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Original paper

Creation of a Coastal Cadastre for Crimea:
Status and Prospects

Yu. N. Goryachkin*, V. V. Dolotov, O. S. Romanyuk

Marine Hydrophysical Institute of RAS, Sevastopol, Russia
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Abstract

The problem of regulating the use of natural resources in the coastal zone of Russia can
largely be solved by creating and adopting a national cadastre of marine coasts. Despite
years of discussions and some practical steps, it has not yet been established. The aim of
the work is to consider the evolution of views on the purpose and content of a cadastre of
Russian marine coasts, to highlight the current state of its creation in general for Russia and
for the Crimean Peninsula in particular. We used literary sources, departmental reports,
materials of various meetings and monitoring observations. There are two stages in setting
up the problem of creating a cadastre. There were virtually single scientific publications
on the subject in between. The first stage is characterized by maximum cadastre re-
quirements. Whereas in the second stage, there was a marked shift in focus from filling
the cadastre with data on natural processes to environmental and socio-economic aspects.
Since the coastal line of Russia is almost equal to the equator length and most of it lies
in remote areas with a harsh climate, the creation of a unified cadastre does not seem real
in the nearest future. It is therefore reasonable to focus on the compilation of cadastres
for specific areas that are of great economic importance, such as the Black and Baltic Seas.
In this context, we introduce for the first time the initial experience and results of compiling
a cadastral survey of the Crimean coastline (1986-1988) into academic discourse and a GIS
developed by us, discussing them in detail. Creation of a coastal cadastre for Crimea is
of significant scientific and practical importance, as it will allow systematization and analy-
sis of data on the status, morphology and dynamics of the coastal zone of the peninsula and
serve as atool to prevent natural and technological risks as well as promote sustainable
development of Crimea.
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Coznanue kagactpa mopckux oeperos Kposima:
COCTOSIHHE BOIIPOCA U MEPCHEeKTUBA
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Mopcxoti euopogpusuueckuii uncmumym PAH, Ceéacmononws, Poccus
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AHHOTAIHUSA

3agady peryJupoBaHus MPUPOAOIOIL30BaHUS B OeperoBoii 30He Poccuy BO MHOTOM MOX-
HO PELINTH IyTEM CO3JAaHUsI M NPUHATHS HAa TOCYIAPCTBEHHOM YPOBHE KaJacTpa MOPCKUX
Oeperos. HecmoTpst Ha MHOTOJETHHE OOCYXICHHUS M HEKOTOPHIC MPAKTUYECKUE IIArH,
OH JI0 HACTOSIIIETO BPeMEHU He co3/1aH. Llenb paboTel — pacCMOTPETH HBOIOIMIO B3IIISI0B
Ha IIpeAHa3HAYCHUE U COAEpXKaHUE KamacTpa MOPCKHX OeperoB Poccum, oCBETHUTH COBpe-
MEHHOE COCTOSIHME BOIIpOCa €ro co3jlaHus B 1enoM aias Poccun u ans KpeiMckoro moiry-
OCTPOBA, B YaCTHOCTHU. VICII0Ib30BaHbI JINTEpATypHbIE HCTOYHUKH, BEIOMCTBEHHBIC OTYETHI,
MaTepHajbl Pa3InYHbIX COBEUIAaHUH U MOHUTOPHHIOBBIX HaOmroAeHuil. BrineneHo qBa 3ta-
Ia B IOCTAHOBKE MPOOJIEMBI CO3aHus KajacTpa. B mpoMexyTkax MexXIy 3TUMH 3TalaMu
10 3TOMY BONpOCY OBUIM €IMHUYHbIE HayuyHble IMyOaukaiuu. /Iy mepBoro sTama Xapak-
TEPHO BBIIBIDKEHHE MAaKCHMAJBHBIX TpeOOBaHWI K comepkaHWIO kamactpa. Ha Bropom
JTane OTMEYEHO PE3KOE CMEIICHHE aKLIEHTOB C HAIMlOJHEHUS KaJacTpa JaHHBIMH O MpH-
POIHBIX MPOLECCaX B CTOPOHY 3KOJOTHYECKOTO U COLMATbHO-3KOHOMHUYECKOTO aCIEKTOB.
INockonbky OeperoBast muuust Poccuu Oiu3Ka 1Mo JUIMHE K 3KBAaTOpy, a OONbIIas ee 4acTb
HaXOAMTCS B TPYJHOMOCTYITHON M KIMMaTHYECKH HEOIaronprusaTHOH MECTHOCTH, CO3/IaHHe
€MHOTO Ka/jacTpa B 0003puMOM OydyIieM He MpeacTaBisfeTcsa peanbHbIM. [TosToMy mene-
€000pa3HO COCPEAOTOUYNTHCS HAa COCTABJICHHMH KagacTPOB OTAEIBHBIX, HauOoJIee BaXKHBIX
B XO3SIIICTBEHHOM OTHOILIECHUU TEPPUTOpUH, Hanpumep, YepHoro u banTuilckoro Mopei.
B cBs13u ¢ 3TUM BIiepBble BBOJUTCS B HAYYHBIH 000OPOT M MOAPOOHO 00CYKAAETCS MEPBbIN
OIIBIT M pe3yJIbTaThl CO3/aHus KajaacTpoBoro omnucanusi 6eperoB Kpeima B 1986-1988 rr.
W CIeTIaHHas Ha ero OCHOBe aBTopamu Hacrtosmieir pabotsr [MC. Co3manue kamactpa
Mopckux O6eperoB KpbiMa nmeeT BaxxHOE HaydHOE M MPAKTHUECKOE 3HAYCHHE, TIOCKOIBKY
OH TIO3BOJIUT CHCTEMAaTH3MPOBaTh M aHAIM3UPOBATH JAHHBIE O COCTOSHHH, Mopdosornu
Y IMHaMHUKe OeperoBoil 30HbI ITOYOCTPOBA, a TAKXKE MOCIYKUT HHCTPYMEHTOM JUIS MIPEJIOT-
BpAICHUS] IPUPOAHBIX M TEXHOTEHHBIX PUCKOB M CIIOCOOCTBYET YCTOWYMBOMY Pa3BUTHIO
Kprima.

Karouesble cioBa: Poccusi, KpeiMckuii moiryocTpoB, KagacTp OeperoBoil 30HBI, JINTOIH-
Hamuka, [ IC

BaarogapHocTu: pabota BBHIIOJHEHA B paMKax BBITIOJHEHUS TOCYAAPCTBEHHOTO 3aaHUs
FNNN-2024-0016 MT'1 PAH.

Jna uurupoBanusi: [opaukun FO. H., Jonomoe B. B., Pomaniok O. C. Coznanue
KajacTpa Mopckux OeperoB KpbIMa: cocTosiHME BOIpOCa M TIEpCIieKTHBa // DKOJIOrHYecKast
6e3omacHOCTh PUOpEXHOH U menb(oBoit 300 Mopst. 2026. Ne 2. C. 6-25. EDN GWPAEQ.
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Introduction

Studying the processes occurring in the coastal zone of the Russian Federation,
forecasting its dynamics, and countering hazardous natural and man-made process-
es are pressing challenges recognised by the scientific community and administra-
tive bodies. In recent decades, economic operators and state bodies in the Russian
Federation have been confronted with adverse processes in the coastal zone, pre-
dominantly of anthropogenic origin. Moreover, the situation is complicated by nu-
merous cross-sectoral conflicts. This hinders economic development and poses
a threat to the sustainability of the natural environment and its aesthetic appeal.
This applies in full to the coastline of the Crimean Peninsula as well.

Among scientists specialising in coastal issues and practising hydraulic engi-
neers, it is widely held that the challenge of regulating land use in the coastal zone
can, to a large extent, be addressed through the creation and adoption, at national
level, of a coastal register.

The idea of such a cadastre was first implicitly proposed in 1954 by V. P. Zen-
kovich, the founder of Soviet coastal science [1], who understood the cadastre
to mean a scientific description of each section of the coastline, including an analy-
sis of its dynamics, a forecast of expected changes and an assessment of its practi-
cal suitability. At the same time, V. V. Longinov, an authoritative scholar in the field
of coastal science, expressed himself more clearly and concisely: “A coastal cadas-
tre should be understood as a description of the coastal zone, revealing its nature
as an object of practical activity” [2, p. 44].

As early as 2008, during the existence of the Russian Federation, a glossary
on the coastal zone cadastre was published ». The glossary defines the cadastre
as a constantly updated, refined (detailed) and systematised collection of data
on the coastal zone from geographical, administrative, geological-morphological
and socio-economic perspectives. It is emphasised that, similarly to other cadastres,
it should be an official document for nationwide use, forming an important part of
the relevant legislative act at federal level. In the conceptual study [3], the coastal
systems cadastre is seen as a methodologically systematised collection of data that
guantitatively and qualitatively characterises the phenomena and resources located
within the territory under consideration and the adjacent water area, reflecting
the high dynamism and complexity of coastal systems.

