to assess
the biological value of the obtained microalga and quickly calculate the concentrations of pigments
in the culture [Chernyshev et al., 2020]. Our results on the chemical composition of T. viridis grown
in laboratory conditions are in good agreement with the data of [Kharchuk, Beregovaya, 2019]. No sig-
nificant differences in the microalga biochemical composition depending on the growing conditions
were found. However, there was a trend towards a decrease in concentration of biochemical compo-
nents in T. viridis cells when grown in the pool in natural light. This results from the shift in physico-
chemical parameters, the inability to maintain sterile conditions due to large volumes of pools, and di-
urnal changes in the illumination, accompanied by the reduction of some microalga biomass during
the dark period [Avsiyan, 2018; Bonnefond et al., 2016; Xu et al., 2016].

Conclusion. A mobile unit for marine microalgae cultivation was developed. Microalgae growth
characteristics in natural light were studied. This unit is proposed to be used in the transition from labora-
tory scales of marine microalgae cultivation to industrial ones. It was experimentally shown that the min-
imization of capital investments is ensured by the presence of easy-to-use equipment, the use of a cool-
ing system, an increase in the salinity of the culture medium to the Mediterranean level, the choice
of the optimal layer of the microalga in the pool, the absence of additional carbon sources, the use
of an efficient mixing system, and the use of solar energy as a light source. The proposed approach
allows Tetraselmis viridis cultivating with a maximum productivity of 5.7 g·m⁻²·day⁻¹ and a culture den-
sity of 271.6 billion cells·m⁻². Comparative assessment revealed no differences between biochemical
and kinetic characteristics of T. viridis growth when cultivated in the mobile unit under natural light
and in the laboratory photobioreactor under constant artificial light.

This work was carried out within the framework of IBSS state research assignment “Investigation of mechanisms
of controlling production processes in biotechnological complexes with the aim of developing scientific foundations
for production of biologically active substances and technical products of marine genesis” (No. 121030300149-0).
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ТЕХНОЛОГИЯ ВЫРАЩИВАНИЯ
МОРСКОЙМИКРОВОДОРОСЛИ TETRASELMIS VIRIDIS

ПРИ ЕСТЕСТВЕННОМОСВЕЩЕНИИ
ИМИНИМАЛЬНЫХ ТЕХНИЧЕСКИХ ЗАТРАТАХ

С. Ю. Горбунова1, А. А. Чекушкин
1ФГБУН ФИЦ «Институт биологии южных морей имени А. О. Ковалевского РАН»,

Севастополь, Российская Федерация
E-mail: svetlana_8423@mail.ru

Главной причиной медленного внедрения научных разработок морской альготехнологии в про-
мышленную практику является отсутствие систем, позволяющих получать биомассу микро-
водорослей в количествах, которые необходимы для исследования потенциальных продуктов
и для отработки промышленной технологии их производства. Такие системы позволяют зна-
чительно снизить экономические затраты на создание и поддержание благоприятных абиоти-
ческих условий для выращивания микроводорослей в промышленных масштабах, поскольку
в качестве источника освещения используется энергия солнца. В статье предложен способ
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выращивания морской микроводоросли Tetraselmis viridis при естественном освещении и ми-
нимальных технических затратах. Авторами разработана мобильная установка для культиви-
рования морских микроводорослей и для исследования их ростовых характеристик в усло-
виях естественного освещения. Данную установку предлагается использовать при переходе
от лабораторных масштабов культивирования микроводорослей к промышленным. Приведе-
ны основные требования, которым должна удовлетворять мобильная установка, и обосно-
вание её конструкции для промышленного выращивания альгологически чистой культуры
T. viridis. Разработана технология, позволяющая обеспечить организацию процесса культиви-
рования T. viridis с максимальной производительностью культуры 5,7 г·м−2·сут−1 и плотностью
271,6 млрд кл.·м−2 (R² = 0,99). Дана сравнительная оценка биохимического состава и кине-
тических характеристик роста T. viridis при выращивании в мобильной установке в услови-
ях естественного освещения и в лабораторных культиваторах при постоянном искусственном
освещении.
Ключевые слова: микроводоросли, Tetraselmis viridis, накопительная культура,
продуктивность, промышленное культивирование
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In the Yalta city water area (Crimea, Black Sea), hydroacoustic sounding was carried out, and area
and volume of waters of the Vodopadnaya River estuarine zone were determined down to a depth
of 40 m. Concentration of biogenic elements (NO₂, NO₃, NH₄, and PO₄) and heavy metals (Cu, Zn, Fe,
Co, Ni, Mo, Cd, Pb, and Hg) in freshwater of the river estuary exceeds their content in coastal seawater
by 3–64 times. The effect of the river discharge on seawater eutrophication was assessed. Using post-
Chernobyl radioisotopes ⁹⁰Sr and ¹³⁷Cs, bottom sediments dating was carried out, and the sedimentation
rate in the studied water area was determined. Fluxes of pollutants with the Vodopadnaya River runoff
and the periods of their turnover in the Yalta city recreational coastline were calculated. The obtained
results were used to substantiate the sustainable development concept for the Yalta city recreational
zone in terms of the factors of pollution of its marine environment.
Keywords: Black Sea, Crimea, water, biogenic elements, strontium-90, cesium-137, heavy metals,
organochlorine compounds, bottom sediments dating

The water area of Yalta city (Crimea) is one of the critical zones of the Black Sea [Zaitsev, Po-
likarpov, 2002], where pollutant content in the marine environment can exceed natural levels or reach
maximum permissible concentrations (hereinafter MPC) for the population and biotic components
of ecosystems. The main coastal recreational area of the city, located in the southwestern Yalta Bay,
is affected by the seaport, by recreational, touristic, municipal, and agricultural activities on the coast,
and by the Vodopadnaya River (Uchan-su), with its flood flow regime. The river originates at the foot
of Ai-Petri peak. The river length is 7.0 km; the catchment area is 28.9 km²; and the slope is 94.3 m·km⁻¹.
There are certain environmental problems in this area, and the most significant ones are hypereutrophica-
tion caused by nutrients [Egorov et al., 2021] and water contamination with heavy metals and organochlo-
rine compounds [Egorov et al., 2018]. The need for minimizing negative consequences of anthropogenic
load on the Yalta city recreational coastline requires the development and application of measures aimed
at implementation of sustainable development.

12

https://marine-biology.ru/
http://ibss-ras.ru/
mailto:egorov.ibss@yandex.ru


The possibility of implementation of the sustainable development concept… 13

The aim of these studies was to standardize maximum permissible fluxes of pollutants into the Yalta
city recreational area (Crimea, Black Sea) in terms of biogeochemical criteria and to substantiate the sus-
tainable development concept based on contamination factors for the marine environment of the area
analyzed. Accordingly, the following tasks were solved:

• determination of biogenic element concentrations in water and assessment of the limitation
of phytoplankton primary production in the Vodopadnaya River estuarine zone;

• bottom sediments dating in terms of the peaks of ⁹⁰Sr and ¹³⁷Cs radioactive fallout maximums
on the sea surface and determination of sediment fluxes of pollutants into the thickness of the bottom
sediments in the Yalta city recreational zone;

• assessment of contamination for freshwater of the river estuary and seawater of the city area with ra-
dionuclides and heavy metals, as well as determination, based on the results of our own observations,
of biogeochemical characteristics of self-purification of the Yalta city recreational zone from ∑6PCB
and ∑DDT according to data given in [Malakhova, Lobko, 2022] and from radionuclides and heavy
metals.

MATERIAL AND METHODS

The Yalta city recreational zone is located on the southwestern coast of the Yalta Bay (Crimea, Black
Sea) (Fig. 1). To the north, there are marina, berths for coasters serving tourist routes, and the seaport.
From the east and the west, the recreational zone borders the open Black Sea area.

Fig. 1. Bathymetric map of the Yalta city water area and the Vodopadnaya River estuarine zone. Red circles
denote the sampling stations. The coastline from the Vodopadnaya River estuary to Livadia settlement
is occupied by a city beach, which is included in the Yalta city recreational zone

Морской биологический журнал Marine Biological Journal 2023 vol. 8 no. 3
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Methodology of oceanographic works. For hydroacoustic observations, we used boats equipped
with Lowrance Elite-7 Ti chartplotter with a built-in GPS receiver. Water was sampled with a 10-L bath-
ometer; sediments were sampled with a manual gravity corer. For geochronological analysis, sediment
cores were sampled at stations 5 and 6. Sta. 6 was located outside the polygon, and its research material
was used for comparative purposes. A bathymetric map of the Yalta city water area and the Vodopadnaya
River estuarine zone is shown in Fig. 1. Sampling metadata are presented in Table 1.

Table 1. Dates, coordinates, and depths of water and sediment sampling stations in the Yalta Bay

Number
Date Coordinates Depth, mof the sampling

station N E
1 19.07.2019 44°29.2234′ 34°10.9130′ 35
2 19.07.2019 44°29.1806′ 34°10.9530′ 37
3 19.07.2019 44°28.6701′ 34°10.3051′ 40

4

19.04.2017

44°29.3294′ 34°09.8040′ 128.06.2017
19.07.2019
22.06.2020

5 19.07.2019 44°28.4208′ 34°10.0072′ 41
6 15.10.2020 44°28.565′ 34°11.512′ 58

Concentrations of nitrites, nitrates, and ammonium in freshwater of the Vodopadnaya River estuary
and in seawater of its estuarine zone were determined by the standard method [Rukovodstvo, 1977].
The absorption of biogenic elements during biosynthesis was established from the ratio [Hutchinson,
1969; Redfield, 1958]:

1𝑃 ∶ 7𝑁 ∶ 40𝐶 , (1)

from which it followed that the absorption coefficient of phosphorus in relation to carbon is 0.025,
and the absorption coefficient of nitrogen is 0.175. The degree of limitation of phytoplankton produc-
tion by biogenic elements was assessed from the stoichiometric ratio N : P = 16 : 1 by molar concentration
or 7 : 1 by weight concentration. To determine the biogenic factor limiting production processes, the Red-
field stoichiometry (PRₐ✁) was used. This ratio, with the dimensions of its parameters expressed in μg·L⁻¹,
had the form as follows [Redfield, 1958]:

𝑃𝑅𝑎𝑡(𝑁/𝑃 ) = 1.53(1.35𝑁𝑂2 + 𝑁𝑂3 + 3.44𝑁𝐻4)/𝑃𝑂4 . (2)

At PRₐ✁ > 16, phosphorus is a limiting nutrient; at PRₐ✁ < 16, nitrogen.
For geochronological studies, the bottom sediment cores were sampled using a manual gravity

corer (inner diameter of 58 mm) with a vacuum seal. The resulting cores were cut into layers 1 cm
thick with a screw extruder described in [Papucci, 1997]. Immediately after cutting, the samples were
weighed, dried at a temperature of +40…+50 °C, and then weighed again to determine the amount
of evaporated water. To estimate the initial moisture content of the bottom sediments, the concentra-
tion of salts dissolved in pore water was calculated [Schafer et al., 1980]. Artificial radionuclides ⁹⁰Sr
and ¹³⁷Cs were used as radioactive tracers for bottom sediments dating [Gulin et al., 1994; Mirzoeva et al.,
2005; Radioekologicheskii otklik, 2008]. Concentrations of ⁹⁰Sr and ¹³⁷Cs were determined separately
for each layer of the bottom sediment cores.

Морской биологический журнал Marine Biological Journal 2023 vol. 8 no. 3
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⁹⁰Sr activity was measured by the Cherenkov radiation of its daughter product ⁹⁰Y with a low back-
ground liquid scintillation counter (LSC) LKB Quantulus 1220 [Harvey et al., 1989; Radioekologiches-
kii otklik, 2008]. The lower limit of detection (LLD) is 0.01–0.04 Bq·kg⁻¹ or Bq·m⁻³ of the sample.
The relative error of the obtained results did not exceed 20%. The results were subjected to math-
ematical processing of radiospectrometric data [Radioekologicheskii otklik, 2008]. The correctness
of the methodology used and the reliability of the results obtained were controlled via constant par-
ticipation in international intercalibration under the auspices of the IAEA (Vienna, Austria) and the Na-
tional Laboratory (Risø, Denmark). The data on the intercalibration of the determination techniques
obtained from the measurement results for reference samples and field parallel determinations between
IBSS and other institutes indicated as follows. The used methodological base made it possible to as-
sess, with the necessary and sufficient degree of reliability, the contamination of the studied ecosystems
with the long-lived radionuclide ⁹⁰Sr [Radioekologicheskii otklik, 2008]. In dried samples, ¹³⁷Cs content
was determined using a NaI(Tl) scintillation detector. It was calibrated with standard samples of bottom
sediments IAEA-306 and IAEA-315 supplied by the IAEA [Radioekologicheskii otklik, 2008]; their
shape and dimensions were similar to those of the bottom sediment samples studied by us. The mean
relative error in the samples did not exceed 27%.

Heavy metals (hereinafter HM) were isolated from seawater by extraction/preconcentration in ac-
cordance with the guidance document 52.10.243-92 [1993]. This technique is based on the extrac-
tion of the complexes of the elements to be determined with carbon tetrachloride using sodium
diethyldithiocarbamate (NaDDC); it is followed by the destruction of the complexes with concen-
trated nitric acid and the re-extraction of the elements into an aqueous solution of a smaller volume.
In this case, the quantitative extraction is achieved for Fe, Co, Ni, Cu, Zn, Mo, Cd, and Pb [Mir-
zoeva et al., 2022]. HM extraction from samples of the bottom sediments was carried out in accor-
dance with environmental regulatory document 16.2.2:2.3.71-2011 [2011]. This technique is based
on the acid mineralization of sediment dry matter and leaching of the elements to be determined
into the solution.

In extracts from seawater and mineralizates of the bottom sediments, HM were determined in IBSS
core facility “Spectrometry and Chromatography” by inductively coupled plasma mass spectrometry
on a PlasmaQuant MS Elite mass spectrometer (Analytik Jena AG, Germany) according to the inter-
national technical standard 56219-2014 [2015] and the operating manual [PlasmaQuant MS, 2014].
For the elements to be determined, the machine was calibrated with a multi-element standard so-
lution IV-28 (Inorganic Ventures, the USA). The error of HM determination in the water sam-
ples and the bottom sediments for all elements did not exceed 10% at their concentration in water
> 0.01 µg·L⁻¹ and in bottom sediments > 0.1 mg·kg⁻¹. At lower content, the error reached 60%.

Water and bottom sediments to determine mercury content were sampled simultaneously. To sep-
arate dissolved and particulate mercury, seawater was fixed immediately after sampling with concen-
trated nitric acid (10 mL HNO₃ per 1 L of water). Then, in the laboratory, those were filtered through
pre-weighed nuclepore filters with a pore diameter of 0.45 μm. Mercury concentration in suspended mat-
ter samples was determined in accordance with the international technical standard 26927-86 [2002].
The measurements were carried out by atomic absorption spectrophotometry using a Hiranuma-1 mer-
cury analyzer. To calibrate it and to control the quality of the analysis, certified mercury standard samples
were used. The measurement error did not exceed 2%.

Морской биологический журнал Marine Biological Journal 2023 vol. 8 no. 3
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The mean sedimentation rate was calculated using the following formula [Gulin et al., 1994]:

𝑆 = ℎ/(𝑇0 − 𝑇 ) , (3)

where S is the mean sedimentation rate, cm·year⁻¹;
T is the absolute age of the layer, years;
T₀ is the year of sampling;
h is the mean layer depth, cm.

The age of bottom sediment layers in the cores was determined by the formula [Gulin et al., 1997]:

𝑇 = 𝑇0 − ℎ/𝑆 , (4)

where T (the age of the layer) is the year of accumulation of the bottom sediment layer;
T₀ is the year of sampling;
h is the mean depth of the bottom sediment layer, cm;
S is the mean sedimentation rate, cm·year⁻¹.

The method for determining the sedimentation rate in weight units (g·m⁻²·year⁻¹) is described
in [Gulin et al., 1994]. Theoretical analysis of the results of observations was carried out based on mod-
ern ideas about the radioisotopic and chemical homeostasis of marine ecosystems [Egorov et al., 2021].

RESULTS
Echo sounding data were processed with WaveLens program [Artemov, 2006]. According to these

data, the area (S) of the Yalta water area in the Vodopadnaya River estuarine zone down to a depth
of 40 m (Fig. 1) is 2.82 km², and water volume (V) is 0.08 km³. As per regular measurements of the Yalta
stream gauging station, the mean river flow at its estuary (Vᵣ) is 0.384 m³·s⁻¹, or 12.11 × 10⁶ m³·year⁻¹.

Bottom sediments dating. Primary data on bottom sediments dating are presented in Tables 2
and 3.

Table 2. 90Sr and 137Cs activity concentration in different layers of the bottom sediment core at station 5

Bottom
sediment
layer, cm

Layer weight, g ⁹⁰Sr concentration, Bq·kg⁻¹
dry weight

¹³⁷Cs concentration, Bq·kg⁻¹
dry weight

wet dry ⁹⁰Sr ± ¹³⁷Cs ±
0–1 46.0 30.5 b. d. b. d. 26.6 3.0
1–2 56.5 41.0 b. d. b. d. 14.6 1.5
2–3 42.5 32.0 b. d. b. d. 15.6 2.2
3–4 22.0 16.5 b. d. b. d. 0 0
4–5 62.0 52.5 b. d. b. d. 0 0
5–6 27.0 18.5 1.91 0.52 0 0
6–7 33.5 23.0 5.99 0.87 26.0 4.0
7–8 36.0 25.0 b. d. b. d. 0 0
8–9 45.0 31.5 2.19 0.51 0 0
9–10 44.5 31.0 1.97 0.43 0 0

10–11 45.5 31.0 b. d. b. d. 19.3 3.1
Continue on the next page…

Морской биологический журнал Marine Biological Journal 2023 vol. 8 no. 3



The possibility of implementation of the sustainable development concept… 17

Bottom
sediment
layer, cm

Layer weight, g ⁹⁰Sr concentration, Bq·kg⁻¹
dry weight

¹³⁷Cs concentration, Bq·kg⁻¹
dry weight

wet dry ⁹⁰Sr ± ¹³⁷Cs ±
11–12 45.5 29.5 5.18 0.64 17.2 1.9
12–13 35.0 22.0 4.6 1.0 0 0
13–14 39.0 23.0 b. d. b. d. 0 0
14–15 39.0 22.5 3.13 0.87 13.5 3.3
15–16 38.0 22.0 7.86 1.26 31.8 2.5
16–17 41.5 24.5 13.17 1.41 22.7 1.8
17–18 43.0 27.5 10.67 1.48 12.1 0
18–19 42.5 28.5 6.7 0.95 0 0
19–20 55.5 37.5 b. d. b. d. 17.5 1.7
21–22 44.5 29.0 3.22 0.69 0 0
22–23 41.5 27.0 b. d. b. d. 0 0

Note: b. d. denotes values below the detection limit.

Table 3. 137Cs activity concentration in different layers of the bottom sediment core at station 6

Bottom Layer weight, g 137Cs concentration, Bq·kg−1 dry weight
sediment layer, cm wet dry 137Cs ±

0–1 64.0 42.3 12.0 1.5
1–2 49.5 31.4 11.0 1.0
2–3 45.5 28.6 0 0
3–4 50.0 34.4 0 0
4–5 36.0 23.2 5.0 0.7
5–6 50.5 31.1 0 0
6–7 42.5 25.9 2.5 0.25
7–8 45.0 28.8 32.5 1.6
8–9 45.5 30.3 12.5 1.0
9–10 44.5 29.6 0 0

10–11 51.0 34.0 0 0
11–12 44.5 29.0 0 0
12–13 47.0 30.7 0 0
13–14 41.5 26.1 0 0
14–15 42.5 25.5 0 0
15–16 44.5 27.0 23.0 1.6
16–17 46.5 28.5 14.0 2.1
17–18 43.0 26.5 0 0
18–19 45.0 28.0 0 0
19–20 45.0 29.0 0 0

A graphic representation of the method for bottom sediments dating is given in Fig. 2.
Horizons are identified (Fig. 2), to which layers are linked, related to the period of the prohibition

of nuclear weapons tests in open environments (1963) and to the year of the accident at the Chernobyl
Nuclear Power Plant (1986). Linking to these dates allows estimating the sedimentation rate and using
the “radio-geochemical clock” for bottom sediments dating. The same as in all cases of experimental
and natural measurements, the results of observations are always burdened with errors. In this case,

Морской биологический журнал Marine Biological Journal 2023 vol. 8 no. 3



18
V. N. Egorov, N. Yu. Mirzoyeva, Yu. G. Artemov, V. Yu. Proskurnin, A. P. Stetsiuk,

Yu. G. Marchenko, D. B. Evtushenko, I. N. Moseichenko, and O. D. Chuzhikova-Proskurnina

the main errors are determined by inaccuracy in cutting the cores into layers, non-considering the change
in sediment density in the core (in terms of depth), and the fact that the dates are linked to certain years,
although each identified layer can refer to several years of sedimentation.

Fig. 2. Bottom sediment vertical distribution profiles of 90Sr (○) at station 5 and 137Cs at stations 5 (Δ)
and 6 (●)

In the vertical distribution profiles of ⁹⁰Sr and ¹³⁷Cs in the bottom sediments, all three upper
peaks almost coincided, and the layer at a 7-cm depth in the core can be dated to 1986 (Fig. 2).
At the same time, the sedimentation rate, determined from the upper peak, for 1986–2019
is 70 mm / 33 years = 2.12 mm·year⁻¹. The lower peaks in the vertical distribution profiles of ⁹⁰Sr
and ¹³⁷Cs in the bottom sediment cores were close to coinciding. If each of them is linked to 1963, then
we get that the sedimentation rate, estimated from the vertical distribution profile for ¹³⁷Cs at sta. 6,
will be for 1963–2020 150 mm / 57 years = 2.63 mm·year⁻¹; for ¹³⁷Cs profile at sta. 5 for 1963–2019,
the value will be 160 mm / 56 years = 2.86 mm·year⁻¹; and for ⁹⁰Sr profile for 1963–2019, the value will
be 170 mm / 56 years = 3.036 mm·year⁻¹. The mean sedimentation rate is 10.646 / 4 = 2.66 mm·year⁻¹,
with a range from 2.12 to 3.036 mm·year⁻¹. Therefore, it is equally probable that the true value of the sedi-
mentation rate falls within a range of 2.12–3.036 mm·year⁻¹. Specifically, if the mean sedimentation rate
is 2.66 mm·year⁻¹, then practically each layer corresponded to four years of sedimentation, and the peak
related, for example, to 1986, could fall anywhere within this layer.

It is worth noting that ⁹⁰Sr and ¹³⁷Cs occurred in the deeper layers of the cores as well (Fig. 2).
Knowing that the Atomic Age began in July 1945, it is possible to verify that the age of these lay-
ers corresponds to the dating made. To do this, it is enough to correlate the depth of the layers with
the minimum and maximum values of sedimentation rates. ⁹⁰Sr was found in the core in the 21-cm layer;
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¹³⁷Cs, in the 20-cm layer. This allows assessing the time intervals, to which their localization can be at-
tributed, taking into account the measurement errors. Estimate for ⁹⁰Sr: at the maximum sedimenta-
tion rate Tb(max) = 210 / 3.036 = 69 years, and at the minimum Tb(min) = 210 / 2.12 = 99 years.
Thus, in terms of ⁹⁰Sr, the age of this layer corresponds to Tb interval 1920–1950. Estimate for ¹³⁷Cs:
at the maximum sedimentation rate, Tb(max) = 200 / 3.036 = 66 years, and at the minimum
Tb(min) = 200 / 2.12 = 94 years. Thus, in terms of ¹³⁷Cs, the age of this layer corresponds to Tb interval
1925–1953.

Obviously, all unaccounted errors occur within ranges of intervals of estimates for Tb values. There-
fore, as follows from the presented material, these intervals also include the year of the beginning
of the Atomic Age (1945). In general, the analysis of vertical distribution profiles for ⁹⁰Sr and ¹³⁷Cs
in the bottom sediment cores showed that the chosen linking to the peaks of concentration maxi-
mums of 1986 and 1963 unambiguously corresponds to the sedimentation rate Vsed, lying in the range
of 2.12–3.036 mm·year⁻¹ (mean value is 2.66 mm·year⁻¹). Moreover, age estimates for the lowest
sediment layers containing non-zero concentrations of measured radionuclides cover the beginning
of the Atomic Age.

In general, using radioisotope dating, it was determined that in the Vodopadnaya River estuarine
zone at sta. 5 and 6, sedimentation rate is 2.120–3.036 mm·year⁻¹, averaging 2.66 mm·year⁻¹. The spe-
cific value MAR✀⛾ is 3,072.3 g·m⁻²·year⁻¹, or 8,663.9 t·year⁻¹ for the entire water area down to a depth
of 40 m (MARƩ).

Biogenic elements. The results of determining the concentration of biogenic elements
and calculating the parameters of the Redfield equations are given in Table 4 [Egorov et al., 2021].

Table 4. Concentration of nitrogen in form of ammonium (NH4), nitrites (NO2), and nitrates (NO3);
concentration of total mineral nitrogen compounds (∑N); concentration of phosphorus (PO4); and Redfield
factor (Rat) in 2020 in the Vodopadnaya River estuarine zone [Egorov et al., 2021]

No. Date

Seawater in the estuarine zone Freshwater in the estuary
(station 4) (44°29′22.0″N, 34°09′46.6″E)

NH4 ±
SD,

µg·L−1

NO2 ±
SD,

µg·L−1

NO3 ±
SD,

µg·L−1

∑N,
µg·L−1

PO4 ±
SD,

µg·L−1
Rat

NH4 ±
SD,

µg·L−1

NO2 ±
SD,

µg·L−1

NO3 ±
SD,

µg·L−1

∑N,
µg·L−1

PO4 ±
SD,

µg·L−1

1 16.01.2020 11.50 ±
0.60

2.70 ±
0.04

32.00 ±
0.96 46.2 17.00 ±

0.26 6.77 72.50 ±
3.74

19.50 ±
0.29

1,860 ±
56 1,952 44.50 ±

0.67

2 05.03.2020 9.10 ±
0.44

2.90 ±
0.04

20.30 ±
0.61 32.3 12.20 ±

0.18 6.96 23.10 ±
1.20

10.40 ±
0.16

960 ±
29 994 31.30 ±

0.47

3 23.06.2020 24.30 ±
1.17

1.60 ±
0.02

8.30 ±
0.25 34.2 3.40 ±

0.05 42.32 147.20
± 7.07

43.80 ±
0.66

586 ±
18 777 53.40 ±

0.80

4 14.08.2020 19.10 ±
0.92

4.60 ±
0.07

10.50 ±
0.32 32.2 9.70 ±

0.15 13.00 9.40 ±
0.35

16.50 ±
0.25

690 ±
21 716 86.30 ±

1.50

5 02.10.2020 6.80 ±
0.33

1.90 ±
0.03

10.50 ±
0.32 19.2 10.90 ±

0.16 5.12 23.00 ±
1.0

21.30 ±
0.32

755 ±
22 799 92.80 ±

1.40

6 15.10.2020 11.90 ±
0.36

2.90 ±
0.04

12.80 ±
0.38 27.6 6.10 ±

0.09 14.46 12.70 ±
0.61

10.30 ±
0.15

1,005 ±
30 1,028 70.00 ±

1.05

7 26.11.2020 14.00 ±
1.58

2.30 ±
0.03

11.60 ±
0.35 27.9 6.50 ±

0.10 14.80 24.00 ±
1.1

11.32 ±
0.17

555 ±
17 590 43.90 ±

0.66

8 17.12.2020 10.00 ±
0.48

2.00 ±
0.03

8.00 ±
0.24 20.0 7.50 ±

0.11 9.20 22.00 ±
1.06

16.40 ±
0.25

766 ±
23 792 74.80 ±

1.12
Mean 13.34 2.61 14.25 30.2 9.16 14.08 40.24 18.69 897.12 956 62.12
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Heavy metals and trace elements. The results of analytical determinations of HM concentrations
in freshwater of the Vodopadnaya River estuary and in seawater of its estuarine zone are presented
in Table 5.