For Crimea, the first and, to date, only cadastral survey (1986-1988) was car-
ried out at the Institute of Mineral Resources (IMR) (Simferopol) under the super-
vision of O. S. Romanyuk. The challenges involved in establishing a cadastre
for Crimea were discussed in the works of researchers at V. I. Vernadsky Taurida
National University and Marine Hydrophysical Institute of the Russian Academy
of Sciences? [4-7].

D Gogoberidze, G.G., Zhamoida, V.A., Nesterova, E.N., Ryabchuk, D.V. and Spiridonov, M.A.,
2008. Glossary on the Coastal Zone Cadastre. Saint Petersburg: RSHU, 95 p. (in Russian).

2 Mikhailov, V.A. and Soloviov, V.I., 2013. [Data Base for the Marine Coast Cadastre].
Moscow. State Registration Number 2013620057.
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Following the change in the political and economic system within the Russian
Federation, the role of state regulation of natural resource use has grown in the def-
initions of the cadastre: the state is considered to act as a mediator for economic
entities, and the cadastre should serve as the basis for its activities.

However, despite many years of discussion and some practical steps, no such
cadastre currently exists. Although, in our view, it could serve as an effective
mechanism for sustainable natural resource management and integrated coastal
zone management. The creation of a coastal cadastre would provide a legal frame-
work for regulating relations both between economic operators and between enter-
prises and state authorities, and would help to reduce natural and man-made risks
to coastal systems. This is demonstrated by examples of natural resource cadastres
and registers that actually exist and are in operation in the Russian Federation:
the State Forest Register, the State Water Register, the State Cadastre of Mineral
Deposits and Occurrences, the State Cadastre of Specially Protected Natural Areas,
and the State Cadastre of Wildlife. The Land Cadastre deserves special mention,
as it contains information on the natural, economic and legal status of land and
plays a huge role in the economic life of the Russian Federation.

The aim of this paper is to examine the evolution of views on the purpose and
content of the Russian Federation’s coastal cadastre, and to highlight the current
state of play regarding its establishment, both for the Russian Federation as a whole
and, in particular, for the Crimean Peninsula.

Methods and materials

In preparing this article, we drew on academic sources, departmental reports,
previously unpublished materials from various meetings and data from monitoring
observations and studies conducted by various organisations, including Marine
Hydrophysical Institute of the Russian Academy of Sciences. The cadastral GIS
was developed as a 32-bit desktop version, using the object-oriented programming
language Delphi and the Windows 7-10 operating system. The base map used
comprised nine vector layers, including land and seabed relief, as well as a detailed
representation of coastal features. All GIS map features are stored in ESRI shape-
file formats.

Results and discussion

Definition of a cadastre. According to the definition in the Great Soviet
Encyclopaedia ®, a cadastre (French: cadastre) is a list or register compiled
by an official body or institution, such as a water cadastre or a land cadastre.
In the Great Russian Encyclopaedia ¥, the term “cadastre” is defined as an orga-
nised list or register of certain important objects, officially compiled by the state
on the basis of data from observations carried out periodically or continuously.

%) [Cadastre]. In: A. M. Prokhorov, ed., 1969-1978. [Great Soviet Encyclopedia]. Moscow:
Sovetskaya Entsiklopediya. Vol. 11, p. 137 (in Russian).

4) [Cadastre]. In: Yu. S. Osipov, ed., 2004-2017. [Great Russian Encyclopedia]. Moscow. Vol. 12,
p. 374 (in Russian).
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The Russian Internet Encyclopaedia (RUWIKI) provides a similar definition.
In international practice, this term is generally used in the context of land resource
management. In the Russian Federation, it is also associated primarily with land
relations. This may be why, in Russian legislation, the term “cadastre” is gradually
being replaced by the term “register”; however, in essence, the main functions of
the cadastre (recording and systematisation) remain unchanged.

Stages in the development of the cadastre concept in Russia. An analysis of
publications on the issue of establishing a coastal cadastre reveals two distinct
stages: the first during the existence of the USSR (namely, in the mid-1950s) and
the second from the beginning of the 21% century. Between these two stages, there
were almost no academic publications on this subject.

In brief, the information that a cadastre was meant to contain was defined
as follows [1]:

1. An introductory theoretical section setting out general principles regarding
the morphology and dynamics of sea coasts, as applicable to the coast in question
and necessary for engineering and technical staff to understand the rest of the text.

2. General physical characteristics of the basin, the adjacent land and the coast-
line proper: the geographical location and outline of the sea, depths, water masses
and benthic fauna, climatic conditions (winds, precipitation, temperature and ice
conditions); waves and currents, water level patterns; the topography and hydrog-
raphy of the adjacent land and the water and solid runoff of rivers; the geological
structure and geological history of the coasts, economic and geographical charac-
teristics, transport links, major hydraulic engineering structures, a description of
sediments (their origin, volume and depositional patterns), and detailed bathymet-
ric profiles of the underwater coastal slope showing the structure of the seabed and
the nature of the seabed material.

3. History of the development and study of the basin; archaeological and his-
torical monuments and documents; a review of the literature, maps and archival
materials; and a review of our own studies and obtained data.

4. Principles for the coastline zoning and a list of the designated zones.

5. A detailed zone-by-zone description, including an analysis of the dynamics
(and regime) of the coastline, with elements of forecasting and an assessment of
the coastline for practical purposes.

6. General conclusions by zone, summarising the detailed descriptions and
serving as the basis for new scientific findings.

Compiling such an extensive list of information — which the cadastre is required
to contain — for the vast majority of coastal areas in the Russian Federation is virtu-
ally impossible even now, 70 years on. In paper [2], this list was expanded even
further to include seismic conditions, results of dry land and offshore drilling, and
much more. To illustrate the level of detail proposed by the author, we will now
provide only a description of the necessary information regarding wave conditions:

— statistical data on wave activity;

— progression of storms by stage (developing, mature, dissipating) and
by wind action;

— the number of swells;

— areas where waves of various directions and strengths shoal and break;
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— the nature of wave breaking and the resulting surf;

— the nature of the resulting translational wave;

— run-up heights of swash flows on the beach and their velocities;

— data on the parameters of waves entering the coastal zone from the open
and their parameters prior to breaking;

— the velocities and directions of currents arising in the bottom layer, as well as
throughout the entire water column of the coastal zone under various wave condi-
tions;

— information on cross-shore compensation (return) flows, rip currents, and
longshore currents in the coastal zone;

— adescription of wave refraction and its patterns, where refraction is significant.

Such an extensive list of data was clearly excessive at that stage in the devel-
opment of coastal science. To be fair, it should be noted that the author of article [2]
(V. V. Longinov) contributed significantly to the development of the theory of coas-
tal zone lithodynamics®:®. It is only now, with the development of mathematical
models and computing technology, that it has become possible to solve problems
involving the determination of the quantitative characteristics of lithodynamic pro-
cesses, albeit approximately and with some margin of error, and only for certain
regions (see, for example, works [8, 9]).

Overall, the first stage was characterised by the setting of the most stringent
requirements for the cadastre content, reflecting the significant advances in coastal
science during that period and a certain degree of optimism regarding the future.
Of note, these detailed lists did not include a description of the anthropogenic pres-
sure level, due to its negligible role at that time.

In the second stage (early 21% century), the content of the proposed cadastre
shows a marked shift from information on natural processes to socio-economic
aspects. Thus, paper [10] asserts that the cadastre must include the following in-
formation sections: physical-geographical information; administrative and legal
information; geological and geomorphological information; resource information;
economic information; environmental protection information; and information
on hazardous natural and natural-manmade processes.

Elaborating on this approach, the authors [3] propose the creation of a coast-
line cadastre in the form of a modular information and analytical system, based
on three modules: administrative and economic; landscape and geographical; and
eco-socio-economic. The authors believe that the landscape-geographical module
should include the location of the coastline in the form of linear features; land
cover (sand, forests, tundra, marshes, etc.) in the form of polygonal features;
the geological and geomorphological structure of the coastline and the shelf area of
the coastal waters; the relief of the land-based part of the coastal territory in the form
of polygonal features; hydrography (seas, lakes and reservoirs, watercourses, rivers
and channels, canals, etc.) in the form of polygonal/linear features; the bathymetry
of the seas adjacent to the coastal regions, in the form of polygonal features.

sea

% Longinov, V.V., 1963. [Dynamics of the Coastal Area of Tideless Seas]. Moscow: Izd-vo
Akademii Nauk, 379 p. (in Russian).

8 Longinov, V.V., 1973. [Essays on Oceanic Lithodynamics]. Moscow: Nauka, 244 p. (in Russian).
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In this list (albeit not a detailed one), the description of the natural environment is
considerably less detailed than was stated in the cadastral drafts at the first stage.

The works of V. P. Zenkovich. It is interesting to note that, for half a century
following the publication of articles [1, 2], not a single significant work appeared
in which the term “cadastre” featured, apart from V. P. Zenkovich’s brief abstracts
in the proceedings of the 9" Congress of the Geographical Society of the USSR
[11]. In these, he once again justifies the need to create a coastal zone cadastre as
a systematic collection of data on coast types, their morphology, dynamics, stabil-
ity and degree of economic development, which should serve as a scientific and
practical basis for the rational use of coastal areas. Coastal zone monitoring is re-
garded as an essential complement to the cadastre and is understood as the long-
term and regular observation of changes to coastlines with the aim of identifying
trends, forecasting hazardous processes and assessing the consequences of human
activity. It is also emphasised that only an integrated system of cadastre and monitor-
ing allows for the scientifically sound planning of coastal protection measures and
the minimisation of environmental and economic damage. Notably, the author ex-
presses concern as for the deterioration of the natural condition of the coastal system.

During the half-century period mentioned above, scientists’ main efforts were
generally directed towards studying individual components of the coastal zone’s
natural environment, which was clearly insufficient for compiling a detailed ca-
dastre of the coastline. However, attempts were made to move closer to this goal
for certain regions (for example, the Crimean Peninsula). In article [1], V. P. Zen-
kovich argued that the work carried out by the Institute of Oceanology of the USSR
Academy of Sciences between 1945 and 1951 made it possible to create, as a first
approximation, a cadastre of the Soviet Black Sea coastline. It is difficult to agree
with this, since the seminal work published on the basis of these studies — which
played an enormous role in the development of coastal science ” — lacks the formal
characteristics inherent in a cadastre as a document. The author was apparently
aware of this, as he characterised this work as a cadastral description and called
for this experience to be extended to all the seas of the USSR.

The development of the concept of a cadastre in the late 20" and early 21% cen-
turies. In the late 20" century, two works by scholars from Saint Petersburg were
published, in which the issue of creating a cadastre of marine coasts was raised once
again [12, 13]. From this period onwards, discussion of this issue and practical
steps were resumed. For instance, work commenced by the All-Russian Geological
Research Institute of A. P. Karpinsky (the Karpinsky Institute) and the non-govern-
mental organisation Yuzhmorgeologiya along the coasts of the Baltic and Black Seas.
A section on the cadastre of the coastal zone of the Black Sea and Sea of Azov,
prepared based on the results of these studies, was incorporated into the Law of
the Krasnodar Krai of the Russian Federation “On the Coastal Zone of the Black Sea
and Sea of Azov within the Krasnodar Krai” (No. 156-K3 of 18 November 1998).
As part of the Russian Shelf Programme, implemented in the early 2000s, it was
proposed to establish a separate programme for the comprehensive study of Russia’s

) Zenkovich, V.P., 1960. [Morphology and Dynamics of the Soviet Coasts of the Black Sea].
Moscow: 1zd-vo AN SSSR. Vol. 2, 216 p. (in Russian).
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coastlines, entitled Russian Coastlines. One of the intended outcomes of the pro-
gramme was to create the State Cadastre of Russian Coastal Areas; however,
no funding was allocated for this.

The paper [14] raises the issue of establishing a system of coastal and marine
cadastres in the Far Eastern region with a view to the rational and integrated man-
agement and use of natural resources in coastal zones. The paper also justifies
the need to use information-based coastal cadastral systems as a tool for resolving
the main conflicts arising from traditional natural resource use, management
decision-making, environmental monitoring and nature conservation measures.
Researchers from the Karpinsky Institute and the Russian State Hydrometeoro-
logical University (RSHU) have, for the first time, developed and published a re-
ference guide v, which sets out the key concepts and terminology of the cadastre.
The Karpinsky Institute is developing a project named Reference and Information
System on the Geology and Resources of the Russian Sector of the Baltic Sea and
its Coastal Zone.

In 2012, an article was published by researchers from the RSHU, the Karpin-
sky Institute and Peter the Great Saint Petersburg Polytechnic University (SPbPU),
entitled Concept for the Development of a State Cadastre of the Coastal Zone of
the Seas of the Russian Federation [10]. Relying on this work, paper [3] proposed
a structure and purpose for the information and analytical system State Cadastre
of the Coastal Zone of the Russian Federation, taking into account the spatial hier-
archy of coastal territories and coastal zones. A pilot project to create such a sys-
tem, using the Kaliningrad Region as a case study, was proposed.

A series of meetings and conferences has led to the launch of a project to es-
tablish a State Cadastre of the Russian Arctic’s coastal zone. A number of steps are
being taken to this end [15-17]. An indicator-based approach is being developed
to assess the state of the natural and socio-economic environment of the coastal
zone ¥ [18, 19].

In October 2022, as part of the First All-Russian Scientific and Practical Con-
ference Russia in the UN Decade of Ocean Sciences, a round-table discussion enti-
tled The Cadastre of Russia’s Sea Coasts: Groundwork, Challenges and Prospects
took place, in which one of the authors of this article participated. A resolution was
adopted, noting “the existence of a substantial foundation for the systematisation
of information on the coastlines of the Russian Federation” [20, p. 375]. The opera-
tive part drew “the attention of federal and regional administrative bodies to
the need to develop a package of regulations governing the inventory of natural
resources and features of coastal territories and adjacent waters... including
the compilation of the Cadastre of the Russian Federation’s Sea Shores and the es-
tablishment of a system of natural and economic accounting”. It was recommended
that “research and development work be initiated on ‘The Development of Prin-
ciples and Tools for the Cadastre of the Sea Coasts of the Russian Federation
[20, p. 376]. The resolution proposed the Kaliningrad Region as a pilot region
for testing the principles and implementing the tools of the Cadastral Register of
the Marine Coasts of the Russian Federation.

8 Spiridonov, A.l., ed., 1980. [Four-Language Encyclopedic Dictionary of Physical Geography
Terms: Russian, English, German, French]. Moscow: Sovetskaya Entsiklopediya, 703 p. (in Russian).
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The current situation and challenges in establishing a cadastre. At present,
the need to establish a cadastre of the country’s coastlines is evident to many
in the Russian Federation; however, there are also certain difficulties. It must be
borne in mind that, according to the Great Russian Encyclopaedia, the total length
of the Russian Federation’s coastline is approximately 39,053 km, which is almost
equal to the length of the equator. Most of the coastline is situated in hard-to-access
areas with a harsh climate. Consequently, the task of creating a unified cadastre
does not appear feasible in the foreseeable future. Therefore, in our view, the focus
should be on compiling cadastres for individual territories of the greatest economic
importance, such as the Black and the Baltic Seas.

Another problem is the lack of qualified scientific and engineering staff in or-
ganisations conducting research in the coastal zone, as well as their inadequate ma-
terial resources. Compared with the late Soviet era, the number of staff employed
by these organisations has fallen sharply, and some organisations have been wound
up altogether. It is worth noting here that, over the past two years, several enthusi-
asts who championed the idea of creating a cadastre have passed away: the renowned
scientists G. G. Gogoberidze, R. D. Kosyan and M. A. Spiridonov, who were highly
respected in scientific and administrative circles.

There are also legal issues. These include, first and foremost, ambiguity
in defining the types of maritime activities and the difficulty of taking account of
all forms of natural resource use in coastal and marine areas, owing to the division
of powers between different levels of government in relation to specific activities.
For example, the coastal land itself falls under the jurisdiction of regional authori-
ties, while the maritime space off the coast falls under federal jurisdiction.

In our view, many contemporary perspectives on the cadastre content show
a certain bias towards socio-economic aspects, to the detriment of the natural and
environmental components. There are also doubts regarding the large number of
components within the cadastre content itself, as well as the complexity of calculat-
ing certain indicators proposed in [19], which makes compiling the cadastre highly
problematic.

As noted above, the first — and, until 1986, the only — detailed description
of the Soviet Black Sea coastline within the borders of the USSR was compiled
at the Institute of Oceanology supervised by V. P. Zenkovich in 1954. According
to the supervisor’s own conclusion, this document did not constitute a comprehen-
sive cadastre, but could only be regarded as one of its constituent parts, albeit a very
significant one. Part of this work was published in 1960 7. In this classic work,
considerable attention was paid to the Crimean coast, but only to its western part,
from Sivash to Balaklava. The remaining coastlines (the Southern Coast of Crimea
and the Kerch Peninsula) were described in a report classified as secret, which was
downgraded only after the collapse of the USSR and which remains unpublished so far.