Table 5. Concentration of heavy metals and trace elements in water (Cw) and relative (considering
MPC [Ob utverzhdenii, 2016]) contamination of waters

No. Date Sampling area Component

Component
concentration,

Cw ± SD,
µg·L−1

MPC, µg·L−1 Cw / MPC, %

1 22.06.2020
Yalta, the Vodopadnaya

River, freshwater
in the estuary, Cfw

Fe 5.220 ± 0.230 100 5.22
Co 0.015 ± 0.001 5 0.30
Ni 0.596 ± 0.020 10 5.96
Cu 1.728 ± 0.044 5 34.56
Zn 23.408 ± 0.593 50 4.68
Mo 0.067 ± 0.005 1 6.70
Cd < 0.025 10 < 0.25
Pb 0.157 ± 0.007 10 1.57

2 22.06.2020
Yalta, seawater

in the estuarine zone,
Csw

Fe 2.453 ± 0.158 100 2.45
Co 0.001 ± 0.001 5 0.02
Ni 0.518 ± 0.024 10 5.18
Cu 0.628 ± 0.028 5 12.56
Zn 5.818 ± 0.206 50 11.64
Mo 1.312 ± 0.047 1 (300) 131.20 (0.44)
Cd 0.123 ± 0.005 10 1.23
Pb 0.097 ± 0.004 10 0.97

Note: in parentheses, MPC values for seawater are given according to [Warmer, van Dokkum, 2002].

The results of analytical determinations of HM in the bottom sediments are shown in Table 6.

Table 6. Concentrations of heavy metals in the bottom sediments at station 5 (Table 1)

No.
Bottom

sediment
layer, cm

Layer
dating,
year

Heavy metal concentration in the bottom sediments, Cbs ± SD,
mg·kg−1 dry weight

Cr Co Ni Cu Zn Mo Cd Pb

1 0.0–0.5 2019 19.39 ±
0.51

7.37 ±
0.09

25.9 ±
0.51

17.28 ±
0.26

63.35 ±
1.22

0.35 ±
0.05

1.35 ±
0.04

12.77 ±
0.36

2 1.5–2.0 2013 23.07 ±
0.90

8.09 ±
0.07

28.88 ±
0.37

17.73 ±
0.15

58.06 ±
1.57

0.30 ±
0.01

0.03 ±
0.02

13.86 ±
0.17

3 4.0–4.5 2003 22.58 ±
0.47

8.06 ±
0.09

32.75 ±
0.23

14.82 ±
0.09

54.46 ±
0.43

0.25 ±
0.02 < 0.01 13.96 ±

0.17

4 8.5–9.0 1989 26.67 ±
0.43

9.41 ±
0.09

33.19 ±
0.29

19.24 ±
0.09

57.94 ±
0.91

0.57 ±
0.01

0.02 ±
0.01

11.68 ±
0.38

5 11.0–11.5 1977 25.94 ±
0.29

8.71 ±
0.08

31.83 ±
0.29

17.76 ±
0.25

56.08 ±
1.03

0.25 ±
0.01

0.02 ±
0.01

11.15 ±
0.29

6 14.5–15.0 1964 19.30 ±
0.44

6.75 ±
0.09

24.67 ±
0.44

13.89 ±
0.19

45.83 ±
0.99

0.35 ±
0.05 < 0.01 7.49 ±

0.19

7 18.5–19.0 1949 23.51 ±
0.23

7.80 ±
0.08

27.47 ±
0.25

13.65 ±
0.07

43.22 ±
0.41

0.24 ±
0.01 < 0.01 7.61 ±

0.20

8 23.5–24.0 1930 25.25 ±
0.27

9.56 ±
0.10

30.36 ±
0.17

16.01 ±
0.14

48.32 ±
0.59

0.12 ±
0.01 < 0.01 9.10 ±

0.22
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Mercury. Estimates of the concentrating ability of suspensions in relation to mercury in the Yalta
city water area are given in Table 7.

Table 7. Results of mercury concentration measurement in water (Cw) and suspended matter (Cs)
and mercury concentration factor (Cf) for suspended matter in the Yalta city water area

No. Sampling
site

Sampling
date

Suspended
matter

concentra-
tion, g·m−3

Cw, ng·L−1
Ctot /

MPC, %
Cs, ng·g−1

dry weight
Cf,

× 105Dis-
solved

Par-
ticulate

Total,
Ctot

1 Seawater
(surface) 22.06.2020 1.3 40 5 45 45 3,846.15 0.96

2 Seawater
(bottom) 15.10.2020 6.9 60 8 68 68 1,159.42 0.19

3
Seawater
(surface)

28.04.2021 4 30 24 54 54 6,000.00 2.00
4 09.07.2021 40.7 30 5 35 35 122.85 0.04
5 07.10.2021 31.7 30 120 150 150 3,785.49 1.26

Mean 60 60
6

Freshwater
in the estu-

ary

22.06.2020 3.1 53 10 63 63 3,225.81 0.61
7 28.04.2021 2.2 20 100 120 120 45,454.55 22.73
8 09.07.2021 546.8 40 230 270 270 420.63 0.11
9 07.10.2021 1.8 35 70 105 105 38,888.89 11.11

Mean 140 140

The results of analytical determinations of mercury in the bottom sediments are presented in Table 8.

Table 8. Mercury concentration in bottom sediment layers (Cbs) at station 6 (Table 1)

No. Bottom sediment
layer, cm

Layer dating,
year

Cbs, µg·kg−1

dry weight

Mercury specific flux
into the bottom

sediments,
Fsp = MAR · Cbs,

µg·m−2·year−1

Mercury flux
into the bottom

sediments,
FHg = Fsp · S,

kg·year−1

1 0–1 2020 62 264.2 0.75
2 1–2 2018 68 289.8 0.82
3 2–3 2014 66 281.2 0.79
4 3–4 2011 53 225.8 0.64
5 4–5 2007 63 268.5 0.76
6 5–6 2003 141 600.8 1.69
7 6–7 1999 63 268.5 0.76
8 7–8 1996 67 285.5 0.81
9 8–9 1992 80 340.9 0.96

The third column in Table 8 shows the age of the layers. The fifth column contains estimates of Hg
flux into the bottom sediments of the Yalta city water area at sta. 6.
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DISCUSSION
Biogenic elements. Graphic material presented in Fig. 3 reflects the patterns of changes in bio-

genic element concentration in the Vodopadnaya River estuary and estuarine zone. Freshwater of the es-
tuary is characterized by an increased content of nitrogen in composition of nitrites (by 7.2 times),
ammonium (by 3.0 times), nitrates (by 62.9 times), and mineral phosphorus (by 13.2 times) in com-
parison with their concentrations in seawater of the estuarine zone. These data indicate a statistically
significant effect of the river runoff on the shift in concentrations of the total content of nitrogen
compounds, as well as mineral phosphorus in seawater of the estuarine zone. The flux of biogenic ele-
ments from the river in summer can change the limiting nutrient for primary production from nitrogen
to phosphorus.
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Fig. 3. Ratio of total nitrogen (■) and mineral phosphorus (Δ) concentrations in freshwater of the Vodopad-
naya River estuary to the values in seawater of its estuarine zone (a); ratio of mineral phosphorus concentra-
tion to the total nitrogen concentration in seawater in the Vodopadnaya River estuarine zone (b); calculated
values of the Redfield factor for the sea area of the Vodopadnaya River estuarine zone (c)

In 2019, concentration of biogenic elements in the river estuary at sta. 4 was 14–16 times higher
than their content in the estuarine zone in terms of total nitrogen compounds, while the concentration
of phosphates could be of the same order of magnitude or up to 25 times higher. This indicated the eu-
trophic effect of the river runoff on coastal waters of the Yalta city area. That year, with the river runoff,
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330.66 kg·day⁻¹ of nitrogen compounds and 7.35 kg·day⁻¹ of mineral phosphorus entered the city estu-
arine water area daily. With nitrogen limitation of production processes, the flux of biogenic elements
with the river runoff could lead to water hypertrophy on the area of 531,000 m², and with phosphorus
limitation, on the area of 88,000 m² [Egorov, 2021].

In 2020, with a mean annual river flow of 33.18 m³·day⁻¹, the concentration of total nitrogen com-
pounds (∑Nᵢ) in freshwater was 956 µg·L⁻¹, and mineral phosphorus (PO₄), 62.12 µg·L⁻¹ (Table 4).
At the same time, the daily flux of ∑Nᵢ into the Yalta city estuarine zone amounted to about
31.717 kg·day⁻¹, and for mineral phosphorus, the value was up to 2.060 kg·day⁻¹. As known, the syn-
thesis of 1,000 g of organic matter in terms of mass requires 80 g of carbon, 2 g of phospho-
rus, and 14 g of nitrogen [Zilov, 2009]. Accordingly, with nitrogen limitation of production pro-
cesses, new production can be (31.717 / 14) · 80 = 181.240 kg Cₒᵣ⛷·day⁻¹; with phosphorus limi-
tation, (2.060 / 2) · 80 = 82.400 kg Cₒᵣ⛷·day⁻¹. These data indicate as follows: under water eutro-
phication by phytoplankton, equal to 100 mg Cₒᵣ⛷·m⁻³·day⁻¹, and the location of the summer core
of primary production in the 0–10-m layer, due to the flux of nitrogen compounds, water hyper-
eutrophication will spread to the area of 181,240 m²; with phosphorus limitation, the area will
be 82,400 m². Taking into account the previously published data for 2019 [Egorov, 2021], with pre-
vailing nitrogen limitation of primary production processes, the daily growth rate of water hyper-
eutrophicated by biogenic elements in the Yalta city water area in different years can be 6–18% per day
of the polygon area.

Water masses of the polygon are exchanged with the open sea through liquid boundaries, espe-
cially from the northeast to the southwest [Egorov et al., 2018], along the main coastal recreational
zone of Yalta city. This can result in an increase in the primary production of the water area, outbreaks
of gelatinous plankton [Rhizostoma pulmo (Macri, 1778) andAurelia aurita (Linnaeus, 1758)], and water
bloom. Therefore, the flux of biogenic elements with the river runoff is a significant factor in reducing
sanitary and hygienic water quality in the city recreational zone.

Heavy metals and mercury. In freshwater of the river estuary, Fe, Co, Ni, Cu, Zn, and Cd con-
centrations did not exceed MPC. In seawater of the estuarine zone, Mo content in some years could
surpass MPC (Tables 5, 7) established for fishery basins [Ob utverzhdenii, 2016]. However, Mo concen-
tration was still two orders of magnitude lower than MPC recommended for marine waters [Chuzhikova-
Proskurnina et al., 2022; Warmer, van Dokkum, 2002]. In the Yalta city water area, content of the dis-
solved form of mercury in freshwater and seawater of the estuarine zone did not exceed MPC (Table 7).
At the same time, the concentration of particulate mercury in freshwater and seawater was usually higher
and could surpass MPC. High levels of mercury accumulation by suspended matter were established: ac-
cumulation coefficients from 0.11 × 10⁵ to 22.73 × 10⁵; this indicated a high significance of suspended
matter in Hg migration in the aquatic environment.

HM distribution in the bottom sediments, taking into account the radioactive tracer dating (Fig. 2)
of their age from 1930 to 2020 at sta. 5 and 6, is presented in Fig. 4.

Between 1930 and 2020 (Fig. 4), the content of Cr, Fe (after 2000), and Cu (after 1990), under
data variability, nevertheless showed a tendency to decrease in the bottom sediments. At the same time,
concentrations of Co (since 1990), Mo (since 2000), Cd (after 2010), and Hg (since 2010) in the bot-
tom sediments increased. The trends of rising contamination of the bottom sediments with Zn and Pb
from the 1950s to the present time, assessed by the coefficients of determination, had a high degree
of statistical significance (R² = 0.715 and R² = 0.729, respectively).
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Fig. 4. Vertical distribution profiles for Cr (A), Co (B), Fe (C), Cu (D), Zn (E), Mo (F), Cd (G), Pb (H),
and Hg (I), mg·kg−1 dry weight, in the thickness of the bottom sediments in the Yalta city water area

Intensity of biogeochemical processes for migration of heavy metals and organochlorine com-
pounds in the Yalta city recreational water area. Indicators of the intensity of biogeochemical
processes in the Yalta water area are given in Table 9.

The second and fourth columns in Table 9 present data on the concentration of pollutants in seawater
and in the upper layer of the bottom sediments in the Yalta water area. The second column contains the re-
sults of calculations of pollutant pools in the water area with a volume of 80 · 10⁶ m³. In the fifth and sixth
columns, there are estimates of the total sedimentation flux and periods of pollutant deposition into
the thickness of the bottom sediments. The eighth and ninth columns present the results of calculations
of pollutant flux into the water area with the river runoff and estimates of the periods of their turnover
in the Yalta water area due to the river runoff. In general, those testify to a high significance of con-
tamination factors of the analyzed water area with the river runoff and its sedimentary self-purification
due to biogeochemical processes. The data show (Table 9) that the turnover of pollutants in the Yalta
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city water area, resulting from the effect of sedimentation processes, occurs on time scales from daily
to synoptic, and due to the river runoff, from annual to long-term. At the same time, periods of turnover
for these elements due to processes of sedimentary self-purification are 1–2 orders of magnitude lower
than due to the river runoff.

Table 9. Biogeochemical characteristics of turnover of pollutants (P) in the Vodopadnaya River estuarine
zone and in the Yalta city water area

P

Concen-
tration of P
in seawater
of the Yalta
city water
area, Csw,

µg·L−1

Pool of P
in the Yalta
city water

area, Qwa =
Csw · V,

kg

Concen-
tration of P
in the upper

layer
of the bottom

sediments,
Cbs, mg·kg−1

dry weight

Sedi-
mentation
flux of P

into
the bottom
sediments,
Fsed = Cbs ·
MAR · S,
kg·year−1

Period
of sedimen-

tation
turnover

of P
in the Yalta
city water

area, Tsed =
Qwa / Fsed,

days

Concen-
tration of P

in fresh-
water

of the Vodo-
padnaya

River, Crw,
µg·L−1

Flux of P
with the Vo-
dopadnaya

River
runoff, Ir =

Crw · Vr,
kg·year−1

Period
of turnover

of P due
to the Vo-
dopadnaya

River
runoff, Tr =

Qwa / Ir,
days

Cu 0.628 50.240 17.280 149.712 122.5 1.728 8.23 2.2 · 10³
Zn 5.818 465.440 63.350 548.857 309.5 23.408 111.47 1.5 · 10³
Fe 2.453 196.240 n. d. n. d.* n. d. 5.220 24.86 2.9 · 10³
Co 0.001 0.080 7.370 63.853 0.5 0.015 0.07 408.8
Ni 0.518 41.440 25.900 224.395 67.4 0.596 2.84 5.3 · 10³
Mo 1.312 104.960 0.350 3.032 1.2 · 104 0.067 0.32 1.2 · 105

Cd 1.123 9.840 1.350 11.696 307.0 < 0.025 < 0.12 > 3.0 · 104

Pb 0.097 7.760 12.770 110.638 25.6 0.157 0.75 3.8 · 10³
Hg 0.071 5.700 0.063 0.546 2.9 · 10−2 0.14 1.689 9.2 · 10−3

90Sr 8.5
Bq·m−3

680.0
MBq

1.6
Bq·kg−1

13.9
MBq·year−1 1.8 · 104 n. d. n. d. n. d.

∑DDT* 1.42 · 10−3 0.114 0.036 0.312 132.9 0.32 · 10−3 0.002 2.7 · 104

∑6PCB* 6.80 · 10−3 0.544 0.010 0.088 2,244.7 1.09 · 10−3 0.005 3.8 · 104

Note: n. d. denotes no data; * denotes data according to [Malakhova, Lobko, 2022].

In general, consideration of the presented material on HM distribution in the Yalta city water
area (Table 5) showed that Fe, Co, Ni, Cu, Zn, Mo, Cd, and Pb concentrations in freshwater of the river
estuarine zone ranged from 0.25 to 34.5 % of MPC for respective elements. In seawater of the estuarine
zone, Mo content could exceed MPC established for fishery basins [Ob utverzhdenii, 2016], reaching
the values of up to 131.2% of MPC, while the concentration of other HM ranged from 0.02 to 12.56%
of MPC. However, it should be noted as follows: in the Russian environmental law, there is no MPC
for Mo in seawater. At the same time, the values of Mo concentrations measured by us in the Yalta marine
area were at the lower limit of values typical for the World Ocean waters [Mirzoeva et al., 2022] and also
2 orders of magnitude lower than MPC recommended for marine waters by the document [Warmer,
van Dokkum, 2002]. The data on mercury distribution in the Yalta water area (Table 7) indicated that
the content of its dissolved form in freshwater and seawater of the estuarine zone during the observation
period did not exceed MPC [Ob utverzhdenii, 2016]. At the same time, the concentration of the partic-
ulate form of mercury in freshwater and seawater, as a rule, is higher, and the total content of mercury
in water reached 140% of MPC.
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It is worth noting that the estimates (Table 9) of maximum permissible fluxes are normalized
to the average annual level of the Vodopadnaya River runoff (Fig. 5).

Fig. 5. The Vodopadnaya River estuary at the average annual discharge intensity

However, the Vodopadnaya River has flood flow regime as well. Specifically, on 18.06.2021, 84 mm
of precipitation fell at the river source on Ai-Petri peak, and this exceeded the monthly rate of 72 mm.
As a result, the water discharge in the river reached 9.9 m³·s⁻¹, which is almost 28 times higher than
the average level. The plume from high water spread far beyond the Yalta city recreational zone, dete-
riorating water quality on the beaches of the Southern Coast of Crimea (Fig. 6). Apparently, to deflect
the plume from the coast, in addition to construction of coastal protection piers (Fig. 1), construction
of appropriate hydraulic structures is required.

Fig. 6. Estuary and marine estuarine zone in the Yalta city water area during the high water
in the Vodopadnaya River
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As known, the optimal strategy for nature management is the implementation of the sustainable de-
velopment concept; its core is to maintain a balance between consumption and reproduction of natural
resources of the regions. In the present work, as criteria for consumption and reproduction of water
quality resources in relation to pollutants, we used the results of studying the patterns of interaction
between living and inert matter with radioactive and chemical components of the marine environment;
also, we used modern theoretical ideas about biogeochemical mechanisms of radioisotopic and chemical
homeostasis of marine ecosystems [Egorov et al., 2021]. MPC of a pollutant in the aquatic environment
is known to serve as an indicator of water quality. In accordance with its dimension, MPC is only a di-
agnostic assessment. Obviously, the analysis of the ratio C✂ / MPC (%) makes it possible to determine
the relative environmental hazard from water pollution by various contaminants. On a certain time scale,
monitoring of this ratio can characterize trends in changes in sanitary and hygienic water quality, since
with a decrease in C✂ / MPC value, the ecological situation in the water area in relation to the considered
pollutant will improve, while with an increase, it will deteriorate. Obviously, in order to manage the eco-
logical situation of water areas in terms of radioactive and chemical pollution, it is necessary to develop
an indicator of consumption and reproduction of water quality, which has the dimension of fluxes.

As follows from the data presented (Table 9), under conditions of stationarity of the ecosystem
state in the Yalta city recreational zone, the flux of pollutants into the water area with the Vodopadnaya
River runoff on an annual time scale was an indicator of a deterioration (i. e., consumption) in water
quality. With such an interpretation of the mechanisms of ecosystem stationarity formation, the sedi-
mentation flow that compensates for pollution due to biogeochemical processes is obviously a measure
of natural reproduction of water quality, and the data on the periods of pollutant turnover in the water
area due to sedimentation processes (the sixth column in Table 9) reflect its relative intensity. Naturally,
the data given in the eighth and ninth columns, within the accepted assumptions, evidence for relative in-
tensity of the deterioration in water quality of the Yalta city recreational zone because of the river runoff.

CONCLUSION

Water self-purification from conservative pollutants, which results from the effect of biogeochemical
processes, is necessarily associated with the depot of their elimination. Adjacent water areas and under-
lying water layers can act as water depots, while the bottom sediments can act as geological depots.
Living, inert, and terrigenous matter can serve as a source of sediments. The coefficients of pollutant
accumulation by various components of sediments (K✀ₑ⛵) differ and may depend on pollutant concen-
tration in the aquatic environment. For radionuclides, K✀ₑ⛵ = const in the range of radioactive contami-
nation of water up to 10⁻⁶…10⁻³ mol·L⁻¹ [Polikarpov, 1964]. For other pollutants, K✀ₑ⛵ values depend
on the size spectra of sediment particles, as well as on their sorption, metabolic, and trophic characteris-
tics, which are described by the patterns of Michaelis–Menten, Langmuir, or Freundlich. If K✀ₑ⛵ = const,
then the maximum permissible flux of water self-purification due to entering the depot, equal to the eco-
logical capacity of a water area, can be determined as the result of the product of the maximum per-
missible concentration of pollutants in the aquatic environment (MPC) by K✀ₑ⛵ value and the intensity
of the sedimentation flux. At the same time, if pollutants enter the thickness of the bottom sediments,
then the flux of their elimination, called the assimilation capacity of the marine environment, also de-
pends on the degree of saturation of the adsorption capacity for sediments in relation to the studied pollu-
tant [Egorov, 2021]. Therefore, the sorption properties of bottom sediments should be studied and taken
into account when setting maximum permissible anthropogenic load on marine ecosystems.
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The presented data indicate a statistically significant effect of the river runoff on the shift in the con-
centrations of the total content of nitrogen compounds, as well as mineral phosphorus in seawater
of the river estuarine zone. The flux of biogenic elements from the river in summer could change
the regime of limitation of primary production from nitrogen to phosphorus. As a result of the river
runoff, Co and Zn turnover in the Yalta city water area occurs on time scales from hourly to synoptic,
and periods of Ni, Cu, ∑6PCB, Pb, Hg, and Mo turnover are estimated at 81.8÷17.2 · 10³ days. The pro-
cesses of sedimentation turnover for Co and Hg occur on time scales from daily to monthly, while for Cu,
Pb, Cd, ⁹⁰Sr, and Mo, those are in the range from 1.1 · 10³ to 185.2 · 10³ days.

An analysis of the distribution profiles for pollutants in the bottom sediments showed as follows:
between 1930 and 2020, in the content of Cr, Fe (after 2000), and Cu (after 1990), under data variabil-
ity, there was a tendency to a decrease in concentrations of these heavy metals in the bottom sediments.
At the same time, the content of Co (since 1990), Mo (since 2000), Cd (after 2010), and Hg (since 2010)
in the bottom sediments increased. Trends in rising contamination of the bottom sediments with Zn
and Pb from 1950s to the present time had a high degree of statistical significance. In total, the re-
sults of observations and analytical assessments testified as follows: against the backdrop of generally
favorable environmental situation in terms of water contamination with heavy metals, the content of var-
ious pollutants in some years could exceed MPC and significantly worsen the quality of the Yalta city
recreational water area. In this regard, it is required to develop standards for regulating water quality
in recreational areas.

Highlights:
1. The specific sedimentation of the water area of the coastal and marine recreational zone of Yalta

city is estimated at 2.120–3.036 mm·year⁻¹, averaging 2.66 mm·year⁻¹. In terms of mass, the value
is 3,072.3 g·m⁻²·year⁻¹, or 8,663.9 t·year⁻¹ for the entire water area down to a depth of 40 m.

2. Freshwater of the Vodopadnaya River estuary is characterized by an increased content of nitro-
gen in composition of nitrites (by 7.2 times), ammonium (by 3.0 times), nitrates (by 62.9 times),
and mineral phosphorus (by 13.2 times) compared to their concentrations in seawater of the es-
tuarine zone. In the coastal recreational zone of the Yalta city, nitrogen limitation of phyto-
plankton primary production prevails. The flux of biogenic elements from the river can change
the regime of limitation of phytoplankton primary production from nitrogen to phosphorus.
Due to the flux of biogenic elements with the river runoff, new production in the Yalta water
area under nitrogen limitation of production processes can amount to 181.240 kg Cₒᵣ⛷·day⁻¹; un-
der phosphorus limitation, 82.400 kg Cₒᵣ⛷·day⁻¹. With nitrogen limitation of production processes,
the growth rate of hypereutrophicated water in summer can be 6–18% per day of the Yalta city
recreational water area.

3. In freshwater of the river estuarine zone, concentrations of Fe, Co, Ni, Cu, Zn, Mo, Cd, and Pb ranged
from 0.25 to 34.5% of MPC. In seawater of the estuarine zone, relative content of heavy metals
varied from 0.02 to 12.56% of MPC. In freshwater, the total concentration of mercury averaged
60% of MPC, and in seawater, 140%.

4. As a result of the river runoff, Co and Zn turnover in waters of the Yalta city area occurs
on time scales from hourly to synoptic; periods of Ni, Cu, Pb, Hg, and Mo turnover are estimated
at 81.8÷17.2 · 10³ days. The processes of sedimentation turnover for Co and Hg occur on time scales
from daily to monthly, while for Cu, Pb, Cd, ⁹⁰Sr, and Mo, those are in the range from 1.1 · 10³
to 185.2 · 10³ days.
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5. Over the period from 1930 to 2020, the content of Cr, Fe (after 2000), and Cu (after 1990)
in the bottom sediments had a decreasing trend. Concentrations of Co (since 1990), Mo (since 2000),
Cd (after 2010), and Hg (since 2010) in more recent bottom sediments increased.

6. On the example of the Vodopadnaya River estuarine zone, the development of a methodology for im-
plementation of the sustainable development concept is shown for water areas under conditions when
the consumption of water quality in relation to pollutants does not exceed their reproduction resulting
from biogeochemical processes. To implement the sustainable development of the Yalta water area,
in terms of the current level of marine pollution, the permissible flux into its estuarine zone should
not exceed: for Cu, 149.7 kg·year⁻¹; Zn, 548.9 kg·year⁻¹; Co, 63.9 kg·year⁻¹; Ni, 224.4 kg·year⁻¹; Mo,
3.0 kg·year⁻¹; Cd, 11.7 kg·year⁻¹; Pb, 110.6 kg·year⁻¹; Hg, 0.546 kg·year⁻¹; ∑DDT, 0.3 kg·year⁻¹;
and ∑6PCB, 0.1 kg·year⁻¹.