In 1984, the Commission of the Presidium of the Council of Ministers of
the USSR on Environmental Protection and the Rational Use of Natural Resources
instructed the Academy of Sciences of the USSR, the State Committee for Construc-
tion in the USSR and the Ministry of Geology of the USSR to draw up a forecast of
the state of the Black Sea coastal zone up to the year 2000, given the development
of health resorts and the economic development of this zone; to establish a cadastre
of the Black Sea coastline in the coming years and to ensure that the necessary
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engineering-geological maps of the Black Sea coast were drawn up in 1985-1986.
In pursuance of these decisions, the following regulatory documents were issued:

— Order No. 497 of the Ministry of Geology of the USSR dated 21 November
1984 “On the Implementation of Measures in the RSFSR, the Ukrainian SSR and
the Georgian SSR to Protect the Black Sea Coastline from Erosion”;

— Order No. 22 of the Ministry of Geology of the Ukrainian SSR dated 17 Jan-
uary 1985, which required the IMR to implement Order No. 497;

— Order No. 21 of the IMR dated 2 August 1985, instructing the project leader,
E. P. Tikhonenkov, to adopt both orders for guidance and implementation.

By letter No. 03/3-376 dated 2 December 1985, the Ministry of Geology of
the Ukrainian SSR instructed the IMR and the Krymgeologiya State Geological
Organisation to produce an engineering-geological map of the coastline from
the mouth of the Danube to the Kerch Strait. In the course of this work, Resolutions
No. 568 of the Council of Ministers of the USSR dated 17 May 1986 and No. 238
of the Council of Ministers of the Ukrainian SSR dated 26 June 1986 were also
issued, requiring the drafting of regulations on the procedure for compiling and up-
dating data on the condition of the coastline. The Ministry of Geology of the Ukraini-
an SSR, in letters No. 03/3-213 of 24 July 1986 and No. 03/3-245 of 11 August 1986,
emphasised the importance of the coastal cadastre work and instructed the IMR
to submit proposals to higher-level organisations, which was duly carried out.

Under a commercial contract with the Crimean Hydrological Expedition of
the Krymgeologiya State Geological Organisation (Krymgeologiya), the IMR drew
up an unclassified diagram entitled Zoning of the Crimean Coast According to Dy-
namic Conditions, which was implemented by the Crimean Regional Executive
Committee, the Evpatoria and Feodosia Territorial Councils of the Ukrainian Council
for Resort Management, the Geological Inspectorate for the Southern Coast of Cri-
mea under the Crimean Landslide Prevention Administration, and the Simferopol
branch of UkrGIINTIZ.

In the course of work on this subject, Resolution No. 568 of the Council of
Ministers of the USSR, dated 17 May 1986, and Resolution No. 238 of the Council
of Ministers of the Ukrainian SSR, dated 26 June 1986, “On Improving the Effec-
tiveness of Work to Protect the Coasts of the Black and Azov Seas from Erosion”
were issued. These resolutions instructed the Academy of Sciences of the Ukraini-
an SSR, the USSR State Committee for Hydrometeorology and Environmental
Monitoring, the USSR Ministry of Geology and the USSR State Committee
for Construction were tasked with developing, in collaboration with the Councils
of Ministers of the RSFSR, the Ukrainian SSR, the GSSR, and to approve, in the first
half of 1987, regulations on the procedure for compiling and updating data on the con-
dition of the coasts and on landslide processes leading to the erosion of the coastal
zone of the Black Sea and the Sea of Azov.

The 1988 Cadastre of the Crimean Coast. Between 1986 and 1988, under
a commercial contract with the Crimean Hydrological Expedition of the Krym-
geologiya, the IMR carried out work “To compile a cadastre of the above-water
portion of the Crimean coast at a scale of 1:200,000”. The cost amounted to
35,000 Soviet roubles, which, based on the consumer price index and the cost of basic
commodities, would roughly correspond to 10 million Russian roubles in 2026.
The field and office studies were carried out in fact by two staff members, with one
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of the authors of this paper acting as the project leader and principal investigator.
Use was also made of archival materials from the Krymgeologiya, P. P. Shirshov
Institute of Oceanology of the USSR Academy of Sciences, Rostov State Universi-
ty, the Crimean Research Institute of Design (KrymNIlproekt), the Evpatoria Hy-
drogeological Station of the Regional Council, Ukrzemproekt and VSEGINGEO.
Economic and recreational development of the coast was assessed from periodi-
cal publications. The terms of reference covered the entire coastline, excluding
the Southern Coast of Crimea.

That study was guided by the definition given in work ®: a cadastre is a sys-
tematic collection of data comprising a qualitative and quantitative inventory
of objects and phenomena, accompanied by a socio-economic assessment, which
is compiled either periodically or through continuous observation of the relevant
objects. The main content of the study included:

— zoning of the Crimean coasts into zones for the purposes of a cadastral
description of the coastline at a scale of 1 : 200,000;

—compilation of a comprehensive regional-typological characterisation of sub-
ordinate taxonomic units;

— identification of the main tasks for the prospective study of the Crimean
coastline.

The work proceeded in four stages: (1) analysis of published and archival
material covering up to 100 years; (2) fieldwork and collected data processing;
(3) coastline zoning; and (4) typological characterisation of the identified taxa.

In his book ”, V. P. Zenkovich based his classification of the Black Sea coast-
line on the tectonic or geological structure of the surrounding areas, as this largely
determines the relief of the entire coastal zone, including both the land and the sea-
bed. This approach is, in fact, analogous to engineering-geological classification?.

The zoning performed by the IMR was based on factors controlling the rate
of shoreline transformation (erosion or abrasion, and the transport of eroded mate-
rial leading to the formation of mobile accumulation landforms) or its dynamics.
These factors were grouped into three genetic categories: geological and geomor-
phological (lithological and stratigraphic rock strength complexes, neotectonic
movements, seismic conditions, coastal and beach morphometry and exogenous
geological processes (EGP)); hydrometeorological (wind, wave and sea-level regimes)
and biological (marine biological productivity affecting EGP). Rock lithology was
the key factor for zoning. Based on the main characteristics and with due account
of these factors, individual thematic maps were compiled and then combined using
a matrix-based approach, which enabled zoning of the coastline by its dynamic
conditions at a scale of 1:200,000.

During fieldwork, sampling and the selection of sampling points, as well as
the processing of material and analysis of the results, the methodology for coastal
studies approved by the Ministry of Geology of the Ukrainian SSR was utilised 9.

9 Popov, 1.V., 1961. [Engineering Geology of the USSR. Part 1. Theoretical Foundations of
Regional Engineering Geology]. Moscow: 1zd-vo MGU, 178 p. (in Russian).

10) Romanyuk, O.S., 1980. [General Methodological Guidelines for the Study of Exogenous
Coastal Processes with a View to Forecasting the Development of the Black Sea and Azov Sea Coasts
Within the Ukrainian SSR]. Simferopol: Institut Mineralnykh Resursov, 120 p. (in Russian).
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For typological zoning based on subordinate taxa, the characteristics of approxi-
mately 500 coastal points were examined. Neighbouring points were determined
to be identical in terms of shore type, which made it possible to identify sections of
the coastline as the basis for subordinate taxa.

The following classification principles were applied:

—hierarchy — the subdivision of the territory from the general (the whole of
Crimea) to the specific (base sections);

—mutual exclusivity — each coastal unit falls into only one of the proposed types
when classified by a specific criterion: by genesis — erosional, accumulative, or ero-
sional-accumulative; by relation to tectonic structure — longitudinal or transverse, etc;

— nestedness — the set of common characteristics grows as the subdivision pro-
ceeds (for example, at the regional level only the structural-tectonic feature is com-
mon, whereas at the section level a whole range of common characteristics applies);

— consistency — taxonomic units are identified according to uniform principles.

The coastal zoning was five-tiered, in contrast to the three-tiered approach
used in study ”. Below is a brief description of the subordinate taxonomic units
used in the zoning of the Crimean coast for cadastral purposes.

A region is a territory sharing a common tectonic structure that determines
the inherited pattern of coastal development under predominantly unidirectional
neotectonic movements.

A province is a geomorphologically distinct territory within a region, defined
by a subordinate tectonic structure. A province is characterised by a predominantly
uniform process (erosion or accumulation), albeit on coastlines of different types
(erosional and accumulative).

A district is an area delineated within a geomorphological province on the basis
of the lithology of the rocks exposed along the coast, which determines the rate
of coastal processes common to the province.

A sub-district is a territory delineated within a district on the basis of specific
hydrodynamic parameters resulting from the spatial heterogeneity of the area.

A section is the basic unit in a taxonomic description, the boundaries of which
are determined by the similarity of the territory (at a scale of 1:200,000) in terms
of coastline type, morphometry, the set of EGP and the relative rate of their occur-
rence, and suitability for recreational development. In total, 2 regions, 3 provinces,
6 districts, 7 sub-districts and 31 sections were identified (Fig. 1).

The 1988 coastal cadastre was compiled on the basis of an analysis of the char-
acteristics of individual points. The textual and graphical components of the descrip-
tion contained all or most of the following features:

— the point number and its geographical coordinates;

—a hypsometric profile of the coastline extending 2 km inland and up to
the 20-metre isobath, or 2 km seaward of the shoreline;

—a geological and geomorphological profile of the coastal outcrop;

— morphometric data for the coastline, either in the profile or in the text;

—a diagram of the grain-size distribution of the sandy component of beach
deposits;

— the ratio of light to heavy mineral fractions for sandy deposits, or the mineral
composition of gravel and pebble deposits;

— certain characteristics of wind and wave conditions based on available ob-
servation points;
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— the type of coastline and the developed EGP;

— the degree of development of the surrounding area.

The comprehensiveness of the information on each point depended on the extent
to which the area had been developed and studied, and on the availability of per-

manent EGP observation points. Taxonomic units of various ranks were described
according to a standardised plan:

— geographical location;
— coastline type (genetic, morphological, secondary changes, development trend);

— geological characteristics (geological and structural features, lithological and
strength complexes), neotectonics, seismicity;

— EGP on the coast, their setting and development trends;

— coastal morphometry (bedrock and beach deposits);

— hydrodynamics and meteorological conditions;

— marine biological productivity as a factor in coastal dynamics;

— the region’s economic development (land use) and potential for recreational use;

— coastal protection works.

In addition to the typological zoning of the Crimean coastline and the descrip-
tion of individual locations, the 1988 cadastre contains general sections providing
a brief overview of the Crimean Peninsula: a prospective economic assessment of
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Fig. 1. Schematic typology zoning of the coast of Crimea (delineation 2025). The full-
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the territory; information on the population, the development of the resort and rec-
reational infrastructure, and road construction; an assessment of agricultural land,;
a description of coastal protection measures; and a natural and climate assessment
of the coastline.

General engineering-geological parameters are also provided: the grain-size
distribution of sandy beach deposits; the mineral composition of beach deposits;
the erosion resistance of rocks; and tectonic processes.

The work on compiling the cadastre was completed during the Soviet Union’s
collapse; consequently, with a few exceptions, the findings were not incorporated
into academic discourse. Of course, it is difficult to describe this work as a fully-
featured cadastre, not least because it was not officially recognised by state bodies
as a guide to action. Another shortcoming is the lack of in-depth analysis of socio-
economic issues.

Following the dissolution of the IMR in 2012, its entire archive — including
materials relating to the cadastral survey of Crimea carried out between 1986 and
1988 — was transferred to Kiev. Only a poor-quality photocopy of the report sur-
vived, which made it virtually impossible to work with it properly. An analysis
of this material revealed that converting it into electronic format would be extreme-
ly labour-intensive: it would require retyping the text and redrawing the graphical
elements in the appropriate software.

The recent digitisation of the report at Marine Hydrophysical Institute.
Between 2024 and 2025, this work was carried out using computer technologies,
including the GIS technology. We would like to highlight a few points. The geo-
graphical location of the observation points in the original was presented in two
formats: cartographic and tabular. However, in the cartographic version, the loca-
tions of the points were indicated at intervals of five numbers. The tabular version
listed the locations of 269 points, that is, approximately every second one. Further-
more, some of these points were repeated in both versions and were situated quite
close together on the map, to the extent that they almost coincided. In addition,
it was necessary to take into account that the points on the original diagrams were
plotted on a hand-drawn sea boundary, and the accuracy of their positions was
questionable.

In contrast, the positions of points in the tables were given relative to reference
points, for example, “7 km west of the village of Ishuni” or “2 km east of the town
of Atlesh™. In such cases, the question arose as to whether the measurement was
taken from the boundary of the reference point or from its centre, and what measur-
ing instruments were used. It was subsequently agreed that, where a direction from
a feature was specified, the measurement was taken from the boundary of that fea-
ture corresponding to that direction; where no direction was specified, the point
was located at its centre. In all cases, the points were aligned with the position
of the modern coastline, as it is difficult to assess the accuracy of the 1986 coast-
line delineation; according to our visual assessments, it is extremely low. This is
clearly visible on the black-and-white overlays, where the points, converted to GIS
format, are shown on the map (Fig. 2).

At the same time, the boundaries of coastal settlements were adjusted and their
official names were entered into the system, bringing the total number of digitised
settlements in the coastal zone to 353. In addition to this, the linear boundaries
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Fig. 2. Location of marked points of the inventory on a modern map of Crimea
(black lines with dots represent original fragments of the diagram). The full-scale fig-
ure is available at: https://ecological-safety.ru/repository/issues/2026/02/01/Fig.2.png
(in Russian)

of cadastral units (regions, provinces, districts, sub-districts and coastal zone sec-
tions) and the boundaries of faults were digitised, as well as the total amplitudes
of neotectonic movements. The geographical features of all the diagrams and their
attribute data were also converted into GIS formats. Moving beyond the work
on the text (which mainly involved formatting and organising hyperlinks in HTM
format) we would simply note that the total number of pages, comprising 459 fig-
ures and 9 tables, amounted to 136. Furthermore, all graphic images (345 in total)
were redrawn in colour (unlike the originals), which improved their visual appeal.
All 150 photographs were processed to improve image quality using the PhotoVin-
tage software, which employs artificial intelligence algorithms. Most were success-
fully converted to colour, which not only significantly improved the visual repre-
sentation of the terrain but also eliminated numerous defects such as scratches and
other imperfections.

As the main user interface, we used a representation of the cadastre as a zoo-
mable map with content panels on the left and a display of selected cartographic
features on the right (Fig. 3).

The visual representation of the map is based on the display of cadastral data
against a background of nine base vector layers (ESRI shapefiles) 9.

All numerical data associated with geographical features are loaded into the re-
levant attribute tables and can be accessed by clicking on the feature on the map.

19 ESRI, 1998. ESRI Shapefile Technical Description. An ESRI White Paper. 34 p.
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Fig. 3. The user graphical interface of the GIS Cadastre of the Coast of Crimea, 1988. The full-
scale figure is available at: https://ecological-safety.ru/repository/issues/2026/02/01/Fig.3.png
(in Russian)

Text blocks containing tabular and graphical data are formatted in HTM and con-
tain a large number of hyperlinks, both within the page (havigation between points
on the section) and between pages of general content (see insets in Fig. 3).

We have therefore created the GIS Crimean Coastline Cadastre, 1988, which
has enabled us to preserve this vital work for future researchers, make it user-
friendly and enhance its accessibility.

Work on the creation of a cadastre of the Crimean coastline in the 21st century.
Since the beginning of the 21st century, the issue of creating a cadastre of the Cri-
mean coastline has once again been the subject of discussion in academic and en-
gineering circles. This was prompted by intensive construction in the coastal zone,
which was not always legal. Human economic interests came into conflict with
the natural evolution of coastal systems. Over considerable stretches, the coastline
began to retreat, posing a threat to coastal infrastructure. A significant reduction
in beach area and a deterioration in the composition of beach material diminished
their recreational appeal.

During this period, papers were published by researchers at Taurida University
and Marine Hydrophysical Institute, focusing on the development of the regulatory,
informational and methodological framework ? for the Crimean coastline cadastre
[5-7]. Paper [5] examines models of a coastal zone cadastre and the structure of
the geographical information used in such a cadastre; it discusses issues relating
to the selection of coastal zone boundaries, the scope of the study, the constituent
components of the cadastre (geological-geomorphological, administrative-econo-
mic, socio-economic) and the implementation of GIS packages. Going beyond
purely theoretical issues, the authors of [4] examine practical aspects of creating
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the cadastre and the methodology for its compilation. A notable outcome of this
work is the certificate of state registration issued for the coastal cadastre database 2.

Paper [7] proposes a methodology for comprehensive assessment of beaches
as recreational objects, encompassing their geomorphological, economic and social
components. It is based on algorithms to jointly analyse a large set of parameters
and compute certain integral indices. These indices will are expected to enable ob-
jective assessment of beach condition, dynamics and development prospects and
to support targeted measures to improve recreational comfort and service quality.

As regards the future content of the Crimean coastal cadastre, a large num-
ber of publications have appeared over the last 25 years, providing information
on individual sections of the coastal zone. It is not possible to provide a com-
plete bibliography here. A significant proportion of these are available at:
https://www.coast-crimea.ru/. Of particular note are the comprehensive studies
[21-23], which provide information on the entire Crimean coast; these publications
contain various cartographic materials and a large number of photographs.