This work was carried out within the framework of IBSS state research assignment “Molismological
and biogeochemical fundamentals of marine ecosystems homeostasis” (No. 121031500515-8).
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ВОЗМОЖНОСТЬ РЕАЛИЗАЦИИ КОНЦЕПЦИИ УСТОЙЧИВОГО РАЗВИТИЯ
РЕКРЕАЦИОННОГО ПРИБРЕЖЬЯ ГОРОДА ЯЛТА

В ОТНОШЕНИИ БИОГЕННЫХ ЭЛЕМЕНТОВ, РАДИОНУКЛИДОВ,
ТЯЖЁЛЫХМЕТАЛЛОВ И ХЛОРОРГАНИЧЕСКИХ СОЕДИНЕНИЙ

(КРЫМ, ЧЁРНОЕМОРЕ)

В. Н. Егоров, Н. Ю. Мирзоева, Ю. Г. Артёмов, В. Ю. Проскурнин,
А. П. Стецюк, Ю. Г. Марченко, Д. Б. Евтушенко, И. Н. Мосейченко,

О. Д. Чужикова-Проскурнина

ФГБУН ФИЦ «Институт биологии южных морей имени А. О. Ковалевского РАН»,
Севастополь, Российская Федерация

E-mail: egorov.ibss@yandex.ru

Проведено гидроакустическое зондирование, определены площадь и объём вод приустьевой зо-
ны реки Водопадная до глубины 40 м в акватории города Ялта (Крым, Чёрное море). Концентра-
ции биогенных элементов (NO2, NO3, NH4 и PO4) и тяжёлых металлов (Cu, Zn, Fe, Co, Ni, Mo,
Cd, Pb и Hg) в пресной воде устья реки превышают их концентрации в прибрежной морской воде
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Yu. G. Marchenko, D. B. Evtushenko, I. N. Moseichenko, and O. D. Chuzhikova-Proskurnina

в 3–64 раза. Выявлено влияние стока реки на эвтрофикацию вод изучаемой морской акватории.
С использованием постчернобыльских радиоизотопов 90Sr и 137Cs выполнена датировка донных
осадков и определена скорость седиментации с исследованной площади акватории региона. Рас-
считаны потоки поступления загрязняющих веществ со стоком реки и периоды их оборота в ре-
креационном прибрежье города Ялта. Полученные результаты использованы для обоснования
концепции устойчивого развития рекреационной зоны города Ялта по факторам загрязнения
морской среды.
Ключевые слова: Чёрное море, Крым, вода, биогенные элементы, стронций-90, цезий-137,
тяжёлые металлы, хлорорганические соединения, датировка донных отложений
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The Solovetsky Archipelago, situated in the White Sea, comprises six large islands. Out of them,
the two largest ones, Bolshoy Solovetsky and Anzersky islands, possess an extensive system of lakes,
streams, and canals, which are connected with each other and with the sea. The study of hydrobionts,
including fish, from freshwater bodies of the Solovetsky Archipelago is of great importance for under-
standing historical processes of fauna formation. The freshwater ichthyofauna of the Solovetsky Islands
has been monitored for almost 30 years. As a result of these long-term observations, two sticklebacks
were recognized as the most abundant native fish species of the Solovetsky Archipelago: the three-
spined stickleback Gasterosteus aculeatus and the nine-spined stickleback Pungitius pungitius. These
fish play an important role in inshore and offshore communities of the White Sea, being a com-
mon prey of predatory fish species and marine mammals. There have been few parasitological studies
of the White Sea sticklebacks. Most parasitological data available on sticklebacks from the White Sea
concern its marine forms from various areas and sticklebacks from the river mouth areas at the White
Sea coast. So far, there is no information on parasites of sticklebacks of the Solovetsky Archipelago.
In this paper, we present data on parasites of two stickleback species, P. pungitius (freshwater and ma-
rine forms) and G. aculeatus (marine form), caught in the Solovetsky Archipelago waters (the White
Sea). Standard parasitological investigation methods were implemented. Diplostomum spathaceum
metacercariae were additionally identified with the use of mitochondrial marker cox1. The para-
sitic fauna of both stickleback species from two study sites at the Solovetsky Archipelago was poor.
Ten parasite species belonging to Copepoda, Monogenea, Nematoda, Cestoda, and Trematoda were
found. The marine three-spined stickleback caught off the coast of the archipelago was infected with
6 helminth species. The parasitic fauna of the nine-spined stickleback from a freshwater stream on Bol-
shoy Solovetsky Island comprised 4 helminth species, while the marine form harbored 5 species. Cryp-
tocotyle sp. metacercariae were the most abundant and widespread parasites recorded during our study.
Most of the parasite species were acquired by sticklebacks through various invertebrate food items.
Zoonotic species (nematodes Eustrongylides excisus, cestodes Diphyllobothrium spp., and trematodes
Cryptocotyle spp.) were revealed in fish analyzed. Further research is needed on the parasites of various
fish species of the Solovetsky Archipelago, inter alia applying molecular methods.
Keywords: Bolshoy Solovetsky Island, Anzersky Island, Gasterosteus aculeatus, Pungitius pungitius,
parasites, Diplostomum, cox1
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The Solovetsky Archipelago, situated in the White Sea, comprises 6 large islands with a total area
of 295.23 km² and more than 110 small islands. The largest 2 islands, Bolshoy Solovetsky and An-
zersky, possess an extensive system of lakes connected by streams and canals with each other and with
the sea [Prirodnaya sreda Solovetskogo arkhipelaga, 2007].

The study of hydrobionts, including fish, from freshwater bodies of the Solovetsky Archipelago
is of certain interest for understanding historical processes of fauna formation [Bolotov, 2014]. Firstly,
the freshwater ichthyofauna of the Solovetsky Islands was investigated by A. Zakhvatkin [1927a]. Then,
it was monitored in 1989–2016, and 40 lakes located on these islands were examined. As a result of this
long-term monitoring, 15 fish species have been classified into two groups: aboriginal and introduced
ones (see the review of Ja. Alekseeva et al., 2014). The changes in the condition of lake ichthyofauna
have been identified and shown to be associated mainly with natural factors [Alekseeva, Makhrov, 2018;
Alekseeva et al., 2014].

The most numerous aboriginal fish species on the Solovetsky Archipelago are the perch (Perca
fluviatilis Linnaeus, 1758) and two sticklebacks: the three-spined stickleback Gasterosteus aculea-
tus (Linnaeus, 1758) and the nine-spined stickleback Pungitius pungitius (Linnaeus, 1758) [Alek-
seeva et al., 2014]. The three-spined stickleback is also the most abundant fish species in the White
Sea in general, playing a significant role in inshore and offshore communities and being a com-
mon prey of predatory fish species [Lajus et al., 2020]. Moreover, both sticklebacks are a common
component of the diet of marine mammals in the White Sea [Svetochev, Svetocheva, 2010; Svetocheva,
Svetochev, 2015].

Recent genetic data indicate that the three-spined stickleback arrived in the White Sea basin
from both Europe and North America after glacial recession [Artamonova et al., 2022]. Therefore,
one may expect it to harbor a diverse parasitic fauna. However, there have been few parasitologi-
cal studies of sticklebacks in the White Sea. Most parasitological information available on stickle-
back from the White Sea concerns its marine forms from various areas [Isakov, 1970, 1974; Rybkina
et al., 2016; Shulman, Shulman-Albova, 1953]. There are also some parasitological data on sticklebacks
from the river mouth areas at the White Sea coast [Lumme et al., 2016; Mitenev, Shulman, 2005].
So far, there is no information on the parasites of sticklebacks of the Solovetsky Archipelago.

In this study, we present the first data on the parasites of freshwater and marine forms of Pungitius
pungitius and marine form of Gasterosteus aculeatus from the Solovetsky Archipelago.

MATERIAL AND METHODS

The material for the study was sampled in July 2016 and 2022 in two sampling sites situated
on the watershed of Bolshoy Solovetsky Island of the Solovetsky Archipelago (Fig. 1).

The first sampling site was the so-called Filippovskie cages (N65.03°, E35.68°), a narrow bay sepa-
rated from the sea by an artificial dam. It is thought to have served as enclosure for keeping marine fish
in cages. Three-spined sticklebacks (14 specimens on 3 July, 2016, and 6 specimens on 3 July, 2022)
and nine-spined sticklebacks (5 specimens on 3 July, 2022) were caught in the bay with a dip net.
Three-spined sticklebacks were 60–70 mm long, while nine-spined sticklebacks were 40–60 mm.

The second sampling site was a small freshwater stream near the Solovetsky Settlement (N65.03°,
E35.71°) flowing into the White Sea. Nine-spined sticklebacks were caught in the stream with a dip
net on 2 July, 2016 (14 specimens), and on 3 July, 2022 (11 specimens). Their length ranged from 25
to 65 mm.
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Fig. 1. Sampling sites: 1, Filippovskie cages; 2, a stream near the Solovetsky Settlement

All specimens were examined macroscopically for the presence of ectoparasites immediately af-
ter capture and then dissected and studied for endoparasitic helminths and other metazoan parasites
using a standard parasitological method [Bykhovskaya-Pavlovskaya, 1985]. All parasites were pre-
served in 70% and 96% ethanol. Nematodes were cleared in 80% lactic acid, and temporary glyc-
erol preparations were made. Parasitic copepods were fixed in 70% alcohol and mounted on slides
with Faure–Berlese mounting medium. Monogeneans were cut into two parts. The opisthaptors were
prepared for morphological examination, and then partially digested by proteinase K in a final concen-
tration of 60 μg·mL⁻¹ prior to their preservation in ammonium picrate-glycerin [Zietara, 2004]. Cestodes
were stained with iron acetocarmine, dehydrated through a graded ethanol series, clarified in clove oil,
and finally mounted in Canada balsam [Georgiev et al., 1986].

Trematodes were stained with acetocarmine, dehydrated, contrasted (cleared) with dimethyl phtha-
late, and finally mounted in Canada balsam. Trematodes of the genus Diplostomum von Nord-
mann, 1832 were sampled for an integrative study with the use of both molecular and morpho-
logical approach. Several metacercariae were stained with acetocarmine and mounted in Canada
balsam. Measurements and morphological identification of parasites were made under an Olym-
pus CX41 microscope according to the keys of S. Delyamure et al. [1985]; A. Shigin [1986];
A. Gusev [1987]; R. Bray and R. Campbell [1996]; F. Moravec [1994]; T. Scholz et al. [2007];
and O. Pugachev et al. [2010].
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Ecological parameters characterizing fish infection, prevalence, and mean abundance were calculated
according to A. Bush et al. [1997].

Diplostomum metacercariae were investigated applying molecular method. Genomic DNA was iso-
lated from an ethanol-fixed specimen (in total, two metacercaria from two different fish species were
studied this way) using DNA-Extran kits (Syntol, Russia). The fragment of the mtDNA cox1
gene was amplified using the primers Cox1_schist_5’ (5’-TCTTTRGATCATAAGCG-3’)
and Cox1_schist_3’ (5’-TAATGCATMGGAAAAAAACA-3’) of A. Lockyer et al. [2003]. PCR assay
was carried out in 25 µL of reaction mixture containing 10 ng of total DNA, 75 mM of Tris-HCl (pH 8.8),
20 mM of (NH₄)₂SO₄, 0.01% Tween 20, 5 mM of MgCl₂, 0.25 mM of each dNTP, 1.5 pmol of each
primer, and 0.6–0.7 U of Taq DNA polymerase. Cycling parameters of PCR amplification followed
those of [Lockyer et al., 2003].

PCR products were purified using ColGen Extraction Kit (Syntol) following the manufacturer’s
instructions and then sequenced directly using the same primers of PCR reactions with MegaBACE
1000 DNA Analysis System (Beagle, Saint Petersburg, Russia) (https://biobeagle.com/). Consensus se-
quences (404 bp) were assembled in MEGA v. 10 [Kumar et al., 2018]. The sequences were deposited
in GenBank with accession numbers ON995624 and ON995625.

Identity of newly-generated sequences was checked with the Basic Local Alignment Search
Tool (BLAST, https://blast.ncbi.nlm.nih.gov/Blast.cgi). The novel sequences were aligned with the rep-
resentative sequences of Diplostomum spp. previously reported from different places with MUSCLE
algorithms implemented in MEGA v. 10 [Kumar et al., 2018] and edited manually. The cox1 align-
ment (353 nt) comprised 2 novel and 44 sequences of Diplostomum spp. from GenBank. Tylodelphys
clavata (JX986908) were used as an outgroup.

Bayesian Inference analysis was conducted using MrBayes software (v. 3.2.3) [Ronquist et al., 2012]
with TN93 + I + G model assigned in jModelTest 2.1.2 [Darriba et al., 2012]. Markov chain Monte
Carlo (MCMC) simulations were run for 3,000,000 generations, log-likelihood scores were plotted,
and only the final 75% of trees were used to produce the consensus trees by setting the “burn in”
parameter at 7,500. FigTree v. 1.4 software [Rambaut, 2018] was used to visualize the trees.

RESULTS

The parasitic fauna of the two stickleback species examined in our study was represented
by 10 species (Tables 1, 2) from 5 systematic groups: Copepoda, Monogenea, Nematoda, Cestoda,
and Trematoda. Six of these species were found in sticklebacks caught in the sea: Thersitina gas-
terostei (Pagenstecher, 1861); Bothriocephalus scorpii (Müller, 1776) Cooper, 1917; Diphylloboth-
rium sp.; Hysterothylacium aduncum (Rudolphi, 1802) Deardorff & Overstreet, 1981; Podocotyle re-
flexa (Creplin, 1825) Odhner, 1905; and Cryptocotyle sp. The monogenean Gyrodactylus arcuatus
Bychowsky, 1933 was registered in both marine and freshwater sticklebacks. Three species were
recorded in sticklebacks caught in the freshwater stream: Eustrongylides excisus Jägerskiöld, 1909; Pro-
teocephalus ambiguus (Dujardin, 1845) Weinland, 1858; andDiplostomum spathaceum (Rudolphi, 1819)
Olsson, 1876.

The morphological taxonomy of the genus Diplostomum is rather complex; so, we barcoded
the metacercariae with the mitochondrial marker cox1 (Fig. 2). The sequences formed a well-supported
clade with representatives of D. spathaceum from different host species and geographical locations, with
the p-distance values ranging from −0.2 to 1.1%. The p-distance value for metacercariae sequences
from P. pungitius and G. aculeatus was 0.2%.
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Fig. 2. Phylogenetic tree of Diplostomum spp. based on the partial cox1 mtDNA sequences (353 bp)
inferred using Bayesian Inference analysis. Values lower than 0.5 are not shown. New sequences are in bold

The nine-spined stickleback harbored representatives of all 5 systematic groups recorded in our
study (Table 1). Ectoparasites were represented by the crustacean T. gasterostei and the monoge-
nean G. arcuatus. The latter parasite was the most common, although not numerous. The most
species-rich group of endoparasites were cestodes: 3 species, each represented by 1 individual, were
found (see Table 1). The cestode P. ambiguus was observed in the intestines of P. pungitius freshwater
form, while B. scorpii was noted in the intestines of the marine form. Several plerocercoids of Diphyl-
lobothrium sp. were registered on the intestinal wall of two marine nine-spined sticklebacks. The lar-
vae of nematodes E. excisus were found on the intestinal wall in almost half of the fish specimens
from the stream, though only 1 larva per fish was recorded in all the cases. Speaking about trematodes,
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Cryptocotyle spp. metacercariae infected all individuals of the marine stickleback, and the infection
was high. In contrast, D. spathaceum larvae were found only in several individuals of the freshwater
fish (Table 1).

Table 1. Parasites of the nine-spined stickleback Pungitius pungitius of Bolshoy Solovetsky Island

Parasite species

Freshwater locality Marine locality
2016 2022 2022

P, % M
(min–max) P, % M

(min–max) P, % M
(min–max)

Copepoda
Thersitina gasterostei
(Pagenstecher, 1861) − − − − 4 / 5* 1.4

(1–3)
Monogenea
Gyrodactylus arcuatus
Bychowskiy, 1933 14 1.3

(8–10) 82 4.7
(1–18) 4 / 5 1.5

(1–3)
Nematoda
Eustrongylides excisus
Jägerskiöld, 1909, l. 43 0.5

(1–2) − − − −

Cestoda
Bothriocephalus scorpii
(Müller, 1776) Cooper, 1917 − − − − 1 / 5 0.4

(2)
Proteocephalus ambiguus
(Dujardin, 1845) Weinland, 1858 − − 27 0.45

(1–3) − −

Diphyllobothrium sp., pl. − − − − 2 / 5 1.0
(1–4)

Trematoda
Diplostomum spathaceum
(Rudolphi, 1819)
Olsson, 1876, mtc

29 0.5
(1–3) − − − −

Cryptocotyle sp., l. − − − − 5 / 5 4.6
(1–9)

Number of fish examined 14 11 5
Number of parasite species 4 2 5
Note: P, prevalence; M, mean abundance; min–max, minimum and maximum number of parasite individuals per fish;
l., larva; pl., plerocercoid; mtc, metacercaria; *, number of invaded hosts / number of investigated hosts.

The parasitic fauna of three-spined sticklebacks, all of which were caught in the sea, was repre-
sented by 6 species belonging to 4 systematic groups: Copepoda, Monogenea, Nematoda, and Trema-
toda. In contrast with the nine-spined stickleback, no Cestoda species were found in the three-spined
stickleback (Table 2).

Metacercariae of Cryptocotyle sp., the most numerous and widespread parasites of marine
G. aculeatus, were found on the skin, fins, and gills. Ectoparasites T. gasterostei from the gills and op-
erculum were less numerous. Single specimens of G. arcuatus were observed on the gills of several
fish. Larvae of nematodes H. aduncum were detected on the intestinal wall in 4 out of 6 fish exam-
ined. A metacercaria recorded in the lens of one stickleback belonged to D. spathaceum, which was
also confirmed by molecular methods (Fig. 2). One specimen of the trematode P. reflexa was registered
in the intestine. In our study, all the parasite species found in the three-spined stickleback were parasites
of marine fish, except for D. spathaceum.
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Table 2. Parasites of Gasterosteus aculeatus of Bolshoy Solovetsky Island

Parasite species
Marine locality

2016 2022
P, % M (min–max) P, % M (min–max)

Copepoda

Thersitina gasterostei (Pagenstecher, 1861) 93 5.9
(1–31) 5 / 6* 4.2

(1–9)
Monogenea

Gyrodactylus arcuatus Bychowskiy, 1933 14 1.3
(8–10) 6 / 6 3.8

(1–8)
Nematoda
Hysterothylacium aduncum (Rudolphi, 1802)
Deardorff & Overstreet, 1981, l. − − 4 / 6 2.5

(2–6)
Trematoda
Diplostomum spathaceum (Rudolphi, 1819)
Olsson, 1876, mtc 7 0.1

(1) − −

Podocotyle reflexa (Creplin, 1825) Odhner, 1905 − − 1 / 6 0.2
(1)

Cryptocotyle spp., mtc 100 3.1
(1–5) 6 / 6 5.4

(3–12)
Number of fish examined 14 6
Number of parasite species 4 5
Note: P, prevalence; M, mean abundance; min–max, minimum and maximum number of parasite individuals per fish;
l., larva; mtc, metacercaria; *, number of invaded hosts / number of investigated hosts.

DISCUSSION

The parasitic fauna of G. aculeatus (marine form) and P. pungitius (marine and freshwater
forms) obtained from two study sites at the Solovetsky Archipelago comprised 10 species. Marine
forms of these two sticklebacks had only 3 parasite species in common: T. gasterostei, G. arcua-
tus, and Cryptocotyle sp. (see Tables 1, 2). Their other helminths were different, which reflected
the differences in their life styles.

Two parasites, G. arcuatus and D. spathaceum, were recorded both in marine and fresh-
water sticklebacks. This finding agrees with the literature data. According to L. Isakov [1970]
and J. Lumme et al. [2016], G. arcuatus can parasitize both marine and freshwater fish. D. spathaceum
metacercariae have been found in fish from brackish waters [Karvonen, Marcogliese, 2020].

The finding of the trematode P. reflexa in G. aculeatus intestines is very interesting, even though
only 1 specimen was recorded. This species has never been registered in the sticklebacks of the White
Sea before, while a close species, Podocotyle atomon (Rudolphi, 1802) Odhner, 1905, has been
observed [Rybkina et al., 2016; Shulman, Shulman-Albova, 1953].

Sticklebacks become infected with various parasites found in our study in several ways. Only
2 species, G. arcuatus and T. gasterostei, have direct life cycles. Those are transmitted from one host
to another or reproduce on the same host. This infection mode suggests that there is a constant source
of infection in both marine and freshwater fish populations.
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Other parasite species were acquired by the sticklebacks through various invertebrate food objects.
We found chitinous odds of insects and crustaceans, small gastropod, and bivalves in the intestines
of freshwater nine-spined stickleback. The gut of marine nine-spined sticklebacks contained only amor-
phous contents. In the intestines of marine three-spined stickleback, odds of insect larvae, crustaceans,
small bivalves, and algae were recorded.

The presence of large number of helminths registered in our study indicates that sticklebacks
feed on benthos. We found the larvae of nematodes E. excises, whose development is associated
with benthic oligochaetes Lumbriculus Grube, 1844, Tubifex Lamarck, 1816, and Limnodrilus Cla-
parède, 1862 [Baruš et al., 1978]. Species of these 3 genera have been recorded in the Solovetsky Islands
waters [Popchenko, 1972].

The same fish was infected with D. spathaceum metacercariae, whose larvae leave their first in-
termediate host and actively penetrate the second intermediate host through the skin [Shigin, 1986].
In all probability, while feeding on benthos, the sticklebacks were infected with diplostomes from Lym-
naea spp. These molluscs were noted in water bodies of the Solovetsky Archipelago, in particular,
in the small lake, through which the stream where we caught sticklebacks flows [Bespalaya et al., 2021;
Zakhvatkin, 1927b]. The nematode H. aduncum infects fish feeding on marine invertebrates, such
as polychaetes, amphipods, copepods, and chaetognaths. The trematode P. reflexa infects fish through
various crustaceans [Køie, 1981; Moravec, 1994].

Marine forms of both stickleback species were infected by Cryptocotyle spp. metacercariae that
actively penetrated the host after they left their intermediate host, the mudsnail Peringia ulvae (Pen-
nant, 1777) [Golovin et al., 2021; Gonchar, 2020]. This finding indicates that the fish keep close
to the littoral shallows.

The nine-spined sticklebacks from the stream examined in 2022 mostly fed on plankton. It is ev-
idenced by the infection with the cestode P. ambiguus, which occurs through eating planktonic crus-
taceans Eudiaptomus gracilis (Sars G. O., 1863) and Cyclops strenuus Fischer, 1851 [Scholz, 1999],
common on Bolshoy Solovetsky Island [Zakhvatkin, 1927a]. Moreover, these fish were not infested with
diplostomids (see Table 1).

In the sea, the nine-spined stickleback is also more likely to feed on plankton, as evidenced by in-
fection with the cestodes B. scorpii and Diphyllobothrium sp. The fish become infected with the for-
mer parasite by eating planktonic crustaceans Acartia (Acartiura) longiremis (Lilljeborg, 1853), which
was described for the White Sea as an intermediate host of B. scorpii [Grozdilova, Makrushin, 1985].

The parasitic fauna of both stickleback species from two study sites at the Solovetsky Archipelago
included parasites common for these fish in nearby northern ecosystems of the White and Barents
seas [Isakov, 1974; Mitenev, Shulman, 2005; Rybkina et al., 2016; Shulman, Shulman-Albova, 1953]
but was poorer in general. It was also poorer than the parasitic fauna of sticklebacks from Onega
and Ladoga, large lakes situated further to the south [Rumyantsev, 2007]. Some of the helminths found
in all the above-mentioned water bodies, such as Schistocephalus solidus (Müller, 1776) Steenstrup, 1857
and Diplostomum pungitii Shigin, 1965, are absent in the sticklebacks from the Solovetsky Archipelago.
Apparently, this is due to the absence of the first intermediate hosts necessary for the helminth devel-
opment or due to a local habitat separation from definitive hosts, fish-eating birds, though the latter
ones are numerous and diverse at the Solovetsky Archipelago [Cherenkov et al., 2014]. To the north,
V. Mitenev and B. Shulman [2005] recorded only Schistocephalus pungitii Dubinina, 1959 in P. pungi-
tius, and the closest locality of S. solidus in G. aculeatus is Mashinnoe Lake, Karelian coast of the White
Sea [Borvinskaya et al., 2021]. Besides, the parasitic fauna of freshwater sticklebacks of the Solovetsky
Archipelago does not include numerous nonspecific species, especially larval forms of trematodes
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Ichthyocotylurus Odening, 1969, Apatemon Szidat, 1928, Tylodelphys Diesing, 1850, and Diplostomum,
noted in many northern water bodies [Kuhn et al., 2015; Mitenev, Shulman, 2005; Rumyantsev, 2007;
Soldánová et al., 2017].

Zoonotic species found in our material deserve special mention. Those were represented by larvae
of the nematode E. excisus in freshwater P. pungitius, plerocercoids of Diphyllobothrium spp. in marine
P. pungitius, and metacercariae of Cryptocotyle spp. in all marine fish. These parasites may cause dis-
eases of birds and mammals, possibly including humans [Duflot et al., 2021; Guardone et al., 2021;
Waeschenbach et al., 2017]. Their presence in our material is a consequence of the fact that both stickle-
back species are an integral part of the diet of ringed seal [Svetochev, Svetocheva, 2010; Svetocheva,
Svetochev, 2015], which probably promotes the abundance and dispersal of these parasites.

Nematodes Eustrongylides spp. are cosmopolitan parasites using several freshwater fish species as in-
termediate or paratenic hosts. These nematodes have not been found in either of the two stickleback
species before [Moravec, 1994]. In all likelihood, their invasion is related to their ubiquitous distribu-
tion and temporary contact with the final host, the cormorant Phalacrocorax carbo (Linnaeus, 1758),
which forms large colonies on the Solovetsky Archipelago [Cherenkov et al., 2014]. Similarly, E. ex-
cisus was shown to infect the large-scale sand smelt (Atherina boyeri A. Risso, 1810) in the lake
Massaciuccoli (Italy) [Guardone et al., 2021].

Another exciting finding is the discovery on the intestinal wall of the marine nine-spined stickle-
back of plerocercoids of the genus Diphyllobothrium Cobbold, 1921. According to A. Waeschen-
bach et al. [2017], this genus now includes only the worms whose development ends in marine mam-
mals and, probably, in humans. Those are a threat to human health, and their investigation is very
important. The larvae found in our study presumably belong to 1 of 4 Diphyllobothrium spp. pre-
viously noted in marine mammals in the White Sea: Diphyllobothrium cordatum (Leuckart, 1863)
Gedoelst, 1911; D. lanceolatum (Krabbe, 1865) Cooper, 1921; D. roemeri (Zschokke, 1903) Meg-
gitt, 1924; andD. tetrapterum (von Siebold, 1848) [Delyamure et al., 1985]. However, taking into account
the species composition and migratory pathways of marine mammals from the White Sea to the Barents
Sea and back [Lukin, Ognetov, 2009; Stenson et al., 2020; Svetochev et al., 2017], it cannot be ruled out
that we foundDiphyllobothrium schistochilos (Germanos, 1895) Cooper, 1858, which has been identified
in the Barents Sea, but has never been recorded in the White Sea before [Schaeffner et al., 2018].