Of note, in the absence of a cadastre of the Crimean coastline and given the real
need for one, municipal authorities are themselves creating something akin to
a cadastre. These include, for example, lists of beaches with their characteristics
in Evpatoria, Sevastopol and Feodosia. There is, in fact, a cadastre (scientific ref-
erence guide) of Crimea’s marine protected areas !?, and a cadastre of the Repub-
lic of Crimea’s coastal lakes'®. Details of approximately half of the hydraulic
structures along the Crimean coast (particularly on the Southern Coast of Crimea)
are recorded in the Russian Register of Hydraulic Structures (available at:
http://waterinfo.ru/gts/index.php). This costly work is ongoing.

Over the past 10 years, surveys have been carried out along many stretches
of the Crimean coastline for various types of construction work; however, the sur-
vey data are generally not accessible to a wide range of researchers. This signifi-
cantly slows down the process of populating the cadastre with specific information.

At present, it is clear that, despite numerous meetings, conferences and discus-
sions with senior officials of the Republic of Crimea, the creation of a comprehen-
sive cadastre of Crimea’s coastline remains in doubt.

It is fair to say that following a meeting between scientists from Marine Hy-
drophysical Institute of RAS and the Governor of Sevastopol, work in this area was
initiated. Commissioned by the Department of Natural Resources and Ecology
of the City of Sevastopol (Sevprirodnadzor), engineering-geodetic, morpholytho-
dynamic, engineering-geological, geophysical and environmental surveys were
carried out in the coastal zone stretching from Cape Lukul to Cape Karantinny (24 km),
engineering-geodetic, morpholithodynamic, engineering-geological, geophysical,

12) Milchakova, N.A,, ed., 2015. [Marine Protected Areas of Crimea. Scientific Reference Book].
Sevastopol, Simferopol: N. Orianda, 300 p. (in Russian).

13 Vasenko, V.I., Gulov, O.A., Chaban, V.V. et al., 2017. [Scientific and Practical Report:
Cadastral Register of Coastal Lakes in the Republic of Crimea. Types of their Economic Use
(as at 1 January 2017)]. Saki: Fondy GUNPP RK Krymskaya GGRES, 36 p. (in Russian).
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environmental and hydrometeorological surveys were carried out. The work was
carried out in 2021-2022; the cost of the work amounted to approximately 75 mil-
lion roubles. As a result, a virtually complete set of data was obtained, necessary
for compiling a cadastral register for this part of the coastline.

Marine Hydrophysical Institute of RAS is currently developing a software and
information framework for cadastral valuation of recreational and coastal zones
along the Crimean coast, and is populating individual subject-specific catalogues
with data. To enable comparison of changes over time, the structure of the system
will be similar to that of the “1988 Crimean Coast Cadastre” GIS described above.
In addition to traditional data, information obtained using modern technologies will
be included, i. e. satellite imagery, orthophotos captured by UAVS, results of math-
ematical modelling of lithodynamics, and so on.

The software and information framework can be used as a basis for creating
a comprehensive cadastre of the Crimean coastline. This will require the joint
efforts of all relevant organisations.

Conclusion

In our view, the creation of a Crimean coastal cadastre is of significant scien-
tific importance, as it allows the systematisation, analysis and synthesis of data
on the state, morphology and dynamics of the peninsula’s coastal zone. The cadastre
serves as the basis for:

—developing scientifically based methods for monitoring and managing coastal
processes;

—studying the patterns of interaction between natural and anthropogenic fac-
tors affecting coastal stability;

— modelling erosion, accumulation and transformation of coasts under the in-
fluence of hydrometeorological, tectonic and anthropogenic factors;

— creating geoinformation databases necessary for comprehensive geoecologi-
cal and geomorphological studies.

Thus, the Crimean coastal cadastre should contribute to deepening scientific
understanding of the functioning of coastal geosystems and to forming a basis
for long-term forecasting of changes in the coastal zone.

From an applied outlook, the Crimean coastal cadastre has high practical signifi-
cance for economic development and rational nature management. Its use enables:

— assessing the current state of the shoreline;

— justifying engineering protection measures;

— supporting management decisions in planning infrastructure, construction
of ports, resort and recreational facilities;

— performing cadastral and environmental monitoring of coastal areas;

— developing the legal and regulatory framework for regulating nature man-
agement in the coastal zone.

Furthermore, the cadastre serves as a tool for mitigating natural and man-
made risks and contributes to the sustainable development of the coastal regions
of Crimea.
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Abstract

The Black Sea coast of the North-Western Caucasus is a key biodiversity hotspot; however,
its landscapes are experiencing increasing anthropogenic pressure. Cape Khako, located
within the Abrausky State Nature Sanctuary, represents a unique model site for studying
the interaction of geomorphological processes and vegetation cover in the coastal zone.
The paper aims at a comprehensive analysis of the landscape structure of the coastal zone
at Cape Khako, including an examination of its geomorphological structure and the spatial
distribution of terrestrial and benthic vegetation, as well as an assessment of the current
state of the ecosystems. The study was conducted using landscape-ecological profiling,
geobotanical and hydrobiological descriptions, interpretation of satellite imagery and geoin-
formation mapping. For the first time for this territory, a large-scale geomorphological map
has been compiled, and the spatial organization of terrestrial and benthic phytocenoses has
been detailed. The study shows that the landscape structure is characterized by the domi-
nance of abrasion-denudation cliffs, complicated by active gravitational processes (land-
slides, rockfalls), which determines the mosaic pattern of ecotopes. A clear zonation of
vegetation was revealed: from shiblyak (deciduous shrubland) and relict krummbholz stands
of Pinus pityusa on upland plains to upland xerophytic communities on steep slopes, which
host a number of protected and endemic species. It is shown that in the coastal waters,
the distribution of benthic phytocenoses is strictly governed by the geomorphology of
the underwater coastal slope. Signs of anthropogenic ecosystem degradation were identi-
fied: pyrogenic transformation of vegetation over part of the territory and the emergence
of algocenoses dominated by genera Ulva and Ectocarpus as indicators of the initial stage
of eutrophication. The obtained results underscore the high vulnerability of this unique
landscape complex and the necessity of applying a systemic approach to its conservation,
considering not only the preservation of individual species but also the integrity of the en-
tire system of interconnected geomorphological and biotic processes.
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AHHOTAUMSA

Yepromopckoe modepexnbe CeBepo-3amaanoro Kapkasa sIBISCTCS KIFOUEBBIM LICHTPOM OHO-
pazHO00pa3us, OTHAKO €ro JaHAMA(THI UCIBITEHIBAIOT PACTYIIYIO AaHTPOIIOTCHHYIO HATPY3KY.
Msic Xako, pacroiio>KeHHBIH B TpaHHIAX HPUPOJHOTO 3aKa3HHWKa «AOpaycckuiiy, mpen-
CTaBJIsET COOOM YHUKANbHBIM MOAETBHBIN 00BEKT /Ul U3Y4YEHHUS B3aUMOJCHCTBUS T€OMOp-
(osornyeckux MpoueccoB M PaCTUTEIHLHOTO MOKPOBA B YCIOBHUAX NPUOPEIKHOW 30HBI.
Lenp pabGoThl — KOMIUIEKCHBIH aHAIH3 JIAHAMAPTHONH CTPYKTYpBl OEperoBOi 30HBI MbICa
Xaxo, BKIIOYAIOMINN M3y4eHHEe TeOMOP(OIOTHIECKOr0 CTPOCHUSI, MPOCTPAHCTBEHHOW Op-
TaHU3aLlMU HAa3eMHON M JOHHOM PacTUTEIHHOCTH, a TaK)Ke OLEHKY COBPEMEHHOI'O COCTOS-
HUA dKocucTeM. MccnemoBaHne BBIMOJIHEHO Ha OCHOBE JIAHAIIA()THO-3KOJOTHYECKOTO
npoUINPOBAHNUS, TEOOOTAHNIECKNX W THAPOOHOIOTHIECKUX ONMCAHNUH, ACIIH(ppPUpOBa-
HUSI KOCMHYECKHX CHHUMKOB M reoMH(OpMannoHHOro KaptorpadupoBanus. Brepssie
JUTS 3TOM TEPPUTOPHH COCTaBJIEHA KpymHOMacuiTabHas reoMopdororuueckas Kapra u
JeTaJIN3UPOBaHA IIPOCTPAHCTBEHHAS! OpPTaHMU3AIMs Ha3eMHBIX U JOHHBIX (PUTOIIEHO30B.
YcraHoBieHO, uTO JNaHaGTHAS CTPYKTYpa XapakTepu3yeTcsi JOMUHUPOBaHHEM a0pa3u-
OHHO-JICHY/IAITMOHHBIX KJIN(OB, OCIOXKHEHHBIX aKTUBHBIMH I'PaBUTALMOHHBIMHU TIpoOLIecca-
MH (ONOJI3HHU, O0BAJIBI), YTO ONpENesieT MO3aMYHOCTh 3KOTONOB. BEIABIEHA 4YeTKas 30-
HAJIbHOCTh PACTUTEIBHOCTHU: OT HIMOJISAKOB U PEIMKTOBBIX KPUBOJIECHI COCHBI MMUILyHCKOH
Ha TUIaKopax JI0 HaropHO-KCepO(UTHBIX TPYNIMPOBOK HAa KPYTHIX CKJIOHAX, B COCTaBe KO-
TOPBIX OTMEYEHO 3HAYUTENBHOE YUCIIO OXPAHIEMbIX U YHAEMHUYHBIX BUJIOB. [loka3aHo, 4TO
B IIPHOPEXXHON 30HE pacHpeieneHne JOHHBIX (PUTOLEHO30B CTPOTO IOJYNHEHO reomMopdo-
JIOTHH MTOJIBOJTHOTO OeperoBoro CKiIoHa. BEISBIEHBI IPU3HAKK aHTPOTIOTEHHOH J1erpaialiuu
9KOCHCTEM: NMUPOTEHHAasI TpaHC(HOpMaNUs PaCTUTEIHHOCTH Ha YacTH TEPPUTOPHU U TIOSIB-
JIeHHEe aNbrOLICHO30B ¢ JOMHHHpOoBaHHeM poxoB Ulva u Ectocarpus kak HHIMKAaTOpOB
HavyalbHOM cTaauu 3BTpoduKauuu. [lonydeHHbIE pe3ysbTaThl IOJYEPKHBAIOT BBICOKYIO
YSI3BUMOCTh 3TOT'0 YHHUKAJIBHOTO JIAHIAGTHOTO KOMILIEKCa U HEOOXOJUMOCTh NPUMEHE-
HUSl CUCTEMHOTO MOJAXOJA K €r0 OXPaHe, YYUTBIBAIOLIETO HE TONBKO COXpaHEHHE OTJEINb-
HBIX BHJIOB, HO M IEJIOCTHOCTb BCEH CHCTEMBI B3aHMOCBSI3aHHBIX I'€OMOP(OIOrHIECKUX
1 OMOTHYECKHX TPOIECCOB.