High infection levels of sticklebacks byCryptocotyle spp. metacercariae, which were noted during our
study and in different spots of the White Sea [Golovin et al., 2021; Rybkina et al., 2016], are associated
with favorable conditions for the implementation of the life cycle of this trematode. Its first interme-
diate hosts are mudsnails P. ulvae, and its final hosts are fish-eating birds or marine mammals [Duflot
et al., 2021]. P. ulvae are numerous in the White Sea [Golovin et al., 2021; Gonchar, 2020]; more-
over, fish-eating birds (for example, the cormorant) and marine mammals (including the ringed seal)
are widespread in the White Sea and around the Solovetsky Islands [Cherenkov et al., 2014; Chernetsky
et al., 2011; Lukin et al., 2006; Surkov, 1957].

Future research of the fish parasites from the Solovetsky Archipelago, inter alia molecular stud-
ies, will be expanded for several reasons. Firstly, the data on parasites of various freshwater fish
species of the Solovetsky Islands, which are now lacking, would be useful to explore the his-
torical processes of formation of the islands’ fauna. Secondly, the systematics of many parasite
groups (e. g., Diphyllobothrium and Diplostomum) is currently being revised with the use of the inte-
grative method, and any information on these helminths is in demand. Finally, fish play a significant role
in maintaining populations of epizootically important species (Eustrongylides excisus, Cryptocotyle spp.,
and Diphyllobothrium sp.).
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Соловецкий архипелаг, расположенный в Белом море, состоит из шести крупных островов. Сре-
ди них два самых больших острова, Большой Соловецкий и Анзерский, характеризуются на-
личием обширной системы озёр, ручьёв и каналов, которые связаны между собой и с морем.
Изучение гидробионтов, в том числе рыб, из пресноводных водоёмов Соловецкого архипелага
необходимо для понимания исторических процессов формирования фауны. Мониторинг прес-
новодной ихтиофауны Соловецких островов ведётся более 30 лет. В результате этих наблюде-
ний наиболее многочисленными аборигенными видами рыб на Соловецком архипелаге были
признаны два вида колюшек — трёхиглая Gasterosteus aculeatus и девятииглая Pungitius pungitius.
Эти рыбы играют важную роль в прибрежных и морских сообществах Белого моря, являясь
обычной добычей хищных видов рыб и морских млекопитающих. Паразитологических иссле-
дований колюшек в Белом море проведено немного. Большинство имеющихся паразитологи-
ческих сведений по колюшке из Белого моря касаются её морских форм из разных районов
и колюшки из устьев рек на побережье Белого моря. До настоящего времени не было данных
о паразитах колюшки Соловецкого архипелага. Нами получены первые сведения по паразитам
двух видов колюшек, P. pungitius (пресноводная и морская форма) и G. aculeatus (морская фор-
ма), выловленных в водах Соловецкого архипелага (Белое море). Были применены стандартные
методы паразитологического исследования. МетацеркарииDiplostomum spathaceum были допол-
нительно молекулярно идентифицированы с использованием митохондриального маркера cox1.
Паразитофауна обоих видов колюшек из двух мест исследования на Соловецком архипелаге
была бедной. Обнаружено 10 видов паразитов, относящихся к группам Copepoda, Monogenea,
Nematoda, Cestoda и Trematoda. Морская трёхиглая колюшка, выловленная у береговой зоны
архипелага, была заражена 6 видами гельминтов. Паразитофауна пресноводной девятииглой
колюшки из ручья на Большом Соловецком острове включала 4 вида гельминтов; морская фор-
ма была инвазирована 5 видами. Метацеркарии Cryptocotyle sp. были самыми многочисленны-
ми и широко распространёнными паразитами, зарегистрированными в нашем исследовании.
Большинство видов паразитов приобретаются колюшками через различных беспозвоночных
как объектов питания. У проанализированных рыб выявлены имеющие важное значение зоо-
нозные виды паразитов (нематоды Eustrongylides excisus, цестоды Diphyllobothrium spp. и трема-
тоды Cryptocotyle spp.). Необходимы дальнейшие исследования паразитов различных видов рыб
Соловецкого архипелага, в том числе с использованием молекулярных методов.
Ключевые слова: остров Большой Соловецкий, остров Анзерский, Gasterosteus aculeatus,
Pungitius pungitius, паразиты, Diplostomum, cox1

Морской биологический журнал Marine Biological Journal 2023 vol. 8 no. 3

http://www.krc.karelia.ru/
https://petrsu.ru/
http://www.museum.ru/M283
https://sev-in.ru/
https://spbu.ru/
mailto:daryal78@gmail.com


ИнБЮМ – IBSS

Морской биологический журнал
Marine Biological Journal

2023, vol. 8, no. 3, pp. 47–61
https://marine-biology.ru

UDC 582.261.1-152.4
INTERACTIONS OF THE DIATOM ALGAE

PSEUDO-NITZSCHIA HASLEANA AND THALASSIOSIRA PSEUDONANA
IN THE MIXED CULTURE

© 2023 Zh. V. Markina1 and A. Yu. Popik2
1A. V. Zhirmunsky National Scientific Center of Marine Biology, FEB RAS, Vladivostok, Russian Federation

2Institute of Automation and Control Processes, FEB RAS, Vladivostok, Russian Federation
E-mail: zhannav@mail.ru

Received by the Editor 16.05.2022; after reviewing 08.06.2022;
accepted for publication 04.08.2023; published online 21.09.2023.

Representatives of the genus Pseudo-nitzschia (Bacillariophyta) cause blooms in different areas
of the World Ocean. Therefore, it is necessary to know their ecological features, including the way
those interact with other species of unicellular algae. Moreover, for rapid identification of these algae
in the environment, a certain technique is needed. Thus, we assessed the dynamics of cell abundance
for Pseudo-nitzschia hasleana and Thalassiosira pseudonana in mono- and mixed cultures by their
direct counting in a Nageotte chamber. Temperature curves of chlorophyll a fluorescence obtained
by laser-induced fluorescence in a temperature chamber were also analyzed. The experiments lasted
for 14 days. As shown, P. hasleana had different effect on T. pseudonana depending on initial abun-
dance of T. pseudonana. At initial concentration of 0.8 × 10⁴ cells·mL⁻¹, a pronounced stimulation
of the growth of this diatom occurred. At initial concentrations of 1.6 × 10⁴ and 3.2 × 10⁴ cells·mL⁻¹,
T. pseudonana growth was inhibited. In the mixed culture, T. pseudonana remained at the station-
ary growth phase, while in a monoculture, the population entered the dying phase by the 14ᵗʰ day
of the experiment. T. pseudonana had an inhibitory effect on P. hasleana growth. The experiment
with P. hasleana and T. pseudonana co-cultivation showed as follows: chlorophyll a fluorescence
of the mixture is more affected by the microalga with much higher concentration. The fluorescent
signal of two separately cultivated monocultures can potentially be used to search for these cultures
in a mixture.
Keywords: Pseudo-nitzschia hasleana, Thalassiosira pseudonana, allelopathy, chlorophyll a
fluorescence, microalgae identification

Natural phytoplankton communities are affected by many environmental factors. Those can cause
blooms or, conversely, prevent them [Lima-Mendez et al., 2015]. As shown, the dominance of Pseudo-
nitzschia spp. toxic complex is associated with a decrease in N : Si ratio in the presence of sewage efflu-
ents. Pseudo-nitzschia australis Frenguelli, 1939 is capable of urea osmotrophy and active growth on it,
which is the reason for blooms of this species [Burkholder et al., 2008]. The effect of biotic factors,
in particular, microalgae interaction with each other, remains a less studied problem [Long et al., 2018].
Evaluation of the growth of mixed microalgae cultures in a laboratory experiment is one of the ways to an-
alyze biotic interactions. Specifically, population–population relationships are investigated; boundaries
of the stability of coexisting species are determined; and the conditions for their dominance and elimina-
tion are assesses [Mikheev et al., 2018]. However, there is still no standardized methodology for studying
the effects of algal populations on each other, as in toxicological research [Long et al., 2018].
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Pseudo-nitzschia representatives are ubiquitous in the waters of the World Ocean [Huang et al.,
2009; Sobrinho et al., 2017; Trainer et al., 2012; Yasakova, 2013]. Those are of interest to re-
searchers not only because of their periodic blooms, but also because of the presence of domoic
acid which is toxic to warm-blooded animals [Trainer et al., 2012]. Pseudo-nitzschia abundance
in a monospecific bloom can reach 1 × 10⁶ cells·mL⁻¹ [Louw et al., 2017], and the bloom can last for two
months [Bates et al., 1989]. At the same time, Pseudo-nitzschia spp. can account for 99% of the total
phytoplankton [Lundholm et al., 2005].

In the phytoplankton community, together with Pseudo-nitzschia spp., representatives of another
genus of diatoms, Thalassiosira, are regularly recorded [Balzano et al., 2017; Orlova et al., 2009]. These
genera were shown to have the same iron requirement [Cohen et al., 2017]. Thalassiosira pseudonana
is involved in the phytoplankton succession cycle and is of great ecological importance as a species
affecting the formation of phytoplankton blooms [Ianora et al., 2011]. The interest in this microalga
is, among other things, due to cases of salmon death during its mass reproduction [Mardones, 2020].
Species of this genus are often found in the waters of temperate and polar seas [Harris et al., 1995].

As a rule, the mutual effect of cultures is assessed on allelopathically aggressive species,
and to a lesser extent, on coexisting ones [Phatarpekar et al., 2000]. We have shown earlier that fluo-
rescent characteristics of Pseudo-nitzschia can be used to identify it in water [Popik et al., 2022]. How-
ever, due to the mutual effect of algae during co-cultivation, the question arises whether the joint growth
of different species can also affect chlorophyll a fluorescence in microalgae, making it difficult to iden-
tify them in the natural environment. Therefore, the aim of this work is to study growth and temperature
curves of chlorophyll a fluorescence in diatoms Pseudo-nitzschia hasleana and Thalassiosira pseudonana
in the mixed culture.

MATERIAL AND METHODS
The objects of study were strains of unicellular algae cultures, Pseudo-nitzschia hasleana Lund-

holm, 2012 MBRU_PH18 and Thalassiosira pseudonana Hasle & Heimdal, 1970 MBRU_TSP-
02 (Bacillariophyta). The algae were grown on medium f [Guillard, Ryther, 1962] prepared on the basis
of filtered and sterilized seawater with a salinity of 32‰, in 250-mL Erlenmeyer flasks with 100 mL
of a culture medium, at a temperature of +18 °C, an illumination intensity of 70 µmol·m⁻²·s⁻¹, and a light–
dark period of 14 h : 10 h (light : dark). Cultures at the exponential growth stage were used as in-
oculum. Initial cell concentrations were 0.1 × 10⁴ cells·mL⁻¹ for P. hasleana and 0.8 × 10⁴, 1.6 × 10⁴,
and 3.2 × 10⁴ cells·mL⁻¹ for T. pseudonana. Biovolume ratios for P. hasleana : T. pseudonana cells were
1 : 1, 1 : 2, and 1 : 4. The biovolume of P. hasleanawas 210 µm³, and that of T. pseudonanawas 26.5 µm³.
Algae biovolumes were calculated by the formulas from [Hillebrand et al., 1999].

The experiments were conducted in two stages. At the first one, the dynamics of the microalgae
abundance in monocultures at various initial concentrations was studied, while at the second one, the mi-
croalgae growth in the mixed culture of P. hasleana and T. pseudonana was investigated. The experi-
ments lasted for 14 days. Sampling for cell counting was carried out on the 3ʳᵈ, 7ᵗʰ, 10ᵗʰ, and 14ᵗʰ day.
Cell abundance was established in a Nageotte chamber. Fluorescence spectra of microalgae, as well
as temperature curves of chlorophyll a fluorescence intensity and chlorophyll a fluorescence wavelength,
were determined according to the methods described earlier [Popik et al., 2022; Voznesenskiy et al.,
2019]. The experiments were carried out in triplicate. The data were statistically processed in MS Excel.
The graphs show the mean values and standard deviations.
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RESULTS

Pseudo-nitzschia hasleana and Thalassiosira pseudonana growth in monocultures. For 3 days,
the concentration of P. hasleana cells remained low, and by the 7ᵗʰ day, it increased
to 1 × 10⁴ cells·mL⁻¹ (Fig. 1). From the 10ᵗʰ to 14ᵗʰ day, cell abundance rose from 3.8 × 10⁴
to 32.4 × 10⁴ cells·mL⁻¹.
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Fig. 1. Growth curve of Pseudo-nitzschia hasleana in the monoculture

By the 3ʳᵈ day of the experiment, the abundance of T. pseudonana cells did not differ significantly
at all initial cell concentrations (Fig. 2). On the 10ᵗʰ day, the maximum value was registered. On the last
days, cell abundance in cultures decreased.
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Fig. 2. Growth curve of Thalassiosira pseudonana in the monoculture. Initial concentration of cells,
cells·mL−1: 1, 0.8 × 104; 2, 1.6 × 104; 3, 3.2 × 104

Pseudo-nitzschia hasleana and Thalassiosira pseudonana growth in mixed cultures. The abun-
dance of P. hasleana cells increased after the 3ʳᵈ day of the experiment (Fig. 3). At initial concentra-
tion of T. pseudonana cells of 0.8 × 10⁴ cells·mL⁻¹, P. hasleana entered the stationary growth phase
on the 7ᵗʰ day; at higher initial T. pseudonana concentrations, the abundance of P. hasleana cells rose
even on the last day.

The abundance of T. pseudonana cells in the mixture increased from the beginning of the ex-
periment at all its initial concentrations (Fig. 4). At 3.2 × 10⁴ cells·mL⁻¹, the alga growth was inhib-
ited after the 7ᵗʰ day: cell abundance was 137 × 10⁴ cells·mL⁻¹, while in the monoculture, the value
was 203 × 10⁴ cells·mL⁻¹.
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Fig. 3. Growth curve of Pseudo-nitzschia hasleana in the mixed culture with Thalassiosira pseudonana.
Initial concentration of T. pseudonana cells, cells·mL−1: 1, 0.8 × 104; 2, 1.6 × 104; 3, 3.2 × 104
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Fig. 4. Growth curve of Thalassiosira pseudonana in the mixed culture with Pseudo-nitzschia hasleana.
Initial concentration of T. pseudonana cells, cells·mL−1: 1, 0.8 × 104; 2, 1.6 × 104; 3, 3.2 × 104

Fluorescence of P. hasleana cells during the first week correlates with their concentration. As Pseudo-
nitzschia sp. cultures grow, cell size decreases [Lelong et al., 2012; Trainer et al., 2012]. Therefore,
the amount of chlorophyll per cell drops, which results in decreased fluorescence. This effect should be
observed with longer cultivation, but even in our experiment, a drop in the intensity of chlorophyll a
fluorescence was recorded on the 14ᵗʰ day compared to that on the 7ᵗʰ day (Figs 5, 6).

Fig. 5. Fluorescence temperature curves of Pseudo-nitzschia hasleana cells during cultivation for two
weeks: 0, the beginning of the experiment; 3, the 3rd day; 7, the 7th day; 14, the last day
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Fig. 6. Temperature curves of Pseudo-nitzschia hasleana chlorophyll a fluorescence: a, absolute values;
b, normalized to mean intensity. The time of the experiment: 0, the beginning; 3, the 3rd day; 7, the 7th day;
14, the last day

The shape of temperature curves of chlorophyll a fluorescence for the microalga P. hasleana (Fig. 6)
was analyzed by us earlier [Popik et al., 2022]. Temperature curves of chlorophyll a fluorescence wave-
length for P. hasleana monoculture, which were obtained during the experiment, showed as follows.
Within the range of +20…+40 °C, the maximum intensity of chlorophyll a fluorescence occurred
at a wavelength of 682.5 nm (Fig. 7).

Fig. 7. Changes in the wavelength of chlorophyll a fluorescence maximum for Pseudo-nitzschia hasleana
monocultures. The time of the experiment: 0, the beginning; 3, the 3rd day; 7, the 7th day; 10, the 10th day;
14, the last day

T. pseudonana monoculture, sown at a concentration of 0.8 × 10⁴ cells·mL⁻¹, reaches growth lim-
its (the stationary phase) within 10 days. Then, the culture begins to die off, which may manifest itself
in a decrease in the intensity of fluorescence of individual cells (Fig. 8).
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Fig. 8. Fluorescence temperature
curves of Thalassiosira pseudonana
cells during cultivation for two weeks.
The time of the experiment: 0, the be-
ginning; 3, the 3rd day; 7, the 7th day;
10, the 10th day; 14, the last day

It can be concluded that the microalga in laboratory culture is in approximately the same state
as microalgae during real bloom. In this case, the normalized fluorescence temperature curve (here-
inafter NFTC) of the culture changes (Fig. 9), and the differences in its form correspond to three
stages: NFTC at low concentrations (the 0ᵗʰ day), NFTC of a growing culture (the 3ʳᵈ day), and NFTC
of a “stagnating” culture (the 7ᵗʰ–14ᵗʰ days) with high concentration (Fig. 10). If we do not take into
account a rise in chlorophyll a fluorescence observed for T. pseudonana on the 3ʳᵈ day of the experi-
ment, we can conclude that there is an inverse correlation between an increase in the culture concentra-
tion and chlorophyll a fluorescence. A rise in chlorophyll a fluorescence after reseeding may be caused
by the corresponding stress of the culture.

Fig. 9. Fluorescence temperature curves of chlorophyll a for the culture of the microalga Thalas-
siosira pseudonana: a, absolute values; b, normalized to mean intensity. The time of the experiment:
0, the beginning; 3, the 3rd day; 7, the 7th day; 14, the last day
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Fig. 10. Fluorescence temperature
curves of chlorophyll a for the cul-
ture of the microalga Thalassiosira
pseudonana corresponding to differ-
ent stages of development. Stage 1
is the initial one, during which there
is no significant growth; stage 2 corre-
sponds to rapid, exponential growth;
stage 3 is the stage of “stagnation”

For T. pseudonana, temperature curves of fluorescence for all three stages have certain similarities.
These are stable high chlorophyll a fluorescence in the range of +20…+32 °C, the presence of a local
maximum of its fluorescence at +50…+53 °C, and stabilization of chlorophyll a fluorescence at a low
level at temperatures above +60 °C. At the same time, the initial stage is characterized by higher value
of chlorophyll a fluorescence at a local maximum, than that for normal temperatures. For the growth
stage, the local maximum of chlorophyll a fluorescence is significantly lower in terms of its intensity
than fluorescence at initial stages. The local maximum of the intensity of chlorophyll a fluorescence
at the “stagnation” stage is comparable to the intensity at +20 °C.

At all stages of cultivation, temperature curves of chlorophyll a fluorescence for the monocul-
ture remain relatively stable (Fig. 11); at +20…+45 °C, the wavelength of the maximum for chloro-
phyll a fluorescence is 685.5 nm. The difference in the wavelength of the maximum on the 1ˢᵗ day
from that on other days may be due to the adaptation of the monoculture during its reseeding. Also,
temperature curves of chlorophyll a fluorescence wavelength are stable for all days of cultivation
within the range of +45…+52 °C. In this range, there is a sharp drop in the wavelength of the max-
imum for chlorophyll a fluorescence from 685.5 to 680.5 nm. Then, a slight increase in the wave-
length is observed for 2–3 min (dT = 2…3 °C), which is followed by its slow monotonic decrease.
At the same time, within the range of +55…+80 °C, temperature curves of chlorophyll a fluorescence
wavelength for the culture at various stages of cultivation begin to differ from each other. This
may be due to the different composition of pigment–protein complexes for a culture going through
all stages of its growth.

Since Pseudo-nitzschia are capable of forming red tides [Trainer et al., 2012] and often co-evolve
with other diatoms, studying fluorescent characteristics of mixtures of Pseudo-nitzschia and other micro-
algae is of particular interest for their further use in environmental monitoring. Due to different growth
rates, on the 7ᵗʰ day of the experiment, microalgae in P. hasleana : T. pseudonana mixture had the con-
centrations of 1 : 30. With such a ratio, the effect of P. hasleana culture fluorescence in the mixture
becomes insignificant: the main contributor to the fluorescent signal is T. pseudonana. Since fluorescent
characteristics are planned to be used for environmental monitoring, there are no prospects in the inves-
tigation of mixtures, in which the fluorescent signal of chlorophyll a for P. hasleana cannot be measured.
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Therefore, it was decided not to determine chlorophyll a fluorescence for mixtures during further culti-
vation. For the mixtures studied, in temperature curves of chlorophyll a fluorescence wavelength, the mi-
croalga T. pseudonana predominated (Fig. 12). The form of NFTC of the mixtures is highly correlated
with the form of NFTC of T. pseudonana, as can be seen when comparing NFTC of a mixture and NFTC
obtained as the sum of NFTC of the monocultures.

Fig. 11. Changes in chlorophyll a fluorescence maximum for monocultures of the microalga Thalassiosira
pseudonana. The time of the experiment: 0, the beginning; 3, the 3rd day; 7, the 7th day; 10, the 10th day;
14, the last day

Fig. 12. Fluorescent characteristics of the mixed culture of Pseudo-nitzschia hasleana and Thalassiosira
pseudonana: a, temperature curves of chlorophyll a fluorescence wavelength of the mixture; b, normalized
fluorescence temperature curves of the mixture. The time of the experiment: 0, the beginning; 3, the 3rd day;
7, the 7th day
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Fig. 13 provides a comparison of NFTC of mixtures and summed monocultures. The sum-
mation of NFTC was carried out based on the proportional ratio of cells in the culture mixture.
When summing NFTC for the 0ᵗʰ day, we used NFTC of T. pseudonana at the initial stage. When
summing NFTC for the 3ʳᵈ and 7ᵗʰ days, we used NFTC of T. pseudonana at the exponential
growth stage.

Fig. 13. Fluorescence temperature curves of the mixed culture of Pseudo-nitzschia hasleana and Tha-
lassiosira pseudonana compared to fluorescence temperature curves of the corresponding monocultures
and their mathematical sum: a, normalized fluorescence temperature curves (NFTC) of Thalassiosira
pseudonana at the initial stage; b, Thalassiosira pseudonana NFTC at the beginning of the growth stage;
c, Thalassiosira pseudonana NFTC at the end of the growth stage; d, Thalassiosira pseudonana NFTC
at the “stagnation” stage; 1, measured characteristic of the mixture; 2, characteristics of Pseudo-nitzschia
hasleana monoculture; 3, characteristics of Thalassiosira pseudonana monoculture; 4, characteristics
of monoculture mixture
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DISCUSSION
Exploitative competition (competition for a limiting resource) is one of the biotic factors that de-

termine the structure of the phytoplankton community. Under such conditions, an organism with less
consumption may be more successful than other ones in a given community and become a new dominant.
Another strategy is interference competition. Specifically, an organism inhibits the growth of other ones
directly or indirectly via the secretion of chemicals, cell–cell interactions, and so on. In eutrophic water
areas, interference competition comes to the fore [Zhao et al., 2018]. Artificial media for microalgae cul-
tivation are nutrient-rich; apparently, when P. hasleana and T. pseudonana are co-cultivated, interference
competition occurs rather than exploitative one.

When algae were co-cultivated, no alterations in cell size and morphology were noted in any
of the species. Interestingly, in the study of the effect of the macrophyte Pyropia haitanensis (T. J. Chang
& B. F. Zheng) N. Kikuchi & M. Miyata, 2011 on Pseudo-nitzschia multiseries (Hasle) Hasle, 1995
and Pseudo-nitzschia pungens (Grunow ex Cleve) G. R. Hasle, 1993, valve curvature and chloroplast
condensation were registered [Patil et al., 2020]. Also, in experiments on dinoflagellates of the genus
Alexandrium Halim, 1960, when co-cultivated with other microalgae, inter alia diatoms, dinoflagellates
negatively affected cell abundance and morphology of target species. Moreover, their physiological state
changed under the effect of metabolites released by dinoflagellates: there were inhibition of photosys-
tem II, an increase in the content of reactive oxygen species in cells, changes in lipid composition,
membrane damage, and cell immobilization and sedimentation [Long et al., 2018; Tan et al., 2019;
Zheng et al., 2016].

The growth of T. pseudonana with initial concentrations of 1.6 × 10⁴ and 3.2 × 10⁴ cells·mL⁻¹
was suppressed when P. hasleana began to grow more intensively. At the same time, the stimulation
of growth was recorded for T. pseudonana at the lowest initial concentration, 0.8 × 10⁴ cells·mL⁻¹.
As shown earlier, the initial concentration of monoculture cells in the mixture affects the response
of the microalga to metabolites of another species. Specifically, when Skeletonema costatum (Greville)
Cleve, 1873 was cultivated onHeterosigma akashiwo (Y. Hada) Y. Hada ex Y. Hara & M. Chihara, 1987
filtrates, S. costatum growth was inhibited at low cell concentration and was not affected at high one [Ya-
masaki et al., 2009]. The same was observed when cultivating Phaeodactylum tricornutum Bohlin, 1898
with Prorocentrum donghaiense D. Lu, 2001 [Cai et al., 2014]. Small algal species are thought to be
more susceptible to allelopathic substances than large ones [Felpeto et al., 2019; Prasetiya et al., 2016].
At the same time, small species gain a competitive advantage due to their rapid growth [Mikheev et al.,
2018]. In general, whether a toxic or toxin-sensitive species has an advantage depends on which species
becomes a dominant in the environment [Hulot, Huisman, 2004]. In the experiment with P. hasleana
and T. pseudonana, both species in mixed cultures had a mainly inhibitory effect on each other – with
the exception of T. pseudonana at the lowest initial cell concentration in the medium. Apparently,
interactions between algae depend on their species; so, it is now difficult to see a universal pattern
of microalgae interaction. To date, the most studied toxic algae in terms of their effects on other species
are Alexandrium dinoflagellates [Long et al., 2018; Zheng et al., 2016].

As shown in the experiments aimed at Pseudo-nitzschia multiseries and Bacillaria sp. co-cultivation,
in Bacillaria sp., the abundance decreased by 50–70% [Sobrinho et al., 2017]. Inhibition of T. pseudo-
nana growth in a mixed culture with P. hasleana was observed on the 3ʳᵈ day of the experiment.
Cell abundance of Rhodomonas salina (Wislouch) D. R. A. Hill & R. Wetherbee, 1989, Chattonella
marina (Subrahmanyan) Hara & Chihara, 1982, and Akashiwo sanguinea (K. Hirasaka) Gert Hansen
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& Moestrup, 2000, both due to lysis and growth inhibition, decreased when co-cultivated with P. pungens.
At the same time, in Prorocentrum minimum (Pavillard) J. Schiller, 1933 and Phaeocystis globosa Scherf-
fel, 1899, cell abundance in a mixed culture with P. pungens remained the same as in a monoculture [Xu
et al., 2015].

Domoic acid has no toxic effect on microalgae [Lundholm et al., 2005; Poulin et al., 2018].
In this regard, it can be assumed that the inhibition of T. pseudonana growth results from the re-
lease of other substances. Diatoms are known to produce large amounts of polyunsaturated alde-
hydes [Pichierri et al., 2017], which trigger a cascade of reactions causing microalgal cell death
via apoptosis [Ianora et al., 2011].

According to the theory of the paradox of the plankton, the great diversity of planktonic species
in an ecosystem with limited resources is possible only if their cell concentrations are balanced with
the availability of light and nutrients [Hutchinson, 1961]. To date, allelopathy is considered a key com-
ponent in competition between microalgae [Ternon et al., 2018]. It can be assumed as follows: in natural
communities, the interaction of Thalassiosira and Pseudo-nitzschia species is one of the limiters of their
reproduction at a high nutrient content. Previously, on the example of S. costatum andH. akashiwo, it was
shown that the interaction between these species is one of the factors of the monospecific bloom forma-
tion [Yamasaki et al., 2007]. An increase in the abundance of some species in the phytoplankton com-
munity can reduce the pressure of grazers on other species of this community. Thus, in the South China
Sea, if S. costatum abundance increases, zooplankton pressure on P. pungens decreases; importantly,
it is the second key factor, after temperature, for this species [Huang et al., 2009].