KaioueBblie ciioBa: kbl JOHHAS pacTUTENBHOCTD, NETPOdUTH, YepHOEe MOpe, MOoIyoCT-
poB AGpay, MpUPOAHBII 3aMTOBETHUK

das untupoBanus: Coasunuxoe B. B. Jlangmadtsel 6eperoBoil 30HB Mbica XakKo
(momyoctpoB AbGpay, UepHoe Mope) // Dkomorndeckast 6€30MacHOCTh MPUOPEKHON U
menbhoBoii 30H Mopst. Ne 2. C. 26—42. EDN RHZBCT.
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Introduction

The Black Sea coast, particularly within the North-wWestern Caucasus, is
recognised as one of the key biodiversity centres at the boundary between Europe
and Asia. A complex combination of the Greater Caucasus mountain landscapes
and the marine area creates unique conditions for high levels of endemism and
the preservation of Tertiary relicts [1, 2]. Coastal terrestrial-aquatic complexes act
here as critically important ecotones — transition zones where intense interaction
between marine and terrestrial ecosystems occurs, determining their stability and
biodiversity.

Despite their ecological value, these landscapes are experiencing increasing
anthropogenic pressure associated with recreational activities, urbanisation, and
climate change. This leads to habitat fragmentation, degradation of vegetation cov-
er, and disruption of natural geomorphological processes [3, 4]. Under such condi-
tions, specially protected natural areas (SPNAs), such as the Abrausky State Nature
Sanctuary, which includes Cape Khako, gain particular significance as refugia
for maintaining the populations of rare and endangered species.

Cape Khako is located in the north-western part of the Black Sea coast of
the Abrau Peninsula and lies within the boundaries of the Abrausky State Nature
Sanctuary. The cape itself represents a morphological structure with a relict abra-
sion cliff, adjacent to an accumulative terrace. As a continuation of Mount Koldun
(the summit of the Navagirsky Ridge), the cape belongs to the Greater Caucasus
mountain system. Stratigraphically, the territory is formed by Cretaceous deposits.
The coast is represented by the Myskhako suite (K,mims) and consists predomi-
nantly of dark flysch, including clay shales and friable marls that are most suscep-
tible to weathering. The boundary between dark and light flysch passes through
this area [5]. The territory is characterised by modern relief-forming processes,
primarily of exogenous origin. Along the coastal zone, ancient landforms of abra-
sion and seismic origin are noted. The combination of active geodynamics, diverse
ecotopes, and a Mediterranean-type climate has formed a mosaic of unique plant
communities: from relict mixed forests and juniper woodlands to petrophytic
mountain-xerophytic communities that include numerous endemic and protected
species.

Analysis of published data shows that research on the peninsula is predomi-
nantly concentrated within the Utrish Nature Reserve [6, 7], which has a higher
conservation status, whereas the Abrausky State Nature Sanctuary, including Cape
Khako, remains significantly less studied. Existing works are either of a general
nature or focus on individual components of the flora, while comprehensive studies
integrating geomorphological and geobotanical approaches in this territory are al-
most absent. This gap prevents the development of effective measures for the con-
servation and management of this unique natural complex.
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The purpose of this study is to conduct a comprehensive analysis of the land-
scape structure of the coastal zone of Cape Khako, including detailed geomorpho-
logical characterisation, description of the spatial organisation of terrestrial and
benthic vegetation, and assessment of the current state of the cape’s ecosystems
under the influence of natural and anthropogenic factors.

Materials and methods

Comprehensive field studies were carried out in July—August of 2023-2025
and included landscape-ecological profiling, geobotanical and hydrobiological de-
scriptions. The structure of the coastal zone and long-term shoreline dynamics were
analysed using interpretation of multi-temporal satellite imagery (Landsat) and
route-based field observations. Landscape profiles (transects) were established per-
pendicular to the shoreline, covering key geomorphological elements of the cape.
A set of procedures was performed along the transects: relief parameters (elevation,
aspect, slope) and underlying rocks were recorded, and sampling plots for detailed
geobotanical descriptions of vegetation cover were established. To create a large-
scale (1:5000) geomorphological map with identification of genetic relief types and
modern processes, we used the QGIS 3.0.4 software package. The coordinates of
observation points were recorded using a GPS receiver (GPS Fields Area Meas-
ure). Petrophytic vegetation was described on cliff tops and at their bases. The ter-
restrial area was divided into plots using a 1 x 1 m frame, and the projective cover
of each species was recorded. Marine vegetation was studied according to standard
methods [8] using a 0.5 x 0.5 m sampling frame. Benthic phytocenoses were
distinguished according to the dominant-based classification by A. A. Kalugina-
Gutnik V. Species nomenclature followed current taxonomy: World Register of
Marine Species (Available at: https://www.marinespecies.org) — for algae, and
Plants of the World Online (Available at: https://powo.science.kew.org) — for vas-
cular plants.

Results and discussion

The geomorphological coast type in the study area is defined as abrasion-
accumulative, with a clear predominance of denudation processes on land and ac-
tive interaction between abrasion and accumulation in the coastal zone (Fig. 1).
The diversity of geodynamic processes affecting the contact zone determines
the variability of cliff typology. Along the entire cape, three types of cliffs were
identified: a cliff with a predominance of abrasion reworking at the base, an abra-
sion-denudation cliff with widespread development of scree processes, and an abra-
sion-denudation cliff with widespread development of landslides. At the base
of the first type of cliff, forms of wave reworking (a bench and its ridges) are
developed.

1) Kalugina-Gutnik, A. A., 1975. [Phytobenthos of the Black Sea]. Kyiv: Naukova Dumka, 247 p.
(in Russian).
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Fig. 1. Relief features of the coastal zone of Cape Khako. Legend: 1 — contour lines;
2 — spot heights, m; 3 — forest vegetation; 4 — herbaceous vegetation; 5 — protected area
boundary; 6 — roads; 7 — informal trails; 8 — cadastral parcels; 9 — post-fire affected areas;
10 — accumulation terrace; 11 — landslide body; 12 — bench ridges; 13 — karren;
14 — landslide head scarp; 15 — abrasional shore; 16 — erosional rock remnant; 17 —
cliff face; 18 — lateral detachment crack; 19 — talus (scree); 20 — gully; 21 — direction
of alongshore sediment transport

The coastline of the North-Western Caucasus, characterised by alternating
capes and bays [9], is of ingressive origin. The formation of such relief is associat-
ed with repeated Quaternary transgressions of the Black Sea, which led to the flood-
ing of depressions in the dissected mountain massif and intense abrasion of
the most vulnerable areas. Abrasion processes and climatic factors contributing
to rock destruction and physical weathering have a significant influence on shore-
line straightening [10].