Conclusion. Pseudo-nitzschia hasleana and Thalassiosira pseudonana affected each other in a mixed
culture. The effect of P. hasleana on T. pseudonana depended on the initial concentration of T. pseudo-
nana cells. Specifically, at 0.8 × 10⁴ cells·mL⁻¹, a pronounced stimulation of its growth occurred. At ini-
tial concentrations of 1.6 × 10⁴ and 3.2 × 10⁴ cells·mL⁻¹, inhibition of T. pseudonana growth was reg-
istered, and the effect increased with a rise in its initial concentration. However, in the mixed cul-
ture, T. pseudonana was at the stationary growth phase, while in the monoculture, the population be-
gan to die off. T. pseudonana had an inhibitory effect on P. hasleana growth, and P. hasleana abun-
dance in the mixed culture was 16 times lower by the end of the experiment, than that in the monocul-
ture. The experiment with co-cultivation of P. hasleana and T. pseudonana showed that chlorophyll a
fluorescence in the mixture is more affected by the microalga with significantly higher concentration.
There was no change in the curves of individual cultures in the mixtures.
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Представители рода Pseudo-nitzschia (Bacillariophyta) вызывают цветения в разных районах
Мирового океана, поэтому важно знать экологические особенности этих видов, в том чис-
ле то, как они взаимодействуют с другими видами одноклеточных водорослей. Кроме того,

Морской биологический журнал Marine Biological Journal 2023 vol. 8 no. 3

https://doi.org/10.1099/mic.0.000776
https://doi.org/10.1016/j.hal.2018.04.003
https://doi.org/10.1016/j.hal.2018.04.003
https://doi.org/10.1016/j.hal.2011.10.025
https://doi.org/10.1016/j.hal.2011.10.025
https://doi.org/10.1016/j.algal.2019.101719
https://doi.org/10.1016/j.algal.2019.101719
https://doi.org/10.1038/ismej.2009.24
https://doi.org/10.3354/meps339083
https://doi.org/10.1134/S1063074013020090
https://doi.org/10.1134/S1063074013020090
https://doi.org/10.3354/ame01724
https://doi.org/10.1016/j.hal.2018.07.003
https://doi.org/10.1016/j.algal.2016.04.019
http://wwwimb.dvo.ru/
http://wwwimb.dvo.ru/
https://www.iacp.dvo.ru/
mailto:zhannav@mail.ru


Interactions of the diatom algae Pseudo-nitzschia hasleana and Thalassiosira pseudonana… 61

необходима методика быстрой идентификации данных водорослей в среде. В связи с этим на-
ми оценена динамика численности клеток Pseudo-nitzschia hasleana и Thalassiosira pseudonana
в моно- и смешанных культурах путём их прямого подсчёта в камере Нажотта. Также проанали-
зированы температурные кривые флуоресценции хлорофилла a, полученные методом лазерно-
индуцированной флуоресценции в температурной камере. Опыты проводили в течение 14 су-
ток. Показано, что P. hasleana оказывала различное действие на T. pseudonana в зависимости
от начальной численности T. pseudonana. При начальной концентрации 0,8 × 104 кл.·мл−1 про-
исходила выраженная стимуляция роста этой диатомовой водоросли. При начальных концен-
трациях 1,6 × 104 и 3,2 × 104 кл.·мл−1 отмечено ингибирование её роста. В смешанной культуре
T. pseudonana оставалась в стационарной фазе роста, тогда как в монокультуре популяция входи-
ла в фазу отмирания к 14-м суткам опыта. T. pseudonana ингибировала рост P. hasleana. Экспе-
римент с совместным культивированием P. hasleana иT. pseudonana показал, что на флуоресцен-
цию хлорофилла a смеси оказывает большее воздействие та микроводоросль, концентрация ко-
торой значительно выше. Флуоресцентный сигнал двух культивируемых отдельно монокультур
потенциально может быть использован для их поиска в смеси.
Ключевые слова: Pseudo-nitzschia hasleana, Thalassiosira pseudonana, аллелопатия,
флуоресценция хлорофилла a, идентификация микроводорослей
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The genus Cladophora is one of the largest genera of green algae, representatives of which are found
in all water bodies throughout the world. Cladophora creates habitats for different groups of organ-
isms, including epiphytic unicellular algae. The aim of the article is to examine the vertical distri-
bution of diatoms in the structured space of Cladophora mats and in benthic sediments of a hy-
persaline lake in Crimea. In the vertical structure of the Cladophora mat, the floating and ben-
thic mats were distinguished, each having a characteristic structure. The total of 20 diatom species
of 12 genera were observed throughout this study. The total abundance of diatoms and their biomass
on Cladophora (per unit of dry biomass) and in benthic sediments (per unit of dry mass) varied
over a wide range. On Cladophora, the abundance varied from 1.85 × 10⁶ to 69.52 × 10⁶ cells·g⁻¹,
and the biomass, from 7.77 to 157.43 mg·g⁻¹. In the bottom sediment, the abundance varied
from 6.05 × 10⁶ to 16.87 × 10⁶ cells·g⁻¹, and the biomass, from 7.76 to 36.39 mg·g⁻¹. The share
of the diatom biomass in the wet mass of the entire Cladophora mat averaged 1.06%.
Keywords: diatoms, epibionts, filamentous green algae, floating mats, hypersaline lake

The genus Cladophora Kützing, 1843 is one of the largest genera of green algae, representatives
of which are found in all water bodies worldwide: freshwater, marine, and hypersaline ones [Dodds,
Gudder, 1992; Higgins et al., 2008; Prazukin et al., 2020; Zulkifly et al., 2013]. Due to morphologi-
cal features of Cladophora thallus and the ability of these algae to form extensive benthic and floating
mats [Bootsma et al., 2004; Higgins et al., 2008; Gubelit, Berezina, 2010; Messyasz et al., 2015; Prazukin
et al., 2008, 2018, 2019], Cladophora can be characterized as an ecological engineer [Zulkifly et al.,
2012, 2013]. This organism creates, changes, and maintains the habitat [Jones et al., 1994]. Cladophora
creates habitats for various groups of organisms, inter alia epiphytic unicellular algae. On its surface,
communities of unicellular algae are formed, with a great variety of taxonomic groups [Hardwick et al.,
1992; Malkin et al., 2009; Mpawenayo, Mathooko, 2005; Zulkifly et al., 2012, 2013]; those create high
density and biomass of cells [Bergey et al., 1995; Malkin et al., 2009; Marks, Power, 2001; Stevenson,
Stoermer, 1982; Young et al., 2010].

In Crimea, there are many saline lakes [Anufriieva, 2018; Shadrin et al., 2017] where floating
and benthic Cladophora mats are formed constantly or with a certain periodicity, covering large parts
of lake water areas [Ivanova et al., 1994; Prazukin et al., 2008, 2018, 2019].

62

https://marine-biology.ru/
http://ibss-ras.ru/
mailto:prazukin@mail.ru


Cladophora (Chlorophyta) as an ecological engineer in hypersaline lake Chersonesskoye… 63

Unicellular algae of Crimean saline lakes and, in particular, epiphytic unicellular algae onCladophora
remain poorly studied [Nevrova, Petrov, 2008; Senicheva et al., 2008]. There is the question: how are mi-
croepiphytes distributed along the vertical component of Cladophoramats? To answer, we chose a small
hypersaline lake, Lake Chersonesskoye, where a biogeochemical cycle of substances with Cladophora
participation occurs annually. We hypothesized that Cladophora mats are ecological engineers in Lake
Chersonesskoye during the spring–autumn period. To test this hypothesis, we considered the vertical dis-
tribution of diatom algae in the structured space of Cladophoramats formed in different parts of the lake
shoreline.

MATERIAL AND METHODS

Study area. For 20 years (2000–2020), investigations were carried out on Lake Chersones-
skoye (44°35′09″N, 33°23′39″E), located at Cape Khersones, Crimean Peninsula [Gubanov,
Bobko, 2012; Mukhanov et al., 2004; Pavlovskaya et al., 2009; Prazukin, 2015; Prazukin et al.,
2008, 2018, 2019, 2021a, b; Senicheva et al., 2008; Shadrin et al., 2008, 2017]. The above-mentioned
works portrayed a detailed description of the water body and its inhabitants, which allows us to re-
strict ourselves to a brief representation. It is a small lake with a surface area of 0.05 km², a catchment
area of 0.92 km², an average depth of 0.38 m, and a maximum depth of 1.5 m. The lake is separated
from the sea by a narrow boulder–pebble isthmus; it is fed mainly due to the filtration of seawater
and its inflow during severe storms (Fig. 1A–C). In some years, the maximum values of water tem-
perature (+43 °C) were registered in July and August in the lake upper layer; the minimum tempera-
tures were down to −0.5 and −0.7 °C (December 2004). The maximum salinity value for the obser-
vation period was 340 g·L⁻¹ (August 2009), and the minimum was 27 g·L⁻¹ (May 2018). Throughout
the entire study period, 61 algal species were found in the lake phytoplankton [Senicheva et al., 2008].
Macrophytes were represented by 6 species, 5 of them belonging to green filamentous algae of the phy-
lum Chlorophyta (Cladophora vadorum (Areschoug) Kützing, 1849; C. siwachensis C. J. Meyer, 1922;
C. echinus (Biasoletto) Kützing, 1849; Ulothrix implexa (Kützing) Kützing, 1849; and Rhizoclonium
tortuosum (Dillwyn) Kützing, 1845) and 1 belonging to the seagrass phylum Angiospermae (Ruppia cir-
rhosa (Petagna) Grande, 1918) [Prazukin et al., 2008]. Macrophytic vegetation of the lake is character-
ized by seasonal dynamics of biomass [Prazukin et al., 2008]. In winter months, macrophytic vegetation
can be preserved in small, narrow, and intermittent strands of filamentous algae along the entire lake
shoreline and in small thickets of R. cirrhosa in the southwestern part of the lake. However, three times
during the observation period (2000–2020), a complete absence of Cladophora in the lake was recorded
in winter. In mid-March, Cladophora mats begin their formation along the shoreline; by mid-August,
those can occupy up to 60–90% of the lake area. In autumn months, floating mats are destroyed; they
lose their ability to stay afloat and sink to the lake bottom; and active destruction processes occur.

Our previous studies showed that Cladophora mats have a well-defined vertical structure, which
changes during the vegetative cycle [Prazukin et al., 2008, 2018]. In late summer and autumn, a great
variety of mat conditions is observed in different parts of the lake. Moreover, in a small lake area, one
can find mats with clear signs of destruction and mats that retain their juvenile and mature structure.

In May and June 2017, practically every day, daytime air temperature in the lake area exceeded
+20 °C; early to mid-July, the values varied from +26 to +35 °C. There was no precipitation during
these months. Cladophora mats were formed only in the shore area of the lake. Apparently, due to high
temperatures, those began to deteriorate in late July, and a wide range of their states was observed.
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We selected two sites: at the southeastern (D) and northeastern (E) shores of the lake (Fig. 1). At each
site, two visually different biotopes were identified (D1, D2 and E3, E4) (Fig. 2). There were no obvious
signs of mat destruction at D1, and the same could be said about the mat at E3, while the mats at D2
and E4 were aging.

Fig. 1. Lake Chersonesskoye on Crimean Peninsula in various scales (A–C) with the layout of sampling
stations (C) and algal mat layers (D–G); sampling stations near the southeastern (D1, D2) and northeast-
ern (E3, E4) shores of the lake. On D–G: the upper (A1) and lower (A2) layers of the floating mat (A);
the algal layer under the floating mat (B); the upper (F1) and lower (F2) layers of the benthic mat (F);
the “liquid” (G1) and “solid” (G2) layers of the bottom sediments (G); H, depth; UBM, the upper bound-
ary of the Cladophora mat; LS, the upper boundary of the lake; C, the water layer between the bottom mat
and the upper boundary of the lake; α, δ, ε, η, sampling points within the boundaries of the mat and in the bot-
tom sediments. Spots of water temperature measurements within the boundaries of the mat and beyond
it are marked with black dots

Fig. 2. Stations (D1, D2, E3, E4) and sampling points at the southeastern (a) and northeastern (b) shores
of the lake. The sampling points are marked by lines
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Sampling and sample processing.On 26 July, 2017, 30 samples of the Cladophoramat and 9 sam-
ples of benthic sediments were taken from the southeastern (sta. D1 and D2) and northeastern (sta. E3
and E4) shores of the lake (Figs 1C, 2) to analyze the species structure and biomass of diatoms.
From each horizontal mat layer (α, δ, ε, see Fig 1D–G), 0.5–1 g (wet mass) of Cladophorawere sampled
with tweezers. Each algae sample was placed in a 10-mL glass container.

Benthic sediments were sampled in triplicate from the upper 1-cm layer using a cylindrical plastic
sampler with a working section area of 7.1 cm². Soil was placed in a glass container and mixed with
3 mL of 40% formalin solution.

At all the stations, algae were sampled in triplicate to assess the vertical structure of Cladophora
mats. A cylindrical sampler with a cross-sectional area S₀ = 0.0452 m² was used: this allowed al-
gae sampling in layers throughout the entire water column, as described earlier [Kühl, Jørgensen,
1992]. When sampling, algae of each horizontal layer of the Cladophora mat were placed in separate
plastic bags.

At sta. D1, E3, and E4, water temperature and salinity were measured directly in the floating
mat (in the middle of the layer) and in the algal layer underneath (near the bottom) using a mercury
thermometer with an accuracy of 0.1 °C and a Kelilong WZ212 refractometer; at sta. D2, measure-
ments were carried out at a 2-cm distance above the benthic mat and in it. At sta. D1 and D2, water
temperature within the mat and beyond it was measured at short time intervals for 6.5 h, from 10:00 a.m.
to 04:40 p.m.

Sample processing in the laboratory. Samples of the Cladophora mat taken to assess its vertical
structure were washed in freshwater, dried on filter paper, and weighed on a WT-250 electronic bal-
ance (Techniprot, Poland) (sample wet mass, W✂ₑ✁). To determine dry mass (W⛵ᵣ✃), the samples were
dried at a temperature of +105 °C to constant weight and weighed on the same balance.

Fragments of Cladophora thalli sampled from different horizons of the mat to determine micro-
phytofouling were quickly delivered to the laboratory. There, the state of their fouling was assessed under
a microscope, and diameters of Cladophora thalli were measured. Then, samples were fixed by adding
1.5 mL of 40% formalin solution and maintained for 1–3 weeks. After that, Cladophora thalli were
placed in a Petri dish, and epiphytic algae were carefully removed with tweezers and a scalpel or a plas-
tic spatula. Then, Cladophora was washed and squeezed into the dish. The process was monitored under
a microscope; the washing of microalgae was continued until they were completely absent on a randomly
taken fragment of macrophyte thalli (Fig. 3).

To determine the species composition of diatom algae, their shells were cleaned from organic mat-
ter by the “cold” method, and permanent preparations were made according to the technique described
in [Diatoms of the USSR, 1992]. Species were identified in accordance with literature sources, includ-
ing species guides [Diatomovyi analiz. Kniga 2, 1949; Diatomovyi analiz. Kniga 3, 1950; Guslyakov
et al., 1992; Lange-Bertalot, 2001; Proshkina-Lavrenko, 1963; Witkowski et al., 2000] and numer-
ous publications. Nomenclature names of microalgal taxa are given according to the Internet database
https://www.algaebase.org/ [2020]. Microphotography and identification of diatoms were carried out
under an Olympus BX53F light microscope using a ×100 immersion objective (Olympus immer-
sion oil, n = 1.518), with a Jenoptik ProgRes Gryphax Arktur camera and Gryphax Arktur soft-
ware. Moreover, to analyze fine structures of diatom shells, those were photographed under a Hi-
tachi SU3500 scanning electron microscope (magnification factor 5–300,000; resolution up to 3 nm;
and depth of field 0.5 mm).
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Fig. 3. Fragments of Cladophora thalli as seen under a light microscope (Olympus BX53F): A–C, before
cleaning, overgrown with diatoms; D–H, after cleaning (processing)

The sample volume (V✀ᵤ✀), obtained as a result of the above manipulations, was measured with an ac-
curacy of 0.1 mL; from it, a quota (V⛿ᵤ = 0.02 mL) was taken to determine the quantitative characteristics
of diatom algae. Removed Cladophora thalli of each sample were washed in freshwater, dried on filter
paper, and weighed on a microanalytical balance with an accuracy of 10⁻⁴ g. Then, these samples were
dried at +105 °C to constant weight (WCl) and weighed on the same balance.

In case when Cladophora thalli were subject to significant destruction, a sample was vigorously
shaken. The contents were homogenized and diluted with water to required suspension density (sample
volume, V✀ᵤ✀); from it, a quota (V⛿ᵤ = 0.02 mL) was taken with a dispenser to determine the quantitative
characteristics of diatoms.

To analyze the species structure of diatom algae in benthic sediments, a soil sample was diluted with
water to obtain an arbitrary volume (V✀ᵤ✀ was measured with an accuracy of 0.1 mL) and thoroughly
mixed; from this suspension, a 0.02-mL quota (V⛿ᵤ) was taken with a dispenser for subsequent mea-
surements of diatom characteristics under a microscope. The remaining soil suspension was centrifuged
for 3 min at 500 rpm. The precipitate was placed on a metal foil, dried at a temperature of +105 °C
to constant weight (W✀ₑ⛵), and weighed on a microanalytical balance. The above operation was also
carried out when working with suspension obtained from destroyed Cladophora thalli.
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Diatom cells were counted under a LOMO Mikmed-2 light microscope (magnification from ×40
to ×1,500) on special lined counting glasses; on their surface, a few drops of suspension from a thor-
oughly mixed test sample were applied with a 0.02-mL dispensing pipette. To calculate the cell mass
of diatoms, we used the true volume method (formulas for the geometric similarity of cells) proposed
by I. Kiselev [1956]. The calculation of biomass and abundance was carried out according to standard
techniques [Vodorosli, 1989].

Calculation of indicators and statistical processing of data. Based on the data obtained, certain
indicators were calculated.

A. The volumetric concentration of Cladophora biomass at different sampling points was calculated
using the equation:

𝐶𝑊 = 𝑊𝑑𝑟𝑦/𝑉𝑚𝑎𝑡 , (1)

where CW is the amount of dry mass of algae per unit volume of the mat, kg·m⁻³ (dry weight);
W⛵ᵣ✃ is dry weight of the Cladophora mat sample, kg;
V⛼ₐ✁ is the mat volume, m³.

The value of V⛼ₐ✁ was calculated by the formula:

𝑉𝑚𝑎𝑡 = 𝑆0 ⋅ ℎ , (2)

where V⛼ₐ✁ is the volume of a floating or bottom mat, m³;
S₀ is the cross-sectional area of a cylindrical sampler equal to 0.0452 m²;
h is the thickness of a floating or bottom mat, m.

B. Dry and wet mass of the Cladophora mat algae per unit of the lake area at the sampling point
were calculated applying the following formulas:

𝑚𝑑𝑟𝑦 = 𝑊𝑑𝑟𝑦/𝑆0 , (3)

𝑚𝑤𝑒𝑡 = 𝑊𝑤𝑒𝑡/𝑆0 , (4)
where m⛵ᵣ✃ is dry mass of the Cladophora mat algae per unit of the lake area at the sampling point,
g·m⁻² (dry mass);

m✂ₑ✁ is wet mass of the Cladophora mat algae per unit of the lake area at the sampling point,
g·m⁻² (wet mass);

W⛵ᵣ✃ is dry weight of the mat sample, g;
W✂ₑ✁ is wet weight of the mat sample, g;
S₀ is the surface area of the lake from which the sample was taken, m².

C. The abundance of the i species of diatom algae per unit of dry Cladophora mass or dry mass
of benthic sediment was calculated by the formulas as follows:

𝑁𝑖 = (𝑁𝑖(𝑞𝑢)/𝑉𝑞𝑢) · (𝑉𝑠𝑢𝑠/𝑊𝐶𝑙) , (5)

𝑁𝑖 = (𝑁𝑖(𝑞𝑢)/𝑉𝑞𝑢) · (𝑉𝑠𝑢𝑠/𝑊𝑠𝑒𝑑) , (6)
where Nᵢ is the abundance of the i species of diatoms per unit of dry mass of benthic sediment,
cells·g⁻¹ (dry mass);

Nᵢ₍⛿ᵤ₎ is the abundance of the i species of diatom algae in the volume of a sample
quota (V⛿ᵤ = 0.02 mL), cells;

V✀ᵤ✀ is the sample volume, mL;
WCl is dry mass of Cladophora in the sample, g;
W✀ₑ⛵ is dry mass of benthic sediment in the sample, g.
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D. The amount of biomass of the i species of diatoms per unit of dry Cladophora mass or dry mass
of benthic sediment was calculated according to the formula:

𝑊𝑖 = 𝑁𝑖 · 𝐵𝑚𝑖𝑑 , (7)
where Wᵢ is the amount of biomass of the i diatom species per unit of dry Cladophora mass,
mg·g⁻¹ (dry mass);

B⛼ᵢ⛵ is mean cell mass of each diatom species, mg.
The individual cell mass for the i species (B⛼ᵢ⛵) was calculated as follows:

𝐵𝑚𝑖𝑑 = 𝑣𝑖 · 𝜌 , (8)

where vᵢ is the mean cell volume of the i diatom species, μm⁻³ (it was calculated using the formulas
for the geometric similarity of cells);

ρ is the specific weight of a diatom cell (ρ = 1.2 × 10⁻⁹ mg·μm⁻³ [Oxiyuk, Yurchenko, 1971]).
E. The total abundance of diatom cells in the Cladophoramat per unit of the lake area at the sampling

point was calculated using the formula (the number of algal species in samples varied from 3 to 13):

𝑁𝐷/𝑆0 =
13

∑
𝑛=3

(𝑚𝑑𝑟𝑦 ⋅ 𝑁𝑖)𝑛 , (9)

where ND/S0 is the total abundance of diatom cells in the Cladophora mat per unit of the lake area
at the sampling point, cells·m⁻²;

m⛵ᵣ✃ is dry mass of the Cladophora mat algae per unit of the lake area at the sampling point,
g·m⁻² (dry mass);

Nᵢ is the abundance of the i diatom species per unit of Cladophora dry mass, cells·g⁻¹ (dry mass);
n is the number of algal species in samples.

F. The total biomass of diatom algae in the Cladophora mat per unit of the lake area at the sampling
point was calculated applying the formula:

𝑊𝐷/𝑆0 =
13

∑
𝑛=3

(𝑚𝑑𝑟𝑦 ⋅ 𝑊𝑖)𝑛 , (10)

where WD/S0 is the total biomass of diatom cells in the Cladophora mat per unit of the lake area
at the sampling point, g·m⁻²;

Wᵢ is the amount of the i diatom species per unit of dry Cladophora mass, mg·g⁻¹ (dry mass);
n is the number of algal species in samples.

G. The calculation of mean values, their standard deviations (SD), correlation coefficients (R),
and variability (CV), as well as the parameters of the regression equations, was carried out
in MS Excel 2007. To compare the species composition of the communities of unicellular algae,
the indices of similarity of Jaccard and Czekanowski–Sørensen–Dice were used [Semkin, 2009]:

𝐾𝐽 = 𝑐/(𝑎 + 𝑏 − 𝑐) , (11)

𝐾𝐶𝑆𝐷 = 2𝑐/(𝑎 + 𝑏) , (12)
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where KJ and KCSD are the indices of similarity of Jaccard and Czekanowski–Sørensen–Dice,
respectively;

c is the number of species common for both sites or time periods;
a is the number of species found in the first case;
b is the number of species found in the second case.

The threshold values for making a conclusion about the similarity of the species composition
are 0.42 (Jaccard) and 0.59 (Czekanowski–Sørensen–Dice) [Semkin, 2009].

RESULTS
Temperature and salinity inside and outside the mat. In the upper mat layer at sta. D1, salinity

was 71 g·L⁻¹; at sta. E3 and E4, the values were 67 and 67.3 g·L⁻¹, respectively.
Air temperature at 2:40 p.m. at a height of 1 m from the mat was +32.8 °C. Water temperature

in the floating mat and in the algal layer underneath (sta. D1), as well as in the benthic mat and above
it (sta.D2), changed regularly throughout the day (from 10 a.m. to 04:40 p.m.) (Fig. 4A, B). As a function
of the time of day (t), at this time interval, it is described by the equations as follows.

Variation of water temperature (T) in the floating mat (sta. D1):

𝑇 = 28.984 + 0042𝑡 − 0.000086𝑡2

(the standard error of approximation, 𝑠 = 0.51; 𝑅2 = 0.95) .
Variation of water temperature (T) in the algal layer under the mat (sta. D1):

𝑇 = 27.107 + 0.038𝑡 − 0.000066𝑡2(𝑠 = 0.29; 𝑅2 = 0.99) .

Variation of water temperature (T) in the water layer above the benthic mat (sta. D2):

𝑇 = 28.157 + 0.042𝑡 − 0.000079𝑡2(𝑠 = 0.38; 𝑅2 = 0.98) .

Variation of water temperature (T) in the benthic mat (sta. D2):

𝑇 = 28.202 + 0.042𝑡 − 0.000076𝑡2(𝑠 = 0.48; 𝑅2 = 0.97) .

Fig. 4. A, water temperature variations in the floating mat (1) and in the algal layer underneath (2) at station
D1; B, water temperature variations in the bottom mat (4) and above it (3) at station D2; C, difference (ΔT)
between water temperature in the floating mat and in the algal layer underneath (5) and water temperature
within the bottom mat and above it (6)
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The values of water temperature in the floating mat (sta. D1) throughout the considered time period
were higher than in the algal layer underneath. The temperature difference in the first half of the day
averaged 2 °C; in the second half, it decreased to 0.5–1 °C (Fig. 4A, C). Water temperature values
in the benthic mat and in 2 cm above it (sta. D2) almost did not differ (Fig. 4B, C); the temperature
difference was 0.1–0.3 °C. For one hour, from 03:40 p.m. to 04:40 p.m., water temperature in the benthic
mat was higher than above it.

Water temperature measured in the floating mat and in the algal layer underneath at sta. E3 at 05 p.m.
was +31.2 and +31.5 °C, respectively.

Structure of theCladophoramat.At sta.D1, E3, and E4, in the vertical structure of theCladophora
mat, a floating mat (A) and the algal layer underneath (B) are distinguished (Fig. 1D, F, G).
In all these cases, the floating mat was a dense accumulation of Cladophora near the water sur-
face (3.6–15.2 kg·m⁻³ of dry mass, Table 1), where two horizontal layers were clearly distinguished:
the upper (A1), relatively thick (1–3 cm), dirty green or yellow, and the lower (A2), thin (0.1–1 cm),
green or dark green (Fig. 5). The algal layer under the floating mat, freely floating in water of Cladophora
thalli, was characterized by a low bulk density (0.2–1.4 kg·m⁻³ of dry mass, see Table 1), and the algae
forming it differed in color at various stations. Thus, at sta. D1, those were dark green; at sta. E3, dirty
green; and at sta. E4, pink. In the latter case, the algae were in a state of decomposition; on their surface,
purple bacteria Chromatium Perty, 1852 and Ectothiorhodospira Pelsh, 1936 developed, giving them
the appropriate color. Within the entire algal mat, the floating mat accounted for 86.9% of Cladophora
biomass at sta. D1 and 62.2 and 66% at sta. E3 and E4, respectively; the share of the upper layer
in the floating mat ranged from 75 to 86.7% of its mass (Table 1, Fig. 6a–c).

At sta.D2, the benthic mat of algae, a mat lying on the bottom, was structurally similar to the floating
mat; on the bottom surface, it occurred in separate “spots” of different sizes (Figs 1E, 2A). The upper
mat layer was no more than 2 cm thick and was dirty orange, which indicated the presence of purple
bacteria in high abundance. The bottom layer was thin, 0.2–0.3 cm, and dark green.

Fig. 5. View of Cladophora mats and their separate elements at sampling stations (D1, D2, E3, E4).
Top (a) and bottom view (b) of the floating mat at station D1. Top view (c, d) of the bottom mat at sta-
tion D2. On d: the bottom mat upper layer is partially removed (α), uncovering underlying layers (δ, η).
Top view of the floating mat at stations E3, E4 (e, g). On f, h: the floating mat upper layer is partially
removed (α), uncovering underlying layers (ε, η)
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Fig. 6. Cladophora biomass per unit of the lake bottom surface at various horizons of the mat (a–c).
The total abundance (d–f) and biomass (g–i) of diatoms per unit of the lake bottom surface at various
horizons of the mat. The share of diatom mass in the total mass of the Cladophora mat (j–l). D1, E3, E4,
sampling stations; α, δ, ε, sampling points

The species composition of diatom algae in Cladophora mats and benthic sediments.
At the time of the study, 23 microalgal species were found on Cladophora and in bottom sediments
in the area of the stations surveyed: Chromista (Ochrophyta, Bacillariophyceae), 20 species (Table 2,
Fig. 7); Chromista (Myzozoa, Dinophyceae), 3 species (Gymnodinium sp.; Kryptoperidinium fo-
liaceum (F. Stein) Lindemann, 1924; and Protoceratium reticulatum (Claparède & Lachmann)
Bütschli, 1885). Within this article, we are going to limit ourselves to considering the species com-
position and quantitative characteristics of diatom algae of Cladophora mats and benthic sediments.
Out of the diatoms identified, only one species (Cocconeis kujalnitzkensisGusliakov et Gerasimiuk, 1992)
was recorded in all the samples studied (see Supplement s1). Frequency of occurrence ofNitzschia incon-
spicuaGrunow, 1862 in the samples was 92%, and the value forHalamphora coffeiformis (C. A. Agardh)
Levkov, 2009 and Mastogloia braunii Grunow, 1863 was 85%. Four species (Achnanthes bre-
vipes C. A. Agardh, 1824; Mastogloia lanceolata Thwaites ex W. Smith, 1856; Navicula cancellata
Donkin, 1872; and Nitzschia pusilla Grunow, 1862), accounting for 20% of the species number,
were identified only in 2 samples out of 13. Other four species (Amphora sp. 1; Neosynedra provin-
cialis (Grunow) D. M. Williams & Round, 1986; Nitzschia sigma (Kützing) W. Smith, 1853; and Tha-
lassiosira eccentrica (Ehrenberg) Cleve, 1904) were registered just in 1 sample. The maximum species
diversity, 14 species, was observed in the benthic mat. In the floating mat, the value varied from 3 to 8,
averaging 5.7 (SD = 2.517; CV = 0.444); in the algal layer under the floating mat, it varied from 4
to 10, averaging 6.3 (SD = 3.25; CV = 0.507). In terms of species richness, the samples of benthic
sediments were less variable (CV = 0.143); the number of species in these samples ranged within 6–8,
averaging 7 (SD = 1.000).
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Fig. 7. Diatom species to be frequently found on Cladophora thalli in Lake Chersonesskoye as seen
from different angles: A, B, Achnanthes brevipes; C–E, Cocconeis kujalnitzkensis; F–H, Halamphora cof-
feiformis; I–M, Mastogloia braunii; N–O, Nitzschia inconspicua. A, C, F, G, L, J, N, under a light micro-
scope (Olympus BX53F); B, D, E, H, K–M, O, under a scanning electron microscope (Hitachi SU3500)
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Table 2. Average, minimum, and maximum values of the individual cell mass for diatoms identified
in the samples (Lake Chersonesskoye, 26.07.2017)

Species Individual cell mass, Bi × 10−6, mg
average minimum maximum

Achnanthes brevipes C. A. Agardh, 1824 3.842 3.458 4.226
Achnanthes longipes C. A. Agardh, 1824 5.795 2.151 8.904
Amphora sp. 1 4.421 − −
Cocconeis kujalnitzkensis Gusliakov et Gerasimiuk, 1992 2.082 1.345 2.954
Cyclotella caspia Grunow, 1878 0.467 0.111 0.926
Cylindrotheca closterium (Ehrenberg) Reimann et J. C. Lewin, 1964 0.128 0.095 0.178
Halamphora coffeiformis (C. A. Agardh) Levkov, 2009 2.239 0.342 4.746
Halamphora hyalina (Kützing) Rimet et R. Jahn in Rimet et al., 2018 3.824 3.455 4.521
Mastogloia braunii Grunow, 1863 6.802 5.469 9.260
Mastogloia lanceolata Thwaites ex W. Smith, 1856 8.619 7.988 9.250
Navicula cancellata Donkin, 1872 0.452 0.415 0.490
Navicula pennata var. pontica Mereschkowsky, 1902 1.061 0.381 2.355
Navicula ramosissima (C. Agardh) Cleve, 1895 0.231 0.117 0.283
Neosynedra provincialis (Grunow) D. M. Williams & Round, 1986 0.227 − −
Nitzschia inconspicua Grunow, 1862 0.192 0.118 0.286
Nitzschia pusilla Grunow, 1862 0.116 0.100 0.132
Nitzschia sigma (Kützing) W. Smith, 1853 7.438 − −
Nitzschia tenuirostris Mereschkowsky, 1902 0.186 0.132 0.235
Parlibellus delognei (Van Heurck) E. J. Cox, 1988 1.845 1.082 2.628
Thalassiosira eccentrica (Ehrenberg) Cleve, 1904 1.654 − −

The values of the similarity coefficients of the species composition (KJ and KCSD) between the sam-
ples are given in Table 3. KJ and KCSD values, calculated when comparing the diatoms of plant mats
at sta. E3 and E4 (the northeastern shore of the lake), were 0.67 and 0.80, respectively. This means a lack
of clear dissimilarity in the species composition of the compared objects. Comparison of the species com-
position of diatoms at sta. D1 and D2 (the southeastern shore of the lake) showed their similarity as well;
however, the values of the coefficients were close to the threshold ones (0.44 and 0.62, respectively), ex-
ceeding them only slightly. A pairwise comparison of diatoms in plant mats of the stations on the south-
eastern and northeastern shores revealed a noticeable dissimilarity between them (see Table 3). A more
detailed comparison of diatoms, separately for the floating mat and for the algal layer underneath at dif-
ferent stations, also revealed a clear similarity between stations on the same shore and a dissimilarity
between stations on the northeastern and southeastern shores (Table 3). Comparison of the species com-
position of the benthic mat, its upper and lower layers (sta. D2), with that of similar layers of the floating
mat at sta. D1 and E4 did not reveal any similarity for diatom communities. A pairwise comparison
of benthic sediment samples from different stations showed as follows: in benthic sediments at each
station, the composition of diatoms peculiar to them alone is formed. Another type of comparison, com-
parison of the samples by the vertical component of the mat at all the stations studied, revealed that
the upper and lower layers of the floating mat, the algal layer underneath, and benthic sediments do
not differ in diatom species composition. There is an exception, a slight dissimilarity at sta. D2 between
the benthic mat and benthic sediments; KJ and KCSD values are in the threshold zone, accounting for 0.40
and 0.57, respectively.
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Table 3. The similarity coefficients of the diatom species composition in the considered objects under
pairwise comparison (Lake Chersonesskoye, 26.07.2017)

Pairwise comparison objects KJ KCSD
Comparison of the upper and lower layers of the mat at different stations

1α – 1δ 0.44 0.62
2α – 2δ 0.71 0.83
4α – 4δ 0.67 0.80

Comparison of the upper layer of the floating mat and the algal layer underneath at different stations
1α – 1ε 0.55 0.71
4α – 4ε 1.00 1.00

Comparison of the floating mat and the algal layer underneath at different stations
1(α + δ) – 1ε 0.73 0.84
3(α + δ) – 3ε 0.75 0.86
4(α + δ) – 4ε 0.83 0.91

Comparison of the floating mat and the soil layer underneath at different stations
2(α + δ) – 2η 0.40 0.57
3(α + δ) – 3η 0.50 0.67
4(α + δ) – 4η 0.56 0.71

Comparison of the algal layer under the floating mat and the soil layer underneath at different stations
3ε – 3η 0.67 0.80
4ε – 4η 0.63 0.77

Comparison of the upper layer of the floating mat at sta. D1 and E4
1α – 4α 0.33 0.50

Comparison of the upper layer of the bottom mat at sta. D2 with the upper layer of the floating mat at sta. D1 and D4
2α – 1α 0.38 0.56
2α – 4α 0.33 0.50

2α – (1 + 4)α 0.33 0.50
Comparison of the lower layer of the floating mat at sta. D1 and E4

1δ – 4δ 0.38 0.55
Comparison of the lower layer of the bottom mat at sta. D2 with the lower layer of the floating mat at sta. D1 and D4

2δ – 1δ 0.36 0.53
2δ – 4δ 0.29 0.44

2δ – (1 + 4)δ 0.40 0.57
Comparison of the bottom mat under the floating mat at different stations with each other
1ε – 3ε 0.40 0.57
1ε – 4ε 0.36 0.53
3ε – 4ε 0.80 0.89

Comparison of floating mats at different stations with each other
1(α + δ) – 3(α + δ) 0.20 0.33
1(α + δ) – 4(α + δ) 0.25 0.40
3(α + δ) – 4(α + δ) 0.80 0.89

Comparison of the bottom mat at sta. D2 with the floating mat at different stations
2(α + δ) – 1(α + δ) 0.35 0.52
2(α + δ) – 3(α + δ) 0.21 0.35
2(α + δ) – 4(α + δ) 0.33 0.50

2(α + δ) – (1 + 3 + 4)(α + δ) 0.50 0.67
Continue on the next page…
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Pairwise comparison objects KJ KCSD
Comparison of soils under the mat at different stations with each other

2η – 3η 0.18 0.31
2η – 4η 0.36 0.53
3η – 4η 0.40 0.57

Comparison of entire plant mats at different stations with each other
D1 – D2 0.44 0.62
D1 – E3 0.33 0.50
D1 – E4 0.29 0.44
D2 – E3 0.29 0.44
D2 – E4 0.33 0.50
E3 – E4 0.67 0.80

Average, minimum, and maximum values of the individual cell mass for diatoms identified
in the samples. These values are given in Table 2. The total row of cell biomass values fits into two
orders of magnitude, with the minimum registered cell biomass in Cylindrotheca closterium (Ehren-
berg) Reimann et J. C. Lewin, 1964 (0.095 × 10⁻⁶ mg) and the maximum recorded in M. brau-
nii (9.26 × 10⁻⁶ mg). Each algal species occurred within its characteristic range of Bᵢ values, and it was rel-
atively narrow for most species (Fig. 8A). Four algae stood out (Achnanthes longipesC. A. Agardh, 1824;
Cyclotella caspia Grunow, 1878; H. coffeiformis; and N. pennata var. pontica Mereschkowsky, 1902):
their individual cell mass varied within a relatively wide range. Moreover, there were four species (Am-
phora sp. 1; N. sigma; N. provincialis; and T. eccentrica) represented by single specimens in the sam-
ples. The range of variation of the individual cell mass (ΔBᵢ) expands with an increase in the aver-
age cell size (B⛼ᵢ⛵), characteristic of each algal species (Fig. 8B), and this relationship is described
by the equation:

log Δ𝐵𝑖 = −0.578 + 0.944 log 𝐵𝑚𝑖𝑑 (𝑠 = 0.361; 𝑅2 = 0.87) .

Fig. 8. A, the individual cell mass (Bi) variation ranges in different diatom species identified in the sam-
ples (Lake Chersonesskoye, 26.07.2017); B, dependence of the individual cell mass (ΔBi) variation range
on the average cell size (Bmid) characteristic of each algal species
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Fig. 9. Total abundance (A, C, E, G) and biomass (B, D, F, H) of diatom algae per unit of dry Cladophora
mass and bottom sediments at stations D1, D2, E3, E4; α, δ, ε, η, sampling points

The total abundance and biomass of diatoms per unit of dry mass of Cladophora and benthic
sediments.At the sampling points, the total abundance of diatoms and their biomass on Cladophora (per
unit of dry biomass) and in benthic sediments (per unit of dry mass) varied over a wide range (see Sup-
plements s1, s2, Fig. 9). On Cladophora, the abundance varied from 1.85 × 10⁶ to 69.52 × 10⁶ cells·g⁻¹;
the biomass, from 7.77 to 157.43 mg·g⁻¹. In benthic sediments, the abundance varied from 6.05 × 10⁶
to 16.87 × 10⁶ cells·g⁻¹; the biomass, from 7.76 to 36.39 mg·g⁻¹. At all the stations, high values of the cell
abundance and biomass per unit of Cladophoramass were recorded in the lower layer of the floating mat:
47.911 × 10⁶ cells·g⁻¹ (SD = 34.783; CV = 0.726) and 115.06 mg·g⁻¹ (SD = 65.599; CV = 0.570), re-
spectively. Low values were registered in its upper layer: 8.957 × 10⁶ cells·g⁻¹ (SD = 6.329; CV = 0.707)
and 17.21 mg·g⁻¹ (SD = 8.197; CV = 0.476), respectively. In the algal layer under the floating mat,
mean values of the abundance and biomass were 14.713 × 10⁶ cells·g⁻¹ (SD = 14.457; CV = 0.983)
and 35.11 mg·g⁻¹ (SD = 33.532; CV = 0.955), respectively. The values of the characteristics studied
at sta. D1 and D2 (the southeastern shore of the lake) were approximately the same and noticeably
higher than those observed at sta. E3 and E4 (the northeastern shore of the lake), with the lowest val-
ues at sta. E4. In terms of the cell abundance per unit of dry mass of benthic sediment, sta. E3 and E4
did not differ much from one another, but the values were 3 times lower than those determined at sta.D2.
At the same time, in terms of cell mass per unit of dry mass of benthic sediment, sta. E3 and E4 differed
from one another by 3 times, while sta. D2 exceeded them by 5 and 3 times, respectively.

At sta. D1, D2, and E3, one species, C. kujalnitzkensis, prevailed in the abundance in both the up-
per and lower mat layers. At sta. D1 and E3, it averaged 96.1% (SD = 1.9; CV = 0.02); at sta. D2,
54.1%. At sta. E4, two species, M. braunii and C. kujalnitzkensis, contributed much to the total abun-
dance of the floating mat diatoms. There, in the upper mat layer, M. braunii accounted for 67.5%
of the total abundance, and C. kujalnitzkensis, for 20.2%. In the lower mat layer, their contribution
was approximately the same: 44.8 and 54.1%, respectively.
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At all the stations studied, C. kujalnitzkensis prevailed in the abundance in the algal layer under
the floating mat, where its share averaged 72.2% (SD = 15.33; CV = 0.212). At sta. D2 and E4,
this species prevailed in the abundance in benthic sediments as well (70.3 and 66.8%, respectively);
at sta. E3, the prevailing species was N. inconspicua (76.3%).

The distribution of various diatom species taking into account their contribution to the total mass
at different stations is largely repeated in the samples with their distribution by the abundance. The main
contributor to the total biomass of diatoms (from 63 to 99%) in the upper and lower mat layers at sta.D1,
D2, and E3 was C. kujalnitzkensis. This species also prevailed (79.2% of the diatom mass) in the algal
layer under the mat at sta. D1 and E3. At sta. E4, M. braunii prevailed in the floating mat and in the algal
layer underneath (84.7 and 55.2% of the diatom mass, respectively). At the same station, in the al-
gal layer under the floating mat, the contribution of C. kujalnitzkensis to the total diatom biomass
was 38.5%. In the upper and lower layers of the floating mat, its contribution was even less, 6.47 and 18%,
respectively.

In benthic sediments at sta. D2, C. kujalnitzkensis accounted for 66.4% of the total diatom biomass,
while at sta. E4 and E3, its value dropped to 38 and 4.97%, respectively. At sta. E4, 58.3% of the diatom
biomass in benthic sediments was formed byM. braunii. At sta. E3, the main contributors to its formation
were two algal species, H. coffeiformis and M. braunii (40.9 and 43.1%, respectively).

The total abundance and biomass of diatoms of the Cladophora mat per unit of the lake
bottom surface. The total abundance of diatoms of the Cladophora mat per unit of the lake bot-
tom surface varied from 14.59 × 10⁸ cells·m⁻² at sta. E3 to 130.47 × 10⁸ cells·m⁻² at sta. D1 and av-
eraged 53.54 × 10⁸ cells·m⁻² (SD = 66.63 × 10⁸; CV = 1.24). Their total biomass ranged from 3.22
to 29.28 g·m⁻² (wet weight), with average value of 12.99 g·m⁻² (SD = 14.20; CV = 1.09) (see Table 1,
Fig. 6d–i). The share of the diatom biomass in the wet mass of the entire Cladophora mat aver-
aged 1.06% (SD = 0.68; CV = 0.64), while in separate mat layers, it differed noticeably. For ex-
ample, in the lower layer of the floating mat (δ) at sta. D1, it reached 4.69% with average values
of 2.41% (SD = 1.98; CV = 0.82) calculated for three stations (Fig. 6j–l). In the upper layer of the floating
mat (α), this indicator varied widely as well, but average value was low, 0.74% (SD = 0.57; CV = 0.77).
The same was observed in theCladophora layer under the floating mat (ε), 1.05% (SD = 0.99; CV = 0.95).

The absolute values of the abundance and biomass of diatoms calculated per unit of the lake bottom
surface in relation to various mat layers at sta. D1 were many times higher than those observed at sta. E3
and E4 (Fig. 6d–i). The nature of the distribution of diatoms over the layers of the Cladophoramat is pe-
culiar to each station. In terms of diatom mass and abundance, the lower layer of the floating mat stands
out at sta. D1, and the upper layer, at sta. E3. At sta. E4, the distribution of diatoms over the Cladophora
mat layers was relatively uniform.

DISCUSSION
This investigation is one of the areas of our activity in studying Crimean hypersaline lakes and,

in particular, Lake Chersonesskoye near the city of Sevastopol. The research is driven by the hypothesis
that Cladophora mats in Lake Chersonesskoye are the main habitat-forming elements in spring–autumn
and that they spatially structure communities of epiphytic unicellular algae.

In literature, different numbers of diatom species found as epiphytes on Cladophora are published.
Specifically, in [Malkin et al., 2009], the number is 17; that is how many species were identified
on 26 May on Cladophora (Cladophora glomerata (L.) Kützing, 1843), which begins its vegetative
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growth in the Great Lakes. Interestingly, 57 species belonging to 26 genera were identified by [Mpawe-
nayo, Mathooko, 2005] on Cladophora sampled in various areas of the Niero River in Kenya.
Moreover, on Cladophora sampled from the Colorado River, there were 78 diatom species represent-
ing 20 genera [Hardwick et al., 1992]. On Cladophora albida (Nees) Kützing, 1843 in two Black Sea
areas, 24 diatom species were recorded [Ryabushko et al., 2013].

As shown in the present study, in Lake Chersonesskoye in July 2017, on Cladophora orga-
nized in mats, 20 diatom species belonging to 12 genera were identified; in benthic sediments,
13 diatom species representing 10 genera were registered. In the same lake, during the observa-
tion period from August 2002 to March 2006, 61 species of unicellular algae belonging to 7 divi-
sions, 10 classes, 22 orders, and 41 genera were found and described in a water column outside
the Cladophora mat [Senicheva et al., 2008]. The first place in the species number was occupied
by dinophytes (19 species); the second place, diatoms (15 species). Out of diatoms, benthic forms pre-
vailed (Nitzschia tenuirostris Mereschkowsky, 1902; Nitzschia sp.; Cocconeis scutellum Ehrenberg, 1838;
and Pleurosigma elongatum W. Smith, 1852); there were practically no planktonic species, except
for individual finds of C. caspia and T. eccentrica. In Crimean saline lakes, 68 species and 69 in-
traspecific taxa of bottom diatoms were recorded [Nevrova, Shadrin, 2008]; off the Crimean coast,
465 species, inter alia 769 intraspecific taxa, were registered [Nevrova, Petrov, 2008]. To date, more than
1,000 species of all benthic microalgae have been found in the Black Sea, including about 650 species
of diatoms [Ryabushko, 2013].

Our study also reveals that epiphytic communities of diatoms in various areas of Cladophora mats
differ in species composition, total abundance, and biomass, as well as in the significance of certain
algal species in the community structure. Most taxa show overlapping distributions in the vertical com-
ponent of a vegetation mat, while some are found in its specific horizons alone. For example, Ampho-
ra sp. 1 and N. provincialis were registered only in lower layers of the floating mat; N. sigma, in bottom
sediments alone.

Based on information in literature, we are going to discuss the possible causes of the observed
distributions of epiphytic unicellular algae within the Cladophora mat.

The upper and lower layers of the floating mat and the algal layer underneath are biotopes with
pronounced environmental conditions, both for Cladophora and its epiphytes. The floating mat, espe-
cially its upper layer, experiences strong daily temperature fluctuations [Prazukin et al., 2008]; more-
over, a high level of solar radiation is observed there. According to our previous studies [Prazukin
et al., 2018], in the upper thin layer of the floating mat, algae can undergo drying (dehydration);
in other cases, a dense layer of salt can be formed on the mat surface. B. Ibelings and L. Mur [1992]
found out that the absorption of carbon dioxide and nitrogen by algal cells decreases as those be-
come dehydrated. High levels of ultraviolet radiation can cause photoinhibition, degradation of pho-
tosynthetic pigments, and cell death in the upper mat layers [Jiang, Qiu, 2005]; as a consequence,
in this part of the mat, there are relatively low values of the intensity of photosynthesis com-
pared to the values in the underlying layer [Prazukin et al., 2019]. In the daytime, oxygen con-
tent can be 200% of saturation in the upper mat layer against the backdrop of a lack of oxygen
in the lower mat [Shadrin, Anufriieva, 2018]. Insects and their larvae actively develop on the mat sur-
face, and they graze on epiphytic algae [Furey et al., 2012]. Algae of the floating mat may be lim-
ited in their access to biogenic elements from bottom sediments, as noted for pelagic phytoplankton
populations [Bootsma et al., 2004].
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For the communities of unicellular algae in the lower layer of the floating mat and the algal layer
of the benthic mat, habitat conditions are completely different from those observed in the upper layer
of the floating mat. Thus, even in thin periphyton films of unicellular algae, there is a strong verti-
cal gradient of light [Kühl, Jørgensen, 1992]. In the floating mat of Pithophora Wittrock, 1877, only
1% of the incident light reaches a 1-cm depth [O’Neal, Lembi, 1983], while in the Cladophora mat,
the value is 2% [Eiseltová, Pokorný, 1994]. In dense mats of Chaetomorpha linum (O. F. Müller)
Kützing, 1845, the light zone is limited to 8 cm [Krause-Jensen et al., 1996]. In turn, the floating mat
in relation to the benthic mat is a screen that prevents the passage of light into benthic layers, causing
a deterioration in photosynthesis conditions and a decrease in water temperature [Goldsborough, Robin-
son, 1996; Prazukin, 2015; Prazukin et al., 2008, 2019]. G. Hardwick et al. [1992] associate vertical
zoning of epiphytic diatoms on C. glomerata in the Colorado River (Arizona) (a decrease in cell density)
with the weakening of light as the depth increases.

The fact of the mutual metabolic effect of epiphytes and the host plant [Young et al., 2010] cannot
be excluded either. This may be reflected in the vertical distribution of epiphytic unicellular algae
in the space of Cladophora mats.

Conclusion. Each of the factors considered, in varying degrees, can determine the vertical distri-
bution of microalgae within the Cladophora mat, but none of them can be called the only determining
one. Cladophora, forming mats that occupy in some years 80–100% of the surface area of Lake Cherso-
nesskoye, acts here as an ecological engineer. In the space of the mat, a multiplicity of biotic and abiotic
gradients is formed, generating a great variety of habitat conditions, which can naturally or accidentally
be manifested in time.
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CLADOPHORA (CHLOROPHYTA) КАК «ИНЖЕНЕР-ЭКОЛОГ»
В ГИПЕРСОЛЁНОМОЗЕРЕ ХЕРСОНЕССКОМ:

РАСПРЕДЕЛЕНИЕ ДИАТОМОВЫХ ВОДОРОСЛЕЙ
В СТРУКТУРИРОВАННОМПРОСТРАНСТВЕ РАСТИТЕЛЬНЫХМАТОВ

А. В. Празукин, Р. И. Ли, Д. С. Балычева, Ю. К. Фирсов, В. В. Холодов

ФГБУН ФИЦ «Институт биологии южных морей имени А. О. Ковалевского РАН»,
Севастополь, Российская Федерация

E-mail: prazukin@mail.ru

Род Cladophora — один из крупнейших родов зелёных водорослей, представители ко-
торого встречаются во всех водоёмах мира. Кладофора организует среду обитания
для разных групп организмов, в том числе для эпифитных одноклеточных водорослей.
Цель работы — изучить вертикальное распределение диатомей в структурированном
пространстве матов Cladophora и в донных отложениях гиперсолёного озера в Крыму.
В вертикальном строении мата кладофоры различали плавучий и донный маты, каж-
дый из которых имел характерную структуру. Всего в ходе данного исследования заре-
гистрированы 20 видов диатомовых водорослей из 12 родов. Общая численность диа-
томей и их биомасса на Cladophora (в расчёте на единицу сухой биомассы) и в донных
отложениях (в расчёте на единицу сухой массы) варьировали в широком диапазоне.
На кладофоре численность изменялась от 1,85 × 106 до 69,52 × 106 кл.·г−1, а биомас-
са — от 7,77 до 157,43 мг·г−1. В донных осадках численность варьировала от 6,05 × 106

до 16,87 × 106 кл.·г−1, биомасса — от 7,76 до 36,39 мг·г−1. Доля биомассы диатомовых
водорослей в сырой массе всего мата Cladophora в среднем составила 1,06 %.
Ключевые слова: диатомовые водоросли, эпибионты, нитчатые зелёные водоросли, плавучие
маты, гиперсолёное озеро
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The relationship between water masses and bottom sediments is obvious. This primarily refers
to the formation of oxygen regime and self-purification of water bodies. Stoichiometric ratios allow as-
sessing certain parameters of energy metabolism associated with oxygen consumption. The aim of this
work is to determine the possible contribution of aerobic and anaerobic processes to the destruction
of organic matter in bottom sediments of various areas of the Crimean coast by interpreting the data
on oxygen consumption. The total oxygen consumption rate was measured using a respirometry camera
hermetically connected to an HQ40D oxygen sensor with LDO oximeter. To suppress bacterial activity
and reveal the rate of oxidation of reduced anaerobiotic products, the antibiotic streptomycin was used.
Vertical sounding of the bottom sediment strata in the Belbek River paleochannel showed an increase
with depth of oxidative potential and a subsurface peak of anaerobic activity. Due to the limited diffu-
sion of oxygen, the rate of hydrogen sulfide oxidation in the surface layer was comparable to the rate
of its formation in the underlying sediment layer. A higher level of aerobic oxygen consumption and con-
tent of reduced compounds was observed in the bottom sediments of the Chernaya River paleochannel
in contrast to its slopes. Increased concentration of hydrogen sulfide is due to the higher rate of its for-
mation at relatively low rates of oxidation. In the Sevastopol Bay, the experimentally measured oxygen
consumption by a unit of the bottom surface in the 0.6-cm sediment layer averaged 2.18 μg·cm⁻²·h⁻¹.
In the Kruglaya Bay, certain differences in the dynamics of reduced compounds (H₂S) were regis-
tered between the oxidized background areas and the zones of reduced bottom sediments (sulfurettes).
In sulfurettes, the calculated values for concentration, oxidation rate, and formation of hydrogen sul-
fide were higher by 32, 29, and 57%, respectively. The maximum rate of organic matter decomposition,
up to 4.05 μg·cm⁻³·h⁻¹, was recorded in the Sevastopol Bay and the adjacent water areas, with the anaer-
obic component accounting for a larger share. The share turned out to be quite high in the Kruglaya
Bay as well, but there, aerobic destruction prevailed. This is due to differences in both the targeted use
of the bays and the granulometric composition of bottom sediments. In sulfurette sediments, against
the backdrop of the rate of oxidation of organic substances equal to that of the background area, anaer-
obic utilization occurred more than 2 times more intensive. Its absolute value corresponded to the level
characteristic of the open-sea coastal areas, in particular, the Belbek River paleochannel.
Keywords: bottom sediments, oxygen consumption, destruction of organic matter, Black Sea
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When assessing the state of the environment, including the Black Sea bottom sediments, data are usu-
ally given on the content of both organic matter and its possible oxidizers [Gorshkova, 1974; Orekhova,
2010]. Specifically, it was reported that the share of the organic component in sediments of the Hera-
cles Peninsula bays varied within 0.51–5.41% [Orekhova et al., 2018]. Oxygen concentration fluctuates
over a wide range as well. Thus, almost complete absence of oxygen was recorded in the Sevastopol
Bay sediments during the warm season: its content in the bottom water layer could drop to 30 µmol·L⁻¹,
which is 10 times lower than the value characteristic for the winter period [Orekhova, Konovalov, 2018a].
Regular monitoring in the Sevastopol Bay [Ignat’eva et al., 2008; Moiseenko, Orekhova, 2011; Osad-
chaya et al., 2003] allows identifying certain trends, but single measurements in other water areas only
make it possible to ascertain levels of the substances at a given time. However, their content often results
from multidirectional processes, the intensity of which can shift the balance in one direction or another.
Therefore, the study of such dynamic characteristics allows for both short-term and long-term forecasting.
In this regard, a key role is played by the rate of oxygen consumption, the calculation of which in the form
of certain derived parameters provides an integral picture of the processes occurring in biocenoses.
On the one hand, these are the formation of environmental conditions and self-purification; on the other
hand, these are the state and stability of constituent elements. Based on stoichiometric formulas, pat-
terns for determining possible coefficients were proposed for the transition between various indicators
of the biological activity of the community [Sapozhnikov, Metrevely, 2015]. By shifts in one parameter,
a whole range of characteristics can be tracked. In order to study the relationship between possible rates
of aerobic and anaerobic utilization of organic matter in various areas of the Crimean coast, an attempt
was made to analyze the data obtained by the author on oxygen consumption by bottom sediments.

MATERIAL AND METHODS

In most of the surveyed water areas (the Dvuyakornaya Bay, the Chernaya River paleochannel, the Se-
vastopol Bay, and the Balaklava Bay), sampling was carried out with a Petersen grab. The material
for the study was a surface 2-cm layer of bottom sediments. Containers for transportation were filled
to the top to prevent air penetration. In the Kruglaya Bay, material was sampled from the same layer
directly from the sulfurette and the background area by a diver using syringe tubes. In the clean coastal
zone of the Cape Martyan nature reserve and in the Belbek River paleochannel, samples were taken
from a 4–6-m depth with a Rumalot-type tubular sampler equipped with a transparent acrylic tube,
54 mm in diameter and 30 cm in height, with a shut-off valve at the opposite end and a weight with
fastening fittings. As a rule, lifted bottom sediment cores retained an undisturbed structure, which made
it possible to study them layer by layer. The coordinates of sampling points and the dates of field works
are given in Table 1.

Oxygen content and redox potential were measured using sensors HQ40D and Sension 1 (Hach,
the USA) with LDO oximeter. The accuracy of dissolved oxygen determination was ±0.1 mg·L⁻¹
within a range of 0.1–8.0 mg·L⁻¹. To stabilize the readings of the redox potential, the sensor was im-
mersed in a sample for 10 min; then, the result was recorded. The total oxygen consumption rate (here-
inafter TOC) was determined in a 60-mL respirometry chamber filled with seawater and hermetically
connected to an oxygen sensor. Initial oxygen concentration in water was about 7–8 mg·L⁻¹. A test
0.2-cm³ sample was introduced into the chamber; there, it was distributed over an area of 20 cm², which
corresponded to a layer of about 0.01 cm. The results were registered at 1-h intervals automatically
for 20–24 h. Based on the data obtained, mean TOC was subsequently calculated.
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From the bottom sediments of the Cape Martyan area, samples were taken from the horizons of 0–2
and 3–5 cm, while in the Belbek River paleochannel, from 0–2, 2–4, and 4–6 cm. For each layer, a uni-
fied scheme for TOC calculating was applied. It involved measurements under conditions of oxygen
maximum availability in the 0.01-cm surface layer, followed by extrapolation to a thickness of 0.6 cm,
with the features in diffusion of oxygen into bottom sediments taken into account [Chekalov, 2016].

The rate of oxygen neutralization of reduced compounds (hereinafter ONRC) was determined
in a similar way, after suppressing the vital activity of bacteria. It was achieved by adding streptomycin
to a measuring container at a final concentration of 0.1 mg·mL⁻¹ and then incubating it at +8…+10 °C
for the entire measurement period. This was also facilitated by lowering pH to 5 (using a 0.1N solution
of sulfuric acid) in order to shift the ratio of sulfur compounds in water (S²⁻, HS⁻, H₂S) towards the preva-
lence of the most actively oxidized hydrogen sulfide. Oxygen content was determined every hour. Based
on the data obtained, the mean rate of hydrogen sulfide oxidation was calculated, taking into account
that in aqueous solutions, hydrogen sulfide is usually oxidized to sulfur and water:

2𝐻2𝑆 + 𝑂2 → 2𝐻2𝑂 + 2𝑆 .

The rate of aerobic oxygen consumption (hereinafter AOC) was obtained by subtracting ONRC val-
ues from the corresponding levels of total oxygen consumption. The data for AOC and ONRC are given
as mean values with a confidence interval (p = 0.95).

To establish the rate of enrichment (production) with reduced compounds, immediately after sam-
pling, ONRC was determined under laboratory conditions until the curve of oxygen content change
reached a plateau, i. e., until the readings stabilized at approximately the same level for more than 3 mea-
surements. Based on the volume of oxygen consumed in this case, possible hydrogen sulfide content was
calculated. In parallel, a part of samples, avoiding oxygen penetration, was placed in sealed containers,
which were kept under conditions close to natural. The duration of incubation was determined experimen-
tally. Usually, incubation lasted for 30–60 days, and then ONRC was determined again. The difference
between the initial value and the repeated measurement, taking into account the time interval, allowed
calculating the rate of formation of reduced compounds.

The results on aerobic oxygen consumption and the dynamics of reduced compounds (H₂S) ac-
cording to stoichiometric formulas [Orekhova, Konovalov, 2018a; Sapozhnikov, Metrevely, 2015]
were expressed as the utilization rate of organic matter:

(𝐶𝐻2𝑂)106(𝑁𝐻3)16𝐻3𝑃𝑂4 + 138𝑂2 = 106𝐶𝑂2 + 122𝐻2𝑂 + 16𝐻𝑁𝑂3 + 𝐻3𝑃𝑂4 ,

(𝐶𝐻2𝑂)106(𝑁𝐻3)16𝐻3𝑃𝑂4 + 53𝐻2𝑆𝑂4 = 106𝐶𝑂2 + 16𝑁𝐻3 + 𝐻3𝑃𝑂4 + 53𝐻2𝑆 + 106𝐻2𝑂 .

Organic matter concentration in bottom sediments was determined by the gravimetric method
after drying of samples at +105 °C and their further calcination at +500 °C [Gorshkova, 1974;
PND F 16.2.2:2.3:3.32-02, 2002].

RESULTS AND DISCUSSION

In terms of the degree of isolation of the water areas studied, the sampling points can be united
into two groups: those located within relatively closed bays and those located in the coastal zones
of open sea areas. The first group includes stations in the Sevastopol, Kruglaya, and Balaklava bays,
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which are characterized by a large-scale influx of suspended matter into bottom sediments. Thus,
in the Sevastopol Bay, the sedimentation rate was 2.4 mm·year⁻¹, while in coastal waters of Crimea,
the value was only 0.35 mm·year⁻¹ [Denisov, 1998]. Accordingly, in the first group, TOC obtained
by us varied in the range of 2.63–4.36 μg·cm⁻³·h⁻¹. In the second group, which included stations
in the Dvuyakornaya Bay, in the Cape Martyan area, and in the Belbek River paleochannel, the values
did not exceed 2.90 μg·cm⁻³·h⁻¹ (Table 1).

Table 1. Oxygen consumption and derived data on the dynamics of reduced compounds (H2S)
in the bottom sediments of coastal waters of Crimea

Coordinates
of sampling points,

date
Layer, cm

Redox
potential,

mV

O2, μg·cm−3·h−1 Reduced compounds (H2S)

AOC ONRC
Concen-
tration,

μg·cm−3
Oxidation,

μg·cm−3·h−1
Production,
μg·cm−3·h−1

Dvuyakornaya Bay,
44.990°N, 35.36°E,

07.07.2012
0–0.6 −182 2.20 ±

1.00
0.70 ±
0.20 38 1.49 0.77

Cape Martyan,
44.509°N, 34.256°E,

13.08.2014

0–0.6 14 2.40 ±
0.19

0.27 ±
0.23 574 0.57 0.17

3–3.6 −199 3.36 ±
1.07

0.35 ±
0.28 567 0.74 0.62

Belbek River
paleochannel,

44.631°N, 33.418°E,
21.05.2013

0–0.6 −193 1.27 ±
0.52

0.61 ±
0.13 609 1.30 0.34

2–2.6 −176 2.46 ±
0.86

0.84 ±
0.60 777 1.79 0.54

4–4.6 −184 9.43 ±
5.48

1.35 ±
0.99 1,011 2.87 0.17

Chernaya River
paleochannel,

44.618°N, 33.474°E,
26.05.2013

Riverbed,
0–0.6 −68 2.41 ±

0.78
0.28 ±
0.09 1,320 0.60 1.07

Slope,
0–0.6 −140 1.25 ±

0.43
0.43 ±
0.15 797 0.91 0.71

Sevastopol Bay,
44.615°N, 33.520°E,

12.06.2012
0–0.6 − 2.00 ±

0.59
0.63 ±
0.19 1,345 1.34 1.00

Kruglaya Bay,
44.602°N, 33.441°E,

27.07.2020

Background,
0–0.6 30 3.39 ±

0.49
0.35 ±
0.18 750 0.75 0.15

Sulfurette,
0–0.6 −72 3.14 ±

0.25
0.50 ±
0.21 1,097 1.06 0.35

Balaklava Bay,
44.496°N, 33.595°E,

23.10.2008
0–0.6 −209 3.98 ±

0.78
0.38 ±
0.03 703 0.81 −

Note: AOC, aerobic oxygen consumption; ONRC, oxygen neutralization of reduced compounds.

The formation of sediments in the Chernaya River paleochannel is affected by significant anthro-
pogenic load on the Sevastopol Bay [Orekhova et al., 2013]. Apparently, it explains the similarity
of these sampling points in several parameters, which does not allow us to attribute the paleochannel
area to any group. As a specific object, paleochannels in Sevastopol vicinity are analyzed in the pa-
per [Gulin, Kovalenko, 2010]. Bottom sediments in both groups were represented by slightly silty sands
and finely dispersed silts. Silty sediments were characteristic of the Sevastopol and Balaklava bays
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and paleochannels of the Chernaya and Belbek rivers. Other samples were represented by sands with
minor traces of siltation. In most samples, negative values of the redox potential were recorded, and this
evidenced for reduced environmental conditions.

Bottom sediments of the Cape Martyan (a protected area) and the Belbek River paleochannel
differed in granulometric characteristics, anthropogenic load, and, accordingly, concentration of or-
ganic compounds. At the same time, vertical sounding of bottom sediment strata at these sampling
points revealed an increase with depth of oxidative potential and a subsurface peak of anaerobic
activity (see Table 1).

In 2008, we determined several parameters in the bottom sediments of the central Kruglaya
Bay, inter alia TOC. Repeated studies of TOC and organic matter content, which were carried out
in the course of this work, did not reveal significant changes in the values over time. TOC varied within
3.25–3.66 µg·cm⁻³·h⁻¹, and organic matter concentration was about 33 mg·g⁻¹.

The rates of formation of reduced compounds depended, among other things, on the granulometric
composition of bottom sediments: in silts, those were 1.5–2 times higher than in sands. The maximum
values, more than 1 µg H₂S·cm⁻³·h⁻¹, were obtained in the silty sediments of the Sevastopol Bay. In gen-
eral, a higher level of hydrogen sulfide concentration was registered in the bays, up to 1.4 mg·cm⁻³.
In the samples from the coastal zones of open sea areas, H₂S content did not exceed 0.6 mg·cm⁻³
in the surface layer, and the formation rate was 0.77 µg H₂S·cm⁻³·h⁻¹. The bottom sediments in the Cher-
naya River paleochannel were the exception, and this can be explained by the effect of the Sevastopol Bay.
Specifically, the intensity of sulfate reduction in the surface sediment layer in the bays of Sevastopol
reached 93 μM·dm⁻³·day⁻¹, or 0.132 μg·cm⁻³·h⁻¹ [Egorov et al., 2012]. The values of bacterial sulfate
reduction in the sediments of the Black Sea northwestern shelf ranged from 28.3 to 427.0 mg H₂S·kg⁻¹
of wet sediment per day [Karnachuk, 1989].

Hydrological features of relatively closed bays, which are associated with limited water exchange,
weakened wave action, and, as a rule, significant influx of organic and biogenic substances, contribute
to intensive sedimentation [Lomakin, Popov, 2014; Orekhova et al., 2013]. With sufficient aeration,
this ultimately results in increased activity of biochemical processes in the surface sediment layer.

Oxygen supply to the reduced sediment layer also initiates oxidative processes, the intensity of which
can be even higher than for the surface sediment layer. Thus, in the sediment core from the Belbek River
paleochannel, AOC rose from 1.27 μg O₂·cm⁻³·h⁻¹ at the surface to 9.43 μg O₂·cm⁻³·h⁻¹ at a 4-cm depth.
Apparently, a subsurface peak of activity of reduced compounds, mentioned above, is related to the acti-
vation of sulfate reduction. Compared to the surface horizon, it increases by 1.5–3.5 times. At the same
time, the oxidation of anaerobiosis products in the sediments of the paleochannel due to insufficient
diffusion of oxygen into the silts is limited by the surface layer alone. Therefore, the layer-by-layer sum
of the rates of H₂S formation and its oxidation rate in the surface layer turn out to be quite comparable.
In the Cape Martyan area, in more aerated sandy sediments, the layer of oxidation of reduced com-
pounds is slightly thicker; in general, the scale of this process prevails over the scale of their production,
which determines positive values of the redox potential.

As already mentioned, the formation of the bottom sediments in the Chernaya River paleochannel
is affected by the proximity of the Sevastopol Bay mouth [Orekhova et al., 2013]. Directly in the mouth,
the sediments differed from those on the slope by a higher maximum level of aerobic oxygen consump-
tion, as well as by the content of reduced compounds, which can be explained by a higher rate of their
formation at relatively low rates of oxidation.
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In the 0.01-cm sediment layer of the Sevastopol Bay, experimentally measured TOC averaged
0.96 µg·cm⁻²·h⁻¹ [Chekalov, 2016]. Considering the assumed depth of oxygen penetration (0.6 cm),
this corresponds to 2.18 µg·cm⁻²·h⁻¹. As reported earlier [Orekhova, Konovalov, 2018a], the value
of the oxygen flux through the surface of the bottom sediments in the bay, calculated according to Fick’s
first law, varied insignificantly during the cold season, averaging 2 mol·m⁻²·year⁻¹. This value corre-
sponds to 0.73 µg·cm⁻²·h⁻¹, which is slightly lower than that obtained by us. However, the authors
point out that several geophysical factors and the high rate of biochemical processes were not taken
into account. In another paper [Orekhova, Konovalov, 2018b], the values of the oxygen flux calcu-
lated for the Crimean shelf increased from 2.85 M·m⁻²·year⁻¹ in the western area to 3.55 M·m⁻²·year⁻¹
on the southern coast and to 4.26 M·m⁻²·year⁻¹ in the eastern water area, which corresponds to 1.05,
1.31, and 1.56 µg O₂·cm⁻²·h⁻¹.

The agreement between the given and previously obtained values of the total oxygen consumption
by bottom sediments in the Kruglaya Bay allows us to assume a balanced state of this system. Despite
rather intensive recreational use of the bay, the key role seems to be played by the hydrochemical regime
and loose composition of sandy sediments, which ensure free oxygen penetration into their core. In gen-
eral, unlike water masses, bottom sediments are a more conservative environment, and its inertness
is smoothed by both seasonal and interannual fluctuations in hydrochemical parameters. In the bay,
zones of reduced sediments with negative values of the redox potential (sulfurettes) were revealed.
We recorded certain differences in the dynamics of reduced compounds (H₂S) between sediments of sul-
furettes and adjacent oxidized areas. In sulfurettes, the calculated data on concentration, rate of oxidation,
and formation of hydrogen sulfide were higher by 32, 29, and 57%, respectively.

Based on the experimentally obtained data on TOC, including that during oxidation of reduced com-
pounds, we calculated possible rates of destruction of organic matter (Table 2). The sum of aerobic
and anaerobic utilization of organic compounds turned out to be maximum, up to 4.05 µg·cm⁻³·h⁻¹,
in the Sevastopol Bay and the adjacent water area, with the anaerobic component accounting for a larger
share. The share turned out to be quite high in the Kruglaya Bay as well, but there, aerobic destruction
prevailed. This is due to differences in both the targeted use of the bays and the granulometric com-
position of bottom sediments. Loose sediments are usually more aerated, which determines the preva-
lence of the oxidative metabolism. Even in sulfurettes of sandy sediments in the Kruglaya Bay, the level
of aerobic oxidation turned out to be as high as in the background point. At the same time, the inten-
sity of anaerobic utilization of organic matter differed twofold, although its absolute values remained
closer to the level characteristic of the coastal zones of open sea areas, in particular, the Belbek River
paleochannel.

During vertical sounding of the sediment strata in the Cape Martyan area and in the Belbek River
paleochannel, a rise was recorded in the ability to both aerobic and anaerobic destruction with depth,
which naturally repeated the oxygen profile. Thus, in the Cape Martyan area, the values increased
in the 0–3-cm layer from 1.93 to 2.70 and from 0.34 to 1.22 μg·cm⁻³·h⁻¹, respectively. Absolute
values of the oxidation rates of organic matter in the sediments of the Belbek River paleochannel
were slightly lower, 1.02–1.98 μg·cm⁻³·h⁻¹. Decomposition of organic matter due to sulfate reduction
in the surface horizon turned out to be twice higher there; the value, forming a peak of 1.06 μg·cm⁻³·h⁻¹
at a depth of 2 cm, dropped to 0.34 μg·cm⁻³·h⁻¹. In the bottom sediments of the Sevastopol Bay, already
in the surface layer, the rates of anaerobic destruction exceeded aerobic utilization of organic matter,
reaching 1.97 vs. 1.61 μg·cm⁻³·h⁻¹. So, larger variability is characteristic of the anaerobic component.
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Oxygen penetration into the sediment layer deeper than 1 cm is usually very insignificant; in particular,
in the Sevastopol Bay, the value is no more than 0.5 cm [Orekhova et al., 2013]. In this case, in the lack
of oxygen, aerobic destruction of organic matter, in contrast to anaerobic one, almost stops in under-
lying sediment layers. Therefore, taking into account the intensity of anaerobic processes in the sed-
iment core, we obtain an approximately equal, and sometimes even higher contribution of anaerobio-
sis to total destruction of organic matter. Sulfate reduction was found to contribute up to 50% of or-
ganic carbon mineralization in marine sediments [Jørgensen, 1982]. At the same time, it decomposes
up to 99% of organic carbon consumed for sulfate reduction and methanogenesis [Karnachuk, 1989].
All this evidences the significance of the participation of sulfate reducers both in the global sulfur cycle
and the carbon cycle.

Table 2. Content of organic matter and calculated rates of its aerobic and anaerobic destruction
in the bottom sediments of coastal waters of Crimea

Sampling point T, °C Layer, cm Organic matter,
mg·cm−3

Destruction of organic matter,
μg·cm−3·h−1

aerobic anaerobic
Dvuyakornaya Bay +24 0–0.6 25 1.77 1.52

Cape Martyan +24 0–0.6 17 1.93 0.34
3–3.6 24 2.70 1.22

Belbek River
paleochannel +21

0–0.6 45 1.02 0.67
2–2.6 54 1.98 1.06
4–4.6 46 7.58 0.34

Chernaya River
paleochannel +20 Riverbed, 0–0.6 68 1.94 2.11

Slope, 0–0.6 51 1.01 1.40
Sevastopol Bay +21 0–0.6 60 1.61 1.97

Kruglaya Bay +25 Background, 0–0.6 41 2.73 0.30
Sulfurette, 0–0.6 34 2.52 0.69

Balaklava Bay +19 0–0.6 61 3.18 −

Conclusion. Certain differences were registered between relatively closed bays and open sea areas
in terms of the rate of oxygen consumption and, accordingly, the utilization of organic matter in bottom
sediments. First of all, this results from the features in hydrology, sedimentation, and intensity of anthro-
pogenic use of water areas. Specifically, depending on the level of anthropogenic load and the composi-
tion of bottom sediments, either aerobic destruction of organic matter prevails (as in the Kruglaya Bay),
or anaerobic destruction (this is typical for the sediments of the Sevastopol Bay). In the Chernaya River
paleochannel, a higher level of aerobic oxygen consumption and content of reduced compounds was re-
vealed in contrast to its slopes. This can be explained by the prevalence of the processes of their formation
over oxidation. Differences were recorded in the dynamics of reduced compounds (H₂S) between areas
of reduced sediments (sulfurettes) and oxidized background ones. The calculated data on concentration,
oxidation rate, and formation of hydrogen sulfide in sulfurette were higher by 32, 29, and 57%, respec-
tively. In sulfurette, anaerobic destruction of organic matter is more than twice as intense, while there
are no differences in the rate of oxidation. In the sediment core in the Cape Martyan area and in the Bel-
bek River paleochannel, an increase with depth in the oxidative potential and a subsurface peak of anaer-
obic activity were established. At the same time, due to the limited diffusion of oxygen, the rate of hy-
drogen sulfide oxidation in the surface horizon and the layer-by-layer sum of the rates of its formation
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for the sediment core turned out to be comparable. For the same reason, the contribution of anaer-
obiosis processes to the destruction of organic matter is often equal to, and sometimes higher than
the contribution of the aerobic pathway.

This work was carried out within the framework of IBSS state research assignment “Functional, metabolic,
and toxicological aspects of hydrobionts and their populations existence in biotopes with different physical
and chemical regimes” (No. 121041400077-1).
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СООТНОШЕНИЕ ПРОЦЕССОВ АЭРОБНОЙ И АНАЭРОБНОЙ ДЕСТРУКЦИИ
ОРГАНИЧЕСКОГО ВЕЩЕСТВА

В ДОННЫХ ОТЛОЖЕНИЯХ ПРИБРЕЖНЫХ АКВАТОРИЙ КРЫМА
(ЧЁРНОЕМОРЕ)

В. П. Чекалов

ФГБУН ФИЦ «Институт биологии южных морей имени А. О. Ковалевского РАН»,
Севастополь, Российская Федерация

E-mail: valch@mail.ru

Взаимосвязь водных масс с донными отложениями является очевидной, в первую очередь
в вопросах формирования кислородного режима и, как следствие, самоочищения водоёмов.
Зная скорость потребления кислорода, с помощью стехиометрических соотношений можно оце-
нить ряд сопряжённых параметров энергетического обмена. Цель настоящей работы — посред-
ством интерпретации данных кислородного потребления рассчитать возможный вклад аэроб-
ных и анаэробных процессов в деструкцию органических веществ в донных осадках различ-
ных районов крымского прибрежья Чёрного моря. Измерение суммарной скорости потребле-
ния кислорода проводили с помощью респирометрической камеры, герметично соединённой
с кислородным датчиком LDO-оксиметра HQ40D. Для подавления бактериальной активности
и выявления темпов окисления восстановленных продуктов анаэробиоза использовали анти-
биотик стрептомицин. Вертикальное зондирование толщи грунта в палеорусле реки Бельбек
показало рост с глубиной окислительного потенциала и подповерхностный пик анаэробной ак-
тивности. Вследствие ограниченной диффузии кислорода, скорость окисления сероводорода
в поверхностном слое была сопоставима с темпами его образования в нижележащей толще
грунта. Непосредственно на участке палеорусла реки Чёрная, прилегающем к устью Севасто-
польской бухты, донные отложения отличались от грунтов на склоне бόльшим уровнем аэроб-
ного потребления кислорода, а также содержанием восстановленных соединений, которое обу-
словлено более высокой скоростью их образования при относительно низких темпах окисления.
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Поглощение кислорода единицей донной поверхности в 0,6-см слое осадков Севастопольской
бухты в среднем составляло 2,18 мкг·см−2·ч−1. В бухте Круглая наблюдали различия по дина-
мике восстановленных соединений (H2S) между окисленными фоновыми участками и зонами
восстановленных грунтов (сульфурет). В сульфуретах расчётные данные концентрации, темпов
окисления и образования сероводорода выше на 32, 29 и 57 % соответственно. Максимальной,
до 4,05 мкг·см−3·ч−1, скорость утилизации органического вещества была в Севастопольской бух-
те и в прилегающей к ней акватории. Бόльшая доля приходилась на анаэробную составляющую.
Достаточно высокой она оказалась и в бухте Круглая, но здесь преобладала аэробная деструк-
ция. Это связано с различиями как в целевом использовании бухт, так и в гранулометрическом
составе донных осадков. В грунтах сульфуреты при скорости окисления органических веществ,
равной таковой фонового участка, анаэробная утилизация протекала более чем в 2 раза интен-
сивнее. Её абсолютное значение было ближе к уровню, характерному для прибрежных участков
открытого моря, в частности для палеорусла реки Бельбек.
Ключевые слова: донные отложения, потребление кислорода, деструкция органического
вещества, Чёрное море
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Starfish Asterias rubens was found as the first record from the Anatolian coast of the Black Sea (Sinop).
This alien starfish was reported in 1996 in the Bosporus Strait (the Marmara Sea). In 2009, A. rubens
was registered off Karasu and Sakarya coasts in the Western Black Sea. A. rubens (8 cm in diameter;
wet weight 12.970 g) was sampled by a commercial demersal trawl on the sandy-mud bottom at 85.5-m
depth on 12 February, 2022, on the Anatolian coast of the Black Sea, which indicates further expansion
of its areal in the sea.
Keywords: starfish, Asterias rubens, alien species, Black Sea, Turkey

Asterias rubens Linnaeus, 1758 is a fairly common species in the northeastern Atlantic Ocean [Budd,
2008]. Most of the species in the Black Sea are migrants of Atlantic origin that reached the Pon-
tiac basin with the reopening of the Bosporus 7,000–10,000 years ago [Öztürk B., Öztürk A.,
1996]. Some of the migrant species [such as Rapana venosa (Valenciennes, 1846), Mnemiopsis lei-
dyi A. Agassiz, 1865, Beroe ovata Bruguière, 1789, and Anadara inaequivalvis (Bruguière, 1789)]
have arrived with ship ballast waters. The Bosporus Strait of Istanbul provided the connection be-
tween the Mediterranean Sea and the Atlantic Ocean, as well as the Black Sea. Mediterranean migrants
are the largest community of organisms in the Black Sea biota and account for 80% of the total number
of species [Exotic Species, 2001].

Although the Black Sea has a great habitat diversity, species diversity is low due to low salinity.
This provides favorable conditions for the spread of alien species [CIESM, 2010]. The phylum Echin-
odermata is represented by approximately 7,000 living species [Pawson, 2007]. Species of this phylum
have been recorded in the Sea of Marmara since 1990 [Albayrak, 1996; Karhan et al., 2007; Yüce,
Sadler, 2000].
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The release of ballast waters from ships facilitates the inter-sea migration of planktotrophic lar-
vae of non-native species. It is thought that A. rubens was transported to the Sea of Marmara that
way [Zibrowius, 2002]. Nevertheless, it should be considered that current systems affect the dynamics
of the spread of alien species [Jaspers et al., 2018].

The aim of this article is to report the Atlantic starfish Asterias rubens on Turkish Black Sea coast,
which can be considered an indicator of the spread of this species along the coast of the Black Sea
from Marmara. It is the first record of this alien species from the Anatolian coast of the Black Sea.

MATERIAL AND METHODS

A single specimen of A. rubens (8 cm in diameter; weight 12.970 g) (Fig. 1) was sampled
by a commercial demersal trawl (codend mesh size 40 mm) off İnceburun (42°08′765″N, 34°51′895″E)
and Sarıkum (42°06′886″N, 34°52′274″E), Sinop area of the Anatolian Turkey coast (Fig. 2),
on the sandy-mud bottom, at average depth 85.5 m and temperature +8.4 °C, on 12 February, 2022.
The sample was preserved in 96% ethanol.

The analysis of morphological characteristics and description of the starfish were carried out
in the Laboratory of the Fisheries Faculty of Sinop University.

Fig. 1. Asterias rubens (8 cm in diameter) captured at Sinop, the Black Sea (original photos)

Body of the starfish is generally small and disc-shaped. The five arms begin to narrow at the base;
the average diameter is 35 mm. On the aboral side, there are small cream spots at the base of the spines,
while the arms are cream-colored, with a brown spot at the tips. The body wall is soft and flexible. There
are numerous papules on the surface [Müller, Troschel, 1842].

The bottom of the starfish is covered with hundreds of tube feet that are used to walk, cling to rocks,
and catch prey. With these tiny legs, A. rubens moves at speeds of 30 cm per minute, or 60 feet
per hour [Dale, 1997].
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Fig. 2. Location of the survey area

RESULTS AND DISCUSSION
Habitat. Asterias species are found on hard, rocky, sandy, or soft substrates, with most species pre-

ferring rocky sea bottoms. In winter, A. rubens activity is confined to the bottom. Sea stars are able
to attach to hard surfaces and move well [Hennebert et al., 2010], but the movement and attachment sys-
tems are dysfunctional on non-adhesive, i. e. soft, substrates [Anger et al., 1977]. Physical parameters
significantly constrain species abundance, physical activity, and predation rates [Hancock, 1955].

It is known that environmental conditions, such as temperature, salinity, and hydrodynamic regime,
affect distribution, life cycle, nutrition, abundance, and performance of A. rubens [Menge et al., 1994].

In a study conducted by Y. Ceylan and S. Gül [2021], based on current A. rubens distribution, it was
reported that temperature is the most restrictive environmental variable.

Feeding. A. rubens feeds on a wide range of living organisms and carcasses, most of which are com-
posed of macroinvertebrates, including molluscs, polychaetes, and other echinoderms. Sometimes, small
crustaceans are caught by suction discs of tube feet. A. rubens feeds mainly on molluscs, especially bi-
valves and snails. Digestive enzymes enter the hunt along with the everted stomach lining to further aid
digestion. The starfish can also use its tube feet to open a bivalve [Pearse et al., 1987]. However, their food
seems to consist largely of bivalve molluscs [Budd, 2008; Chadwick, 1923]. Therefore, there is no prob-
lem for this species to find food in the Black Sea, because Mytilus galloprovincialis Lamarck, 1819,
a mytilid bivalve, forms very large populations on the coast of this sea [Hancock, 1958]. M. galloprovin-
cialis is a species of high economic significance which is cultivated in countries bordering the Black Sea,
and it is important in terms of creating habitats for many hydrobionts [Zaitsev, Mamaev, 1997].

While the spread of A. rubens has been reported around Marmara and in the Bosporus system
for more than 20 years, it is detected for the first time in the current research area.

As a result, new studies are needed to understand the current state of A. rubens in the Black Sea
and its effects on the ecosystem. For the Black Sea, which responses quickly to changes in the ecosystem,
the existence and spread of the species is important. The spread of A. rubens to the shores of Karasu
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and Sakarya in the Sea of Marmara, the Bosporus system, and the Western Black Sea has been reported
for more than two decades [Albayrak, 1996; Ceylan, Gül, 2021; Dalgıç et al., 2009; Karhan et al., 2007;
Öztoprak et al., 2014; Yüce, Sadler, 2000], and it was detected for the first time on the shores of Sinop
in this study. As a result of this research, it has been proved that this species has spread to the Anatolian
coast of the Black Sea region.
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ПЕРВАЯ НАХОДКАМОРСКОЙ ЗВЕЗДЫ ASTERIAS RUBENS LINNAEUS, 1758
У АНАТОЛИЙСКОГО ПОБЕРЕЖЬЯ ЧЁРНОГОМОРЯ (ГОРОД СИНОП)
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Атлантическая морская звезда Asterias rubens впервые обнаружена у Анатолийского побережья
Чёрного моря (город Синоп). В 1996 г. этот вид-вселенец был найден в проливе Босфор (Мра-
морное море). В 2009 г. морская звезда зарегистрирована у берегов Карасу и Сакарья в за-
падной части Чёрного моря. Особь A. rubens (диаметр — 8 см; сырой вес — 12,97 г) пой-
мана 12 февраля 2022 г. донным тралом на песчано-илистом дне на глубине 85,5 м у Ана-
толийского побережья Чёрного моря. Это свидетельствует о дальнейшем расширении ареала
морской звезды в море.
Ключевые слова: морская звезда, Asterias rubens, виды-вселенцы, Чёрное море, Турция
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Placozoa are the simplest multicellular organisms with a dynamic body plan. Calcium ions play a sig-
nificant role in maintaining the integrity of these animals. We studied the effect of zinc ions on the in-
teraction of Hoilungia hongkongensis cells. The coordination of amoeboid movement was disrupted
by the addition of 20–25 μM Zn²⁺ ions, which led to the formation of “branched” forms of animals.
Locomotor ciliated cells moved without coordination and independently of each other. Experimen-
tal research showed that the contact interaction of H. hongkongensis cells is important for coordinated
movements of the organism, whereas zinc ions can compete with calcium ions, disrupting the regulation
and destroying the connection between cells.
Keywords: Placozoa, locomotion, calcium and zinc ions

Trace elements may have played a key role as catalysts for the emergence of life on Earth. The change
in trace element composition in the oceans over geological time suggests how their availability in the ma-
rine environment affected the early stages of biological evolution [Dupont et al., 2006]. Especially
in the Archean Eon the excess of Fe, Co, and Cu ensured their widespread utilization by prokaryotes.
In the Paleoproterozoic–Mesoproterozoic, there was a rise in Mo content in the ocean and a notable drop
in Fe, Co, and Cu, which contributed to the appearance of alternative metabolic pathways and the birth
of eukaryotes. In the Neoproterozoic and Cambrian, the general gain in Mo, Zn, Ni, and Cu concentra-
tion was favorable for the complexity and diversification of ancient biota [Robbins et al., 2016]. It has
been suggested that the emergence of the first Placozoa organisms was associated with the ratio of Mg²⁺
and Ca²⁺ ions concentrations in the aragonite ocean during the Ediacaran or Cryogenian [Erwin, 2015;
Mayorova et al., 2018].

Hoilungia hongkongensis Eitel, Schierwater & Wörheide, 2018 (haplotype H13), the same as Tri-
choplax adhaerens Schulze, 1883 (haplotype H1), is the simplest multicellular organism up to 1–2 mm
in size, which consists of about 50,000 cells that form a three-layer plate [Smith et al., 2014]. The move-
ment of this animal is performed due to the beating of the cilia of the ventral epithelium and the contrac-
tion of the plate [Armon et al., 2018]. As believed, the organism’s integrity is maintained by Ca²⁺ bridges
since trichoplax is destroyed by chelating agents that bind calcium ions [Ruthmann, Terwelp, 1979].

102

https://marine-biology.ru/
http://ibss-ras.ru/
mailto:kuznet61@gmail.com


Discoordination of Hoilungia hongkongensis (Placozoa) movements in the presence of Zn2+ ions 103

It is well known that metal ions compete for binding sites with proteins, according to the Irving–
Williams order of stability of bivalent transition metal complexes as Mg²⁺ / Ca²⁺ < Mn²⁺ < Fe²⁺ <
Co²⁺ < Ni²⁺ < Cu²⁺ ~ Zn²⁺ [Rosenzweig, 2002], while Zn²⁺ ions replace Ca²⁺ ions during adsorp-
tion [Zachara et al., 1988]. A previous study [Kuznetsov et al., 2021] showed that Zn²⁺ ions, the same
as Ca²⁺ ions, are located in specific binding sites of cadherin cell adhesion molecules and, thus, destroy
calcium bridges that leads to the dissociation of the trichoplax body into individual cells. In this paper,
the emphasis is on the analysis of a violation of the interaction between H. hongkongensis cells under
the effect of zinc ions.

The aim of this work is to study morphological changes in Hoilungia hongkongensis when Zn²⁺ ions
are added.

MATERIAL AND METHODS
H. hongkongensis was cultivated in 90-mm glass Petri dishes on mats of the unicellular green mi-

croalga Tetraselmis marina (Cienkowski) R. E. Norris, Hori & Chihara, 1980. The dishes were kept
in a thermostat at +25 °C. Animals were transferred to a fresh mat every three weeks, and artificial
seawater (ASW) with a salinity of 35 ‰ was changed once a week [Kuznetsov et al., 2021, 2022].
At least 20 H. hongkongensis organisms were picked up for each experiment. More than 500 animals
were used in a series of 3 experiments. For adaptation, H. hongkongensis were transferred into plastic
Petri dishes with ASW without algae 30–45 min before the beginning of the experiment. ZnCl₂ so-
lution was added to the individuals that were kept in 50 mL of ASW, so that Zn²⁺ ions final concen-
tration was raised by 10–25 μM, and the animals were then investigated for different time intervals:
15 and 30 min, as well as 1, 2, 4, and 24 h. The studies were carried out at magnification from ×40
to ×400 under light microscopes Zeiss Stemi 305 (Germany) and Nikon Eclipse Ts2R (Japan) equipped
with digital cameras.

RESULTS AND DISCUSSION
H. hongkongensis incubation for 2 h after the addition of 15–25 μM Zn²⁺ ions caused an alteration

in the structure and shape of the body plate, which manifested itself in its thickening and the appear-
ance of multiple “branched” structures resembling tentacles in some animals. These “tentacles” did not
move, while the organism body moved forward. The animals retained the vortex motions of cell groups
in the center of the plate and were able to move forward.

Further exposure of H. hongkongensis for 24 h with additional 15 µM Zn²⁺ ions in ASW caused
an elevation in the share of organisms with the “branched” structure (68.1%) or partially decomposed
animals (2.8%). Interestingly, the parts of the disintegrated individuals continued to move without co-
ordination and independently of each other due to the beating of the cilia of the ventral epithelium
cells (Fig. 1b, d). The addition of 25 μM zinc ions resulted in a gradual increase in the proportion
of “branched” and destroyed animals to 77.1 and 16.3%, respectively (Fig. 2).

There are such mechanisms of zinc toxicity as copper displacement from intracellular proteins [Plum
et al., 2010], superoxide generation [Ninsontia et al., 2016], and binding to thiol groups [Gazaryan et al.,
2002]. Zn²⁺ ions can interact with Ca²⁺ binding sites on cadherin and calmodulin [Kuznetsov et al.,
2021]. It is worth noting that with a gradual rising in the concentration of Zn²⁺ ions capable of re-
placing Ca²⁺ ions, the share of “branched” and decaying animals increased proportionally. Apparently,
the described morphological alterations are due to initial disruption of signaling between individual
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cells [Jékely, 2021; Senatore et al., 2017; Varoqueaux et al., 2018] and the consequent destruction
of direct physical contacts between them [Ruthmann, Terwelp, 1979], since Ca²⁺ ions are involved
in the transmission of signals into the cell in addition to cell adhesion [Berridge et al., 2003].

Fig. 1. Hoilungia hongkongensis morphological changes following a day of incubation with zinc ions:
a, c, control without reagents; b, d, 20 μM Zn2+. Magnification: a, b, 400 times; c, d, 40 times

Fig. 2. Quantitative examination of abnormalities that occurred when Hoilungia hongkongensis was in-
cubated with zinc ions at various doses for a day. Intact individuals are shown in white color; “branched”
individuals are shown in gray; motionless, damaged, or completely destroyed individuals are shown in black.
There were 245 animals used in the experiment

Let us pay attention to zinc toxicity for the freshwater sponge Ephydatia fluviatilis (Linnaeus, 1759)
at a concentration exceeding 0.1 μM [John, Harrison, 1988]. This is comparable to data from our exper-
iments on Placozoa organisms, as well as to data for two Hydra species, Hydra vulgaris Pallas, 1766
and Hydra viridissima Pallas, 1766, for which 96-h LD₅₀ values are about 35 and 14 mM, respec-
tively [Holdway et al., 2001]. As shown, the starlet sea anemoneNematostella vectensis Stephenson, 1935
activates the genes for early transcription factors Egr1, AP1, and NF-κB already an hour after exposure
to Hg, Cu, Cd, and Zn ions. This is followed by the expression of stress response genes, including Hsp,
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ABC, and CYP [Elran et al., 2014], which can compensate for the toxic effect of heavy metal ions.
It is known that Trichoplax sp. H2, whose genome is well annotated [Kamm et al., 2018], contains
orthologous proteins, such as Egr1 (RDD41957.1), NF-κB (RDD44621.1), and Hsp (RDD46759.1).
Perhaps, a similar defense systems exist in H. hongkongensis.

Thus, experimental exposure to Zn²⁺ ions leads to a discoordination of amoeboid movement
in H. hongkongensis, which is observed in the emergence of uncontrolled “tentacles.” This is consistent
with the results of experiments on Trichoplax sp. H2 [Kuznetsov et al., 2021]. Some areas ofH. hongkon-
gensis plate begin to move without coordination and independently of each other. Later, the animal
body dissociates into separate cells, which may be the result of Zn²⁺ ions interference in the regulation
of two fundamental processes by Ca²⁺ ions: 1) coordinating the joint cell functioning and 2) maintaining
the integrity of the animal body structure.

This work was carried out within the framework of IBSS state research assignment “Investigation of mechanisms
of controlling production processes in biotechnological complexes with the aim of developing scientific foundations
for production of biologically active substances and technical products of marine genesis” (No. 121030300149-0).
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НАРУШЕНИЕ КООРДИНАЦИИ ДВИЖЕНИЙ
HOILUNGIA HONGKONGENSIS (PLACOZOA)

В ПРИСУТСТВИИ ИОНОВ Zn2+

А. В. Кузнецов, Н. И. Бобко

ФГБУН ФИЦ «Институт биологии южных морей имени А. О. Ковалевского РАН»,
Севастополь, Российская Федерация

E-mail: kuznet61@gmail.com

Hoilungia hongkongensis принадлежит к типу пластинчатые (Placozoa) — простейшим многокле-
точным организмам с динамическим планом строения тела. В поддержании целостности этих
животных важную роль играют ионы кальция. В настоящей работе экспериментально изучено
влияние ионов цинка на взаимодействие клеток H. hongkongensis. При увеличении концентра-
ции ионов Zn2+ на 20–25 мкМ нарушается согласованность амёбоидного движения, что приво-
дит к образованию «ветвистых» форм животного. Локомоторные реснитчатые клетки двигают-
ся хаотично и независимо друг от друга. Эксперименты показали, что контактное взаимодей-
ствие клеток H. hongkongensis важно для скоординированных движений организма, в то время
как ионы цинка могут конкурировать с ионами кальция, нарушая регуляцию и разрушая связь
между клетками.
Ключевые слова: пластинчатые, локомоция, ионы кальция и цинка
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Based on the samples of 2020 and 2023, three new species of marine macroalgae are indicated
for the flora of the territorial-aquatic nature reserve “Cape Martyan,” located on the Southern Coast
of Crimea (SCC): Punctaria latifoliaGrev., Compsothamnion gracillimumDe Toni, andDasya hutchin-
siae Harv. (the last one is recorded for the Black Sea hydrobotanical area “SCC” for the first time).
The list of macrophytes of the reserve now includes 163 species, or 37% of the total number of taxa
known for the Black Sea. The obtained results expand the understanding of the level of natural
phytodiversity of the reserve, hydrobotanical area, and the region as a whole.
Keywords: macrophytobenthos, floristic finds, nature reserve “Cape Martyan”, Black Sea

The specially protected natural area (hereinafter SPNA) “Cape Martyan” is located on the South-
ern Coast of Crimea (SCC), which is washed by waters of the Black Sea hydrobotanical area (here-
inafter HBA) “SCC” [Kalugina-Gutnik, 1975]. Since its creation (since 1973, as a state reserve; now,
in the status of a natural park), hydrobotanical monitoring is carried out there. Its aim is to clarify un-
derstanding of the composition and structure of macrophytobenthos of the territorial-aquatic SPNA
in connection with the optimization of environmental management within the boundaries of protected
and recreational areas on the SCC.

Macrophytobenthos was sampled along two profiles in the depth range (h) of 0–8 m at a dis-
tance (l) of up to 200 m from the coast, off Cape Martyan (26.02.2020; 44°30′20.3″N, 34°14′40.4″E)
and off Cape Montedor (22.06.2023; 44°30′14.7″N, 34°13′59.0″E), during solo dives in accordance
to the generally accepted hydrobotanical technique [Kalugina-Gutnik, 1975]. Nomenclature, taxonomy,
and general distribution of macrophytes are given according to [AlgaeBase, 2020]; ecological and floris-
tic characteristics, according to [Kalugina-Gutnik, 1975]. In the samples, regionally rare macroalgal
species were revealed that were not previously noted for the flora of the nature reserve.

Punctaria latifoliaGreville, 1830 (Ectocarpales Bessey, 1907, Acinetosporaceae G. Hamel ex J. Feld-
mann, 1937). In the sublittoral zone near Cape Martyan; h = 3 m; l = 60…70 m. Epiphytic on thalli
of Cystoseira s. l. representatives. Seasonal winter, wide-boreal, oligosaprobic, marine. General distri-
bution: the Atlantic Ocean coast, including subpolar regions and islands; seas of the Mediterranean
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and the Baltic Sea; the northern and southern Pacific Ocean. Off the coast of Crimea, it is recorded
relatively rarely (7 localities in HBA No. 3, 6–8) in small abundance [Evstigneeva, Tankovskaya,
2010, 2015, 2018; Evstigneeva et al., 2015; Kostenko et al., 2004; Mironova, Pankeeva, 2021].

Compsothamnion gracillimum De Toni, 1903 (Ceramiales Nägeli, 1847, Wrangeli-
aceae J. Agardh, 1851). In the sublittoral zone near Cape Martyan; h = 8 m; l = 200 m. Epiphytic
on leaves of Zostera noltei Hornemann, 1832. Annual, low-boreal, mesosaprobic, brackish-marine.
General distribution: the Atlantic Ocean coast from Scandinavia to Morocco, including islands; seas
of the Mediterranean and the Baltic Sea. Off the coast of Crimea, it is rare (3 localities in HBA No. 6–7)
and is noted in small abundance [Kalugina-Gutnik, 1975; Kostenko et al., 2004].

Dasya hutchinsiae Harvey, 1833 (Ceramiales Nägeli, 1847, Delesseriaceae Bory, 1828). In the sub-
littoral zone near Cape Montedor; h = 4.5 m; l = 30 m. Epiphytic on thalli of Cladostephus hirsutus (Lin-
naeus) Boudouresque & M. Perret-Boudouresque ex Heesch et al., 2020 and Cystoseira s. l. Seasonal
summer, low-boreal, oligosaprobic, marine. General distribution: the Atlantic Ocean coast, including
islands; seas of the Mediterranean. Off the coast of Crimea, it is rare (3 localities in HBA No. 3,
6–7) and registered in small abundance [Evstigneeva, Tankovskaya, 2010; Kalugina-Gutnik, 1975].
For the HBA “SCC,” the species is indicated for the first time.

As a result, the flora of marine macrophytes of the SPNA “Cape Martyan” now includes 163 species,
which is about 37% of the total number known for the Black Sea [Minicheva et al., 2014]. Obtained data
expand the understanding of the level of natural phytodiversity of the SPNA, HBA “SCC,” and the region
in general.

This work was carried out within the framework of NBG–NSC state research assignment
No. 1023042800079-0-1.6.11;1.5.8.
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ФЛОРИСТИЧЕСКИЕ НАХОДКИ
В ПРИБРЕЖНОЙ АКВАТОРИИ ЗАПОВЕДНИКА «МЫСМАРТЬЯН»

(КРЫМ, ЧЁРНОЕМОРЕ)

С. Е. Садогурский, Т. В. Белич, С. А. Садогурская

ФГБУН «Никитский ботанический сад — Национальный научный центр РАН»,
Ялта, Российская Федерация

E-mail: ssadogurskij@yandex.ru

Для флоры территориально-аквального заповедника «Мыс Мартьян», расположенного на Юж-
ном берегу Крыма (ЮБК), по материалам 2020 и 2023 гг. указаны три новых вида морских мак-
роводорослей: Punctaria latifolia Grev., Compsothamnion gracillimum De Toni и Dasya hutchinsiae
Harv. (последний — впервые для гидроботанического района Чёрного моря «ЮБК»). Спи-
сок макрофитов заповедника теперь включает 163 вида, или около 37 % общего количества,
известного для Чёрного моря. Полученные результаты расширяют представления об уровне
природного фиторазнообразия заповедника, гидроботанического района и региона в целом.
Ключевые слова: макрофитобентос, флористические находки, заповедник «Мыс Мартьян»,
Чёрное море
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CRHONICLE AND INFORMATION

IN MEMORIAM: ALEXANDER TRAPEZNIKOV
(29.01.1951 – 29.06.2023)

On 29 June, 2023, the outstanding radioecologist
Alexander Trapeznikov passed away – D. Sc., Professor,
head of the Continental Radioecology Department at the In-
stitute of Plant and Animal Ecology of the Ural Branch
of the Russian Academy of Sciences (IPAE UB RAS)
in Yekaterinburg, and head of the Biophysical Station
in Zarechny town, Sverdlovsk Oblast.

A. Trapeznikov was born on 29 January, 1951, in Perm.
In 1973, he graduated from the Faculty of Biology
of the Perm State University. Since 1974, he worked
at the Biophysical Station of IPAE UB RAS, and since 1993,
he headed this station. In 1990, he defended his PhD
thesis Accumulation, Distribution, and Migration of 60Co
in Freshwater Ecosystem Components; in 2001, he defended
his dissertation Radioecology of Freshwater Ecosystems (on
the Example of Ural). The main areas of his 50-year sci-
entific activity were as follows: radioecology of freshwater
ecosystems exposed to nuclear fuel cycle enterprises; study

of ³H, ⁶⁰Co, ⁹⁰Sr, ¹³⁷Cs, and 239,240Pu migration in river and lake ecosystems and reservoirs; and con-
struction of migration models of technogenic radionuclides in large river ecosystems. The works au-
thored by Alexander Trapeznikov are of great fundamental and applied significance for radioecology.
His scientific, organizational, and educational activities made the Continental Radioecology Department
of IPAE UB RAS in Yekaterinburg and the Biophysical Station in Zarechny a recognized international
scientific radioecological center.

A. Trapeznikov became the author of more than 460 scientific publications, inter alia 14 mono-
graphs and 10 patents. Out of his works, fundamental monographs are worth noting: Freshwater Ra-
dioecology (2012) and a 3-volume Radioecological Monitoring of Freshwater Ecosystems (2014, 2016,
and 2018).

Alexander Trapeznikov was a member of the Bureau of RAS Scientific Councils on Radiobiology.
He was awarded the title of Honored Ecologist of the Russian Federation. Moreover, he was awarded
the medal in the name of N. Timofeeff-Ressovsky (UB RAS), the prize of the I International Compe-
tition of Scientific Papers in Radioecology named after V. Klechkovsky, and the medal named after
academician E. Avrorin (UB RAS).
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For many years, A. Trapeznikov served on the editorial board of Marine Biological Journal.
The IBSS Radiation and Chemical Biology Department successfully and fruitfully cooperated with

the Continental Radioecology Department headed by Alexander Trapeznikov. Within the framework
of the IAEA project and the RFBR grant, joint studies were carried out, and internships of young
researchers were organized. The results of these investigations were reported at international confer-
ences and seminars and reflected in collective scientific publications. Colleagues will always remember
A. Trapeznikov not only as an outstanding scientist, a talented organizer, and a great leader, but also
as a kind-hearted, sincere, and understanding person and a wonderful family man.

IBSS staff deeply mourns and expresses its sincere condolences and support to colleagues
and relatives of Alexander Trapeznikov.

Colleagues from the IBSS Radiation and Chemical Biology Department

ПАМЯТИ АЛЕКСАНДРА ВИКТОРОВИЧА ТРАПЕЗНИКОВА
(29.01.1951 – 29.06.2023)

29 июня 2023 г. ушёл из жизни выдающийся радиоэколог Александр Викторович Трапезни-
ков — доктор биологических наук, профессор, лауреат медали имени академика Е. Н. Ав-
рорина УрО РАН. А. В. Трапезников — автор более чем 460 научных работ, среди которых
фундаментальная монография «Радиоэкологический мониторинг пресноводных экосистем»
в трёх томах.
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