Despite the active straightening typical of flysch shores of the Novorossiysk
floristic region, Cape Khako retains its outline and is one of the most stable ele-
ments of the bay coast. The relative stability of the cape is explained not only by

its structural position but also by active compensatory processes. As part of
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the mountain massif, the cape receives a constant supply of clastic material
as a result of landslide, rockfall and scree, and other slope processes. This constant
source of sedimentary material counteracts wave action, compensating for erosion
and slowing shoreline straightening.

Abrasion-accumulative processes

The coast in the study area is represented by a relict cliff: its height on the pro-
jecting part of the cape is 20-25 m, while on the side walls it reaches 100 m.
The absence of active wave-cut niches and the presence of scree and rockfall
material at the cliff base indicate the transition of the cliff to a stage of denuda-
tion reworking. The overall slope of the drying zone is gentle. According to
the E.V. Guryanova scale [11], the wave regime is characterised as almost constant
surf (degree II of surf intensity).

Extreme storm events are a key factor in current coastal dynamics. Thus,
at the end of December 2023, with wind speeds of 12—17 m/s and wave heights up
to 3 m, beach erosion and renewed mechanical abrasion were recorded. Only
the lower part of the coastal scarp up to the maximum splash level was abraded.
This event activated gravitational processes in the upper part of the slope.
However, by June 2024, the beach strip had fully recovered naturally, demonstrat-
ing the cyclic nature and reversibility of accumulative processes under this geo-
morphological regime. The exposed ridges of the underwater bench, forming
the ridge-bench landscape, are subject to constant abrasion.

Accumulative landforms are represented by pocket beaches formed in the wave-
shadow zone of the cape, where sediment transport is interrupted and local accu-
mulation occurs during alongshore transport. The base of the accumulative terrace
consists of large pebbles and boulders. Coastal ridges oriented seawards form
from one to three distinct steps. Colluvial deposits, represented by blocks, rubble,
and grus, are widely developed at the cliff base as a result of active denudation
processes.

Suffosion-karst and slope water-erosion processes

A significant portion of the North-Western Caucasus coastline is occupied
by the Upper Cretaceous flysch complex [12]. The flysch layers forming the cape
have both parallel and angular orientations. They are dominated by grey platy ar-
gillite and friable limestone. These carbonate rocks are subject to karst processes
that actively transform the cliff relief. The most common forms are karren — shal-
low fissures formed by temporary watercourses flowing down the slopes of Mount
Koldun. Groundwater outlets are noted at the base of the cliffs, enhancing car-
bonate dissolution and the removal of fine-grained material.

The central part of Cape Khako is dissected by a shallow gully that developed
along a local relief depression (drainage hollow). The formation and further de-
velopment of the gully are due to the transversely concave profile of the slopes.
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During periods of intense precipitation, temporary watercourses (rain runoff) form
here, causing linear and sheet erosion. In the lower part of the gully and at the base
of the cape, microrelief smoothing and the formation of a gently sloping plateau-
like surface are observed. Similar manifestations of slope moistening and surface
runoff are also noted in the cliff-edge zone, where they weaken the rock mass and
contribute to crack development.

The combination of suffosion-karst processes, groundwater filtration, and wa-
ter erosion in the cliff-edge zone contributed to the formation and expansion of
a lateral detachment crack. By January 2018, a fragment of the bedrock coast had
separated from the base of the cape along this crack, forming an erosional remnant
(Fig. 2). Further undercutting led to its final separation in 2019.

Elevation Profile

a b

Fig.2. Erosional rock remnant at the edge of Cape Khako: a — December 2018; b —
September 2021. Adopted from Google Maps (Available at: https://www.google.ru/
maps)
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The most important consequence of suffosion-karst processes is the formation
of biofilms on cliff surfaces under conditions of constant capillary moistening
and shading. The color of these formations varies from brownish-ochre to green.
Microscopic analysis revealed the presence of diatoms (Bacillariophyta) — Navic-
ula sp., charophytes (Charophyta) — Mougeotia sp., and cyanobacteria (Cyano-
bacteria) — Chroococcus sp. Such biofilms play a significant role in primary soil
formation and biological weathering, representing an initial stage of successional
processes on exposed substrates [13]. Biofilm development clearly demonstrates
the close connection between abiotic and biotic processes in the coastal zone, em-
phasising the ecological significance of these biotopes.

Gravitational processes

Almost the entire cliff zone of the Abrau Peninsula is characterised by ancient
landslide blocks [14], the formation of which is due to seismic effects on rocks
in the past [15]. Unlike the nearby Cape Bolshoy Utrish, which is a tongue of
an ancient landslide, Cape Khako is, in origin, a spur of Mount Koldun. However,
sliding of the cape’s side walls led to the formation of buttresses — steep projections
of an ancient landslide cirque composed of undisturbed rocks. The detachment
scarp of landslide masses is recorded at elevations of about 300 m on the southern
slope of the Mount Koldun Ridge. Analysis of remote sensing data made it possible
to record the activation of gravitational processes in August 2021, when two inse-
quent landslides descended on the south-western slope at elevations of 190-210 m.
Their trigger mechanism was likely the abnormally high precipitation (up to 200%
of the monthly average) in Krasnodar Krai? during this period [16].

Rockfalls and scree are widely developed at the cliff bases. Rockfalls form
mainly under landslide blocks and are represented by blocks of more than 1 m
in diameter. Scree occurs mainly on steep scarps in the eastern part and consists
of coarse clastic material with an admixture of soil particles. The largest scree
cone, with a slope angle of 30-35° and a length of up to 9 m, is noted under
the gully in the southern part of the cape.

Vegetation

The vegetation cover of Cape Khako is characterised by pronounced mosaic
structure, due to the combination of a complex geomorphological structure, diversi-
ty of ecotopes, and significant anthropogenic impact. The formation of plant com-
munities occurs under the influence of specific ecological conditions of the coastal
zone, including salinisation, aeolian processes, substrate characteristics, and the dy-
namics of slope processes. The flora of the cape has a distinctly Mediterranean char-
acter and belongs to the Novorossiysk floristic region of the Crimean-Novorossiysk

2 Ogureeva, G.N., 2013. [Utrish State Nature Reserve. Atlas]. Anapa: IP Gushcha E. V.
Vol. 2, 88 p. (in Russian).
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province. Spatial organisation of vegetation clearly demonstrates a regular suc-
cession of communities towards the sea, as reflected in the landscape profile

(Fig. 3).

Tree and shrub vegetation

The best-preserved forest communities are distributed on levelled areas and
cliff tops with developed rendzina soils. In the eastern part of the cape, juniper-
hornbeam-oak shiblyak with Pistacia mutica is widespread, representing a variant
of Eastern Mediterranean shiblyak typical of the Crimean-Novorossiysk province.
The edificatory role in the tree layer is performed by Quercus pubescens, with co-
dominants Carpinus orientalis and junipers (Juniperus excelsa, J. oxycedrus).
Juniperus foetidissima and P. mutica also play a significant role in stand com-
position. The well-developed undergrowth is formed by characteristic species
with Mediterranean ranges: Lonicera etrusca, Paliurus spina-christi, Cotinus cog-
gygria, and Jasminum fruticans with abundant regeneration of C. orientalis.
The herbaceous layer is distinguished by high floristic richness; the most typical
and constant species are Ruscus aculeatus, Agropyron pinifolium, Asparagus ver-
ticillatus, Veronica multifida, and Piptatherum holciforme.

On ancient landslide blocks facing the sea, steep-slope formations of Pinus
pityusa are formed. These areas are characterised by strong erosional dissection
and slope angles of 15-30°. The stand is monodominant, with trunk deformation
noted in the pines forming krummholz due to substrate instability and strong wind
exposure. The undergrowth is very sparse, represented predominantly by regenera-
tion of P. pityusa and J. fruticans; the community edges are bordered by J. excelsa.
On open areas, xerophytic dwarf shrubs occur: Ephedra distachya, Teucrium poli-
um, Onosma taurica, and Euphorbia petrophila. In spring (April-May), seasonal
synusiae of the ephemeroid Muscari neglectum develop in the herbaceous layer.

The central part of the cape, dissected by an erosional gully, is occupied by
oak-hornbeam shiblyak with an admixture of P. pityusa. Upslope towards the sum-
mit of Mount Koldun, the role of pine increases, and it acts here as a codominant.
The shrub layer is formed predominantly by J. fruticans, A. verticillatus, and Dic-
tamnus albus L. The herbaceous layer is dominated by Piptatherum holciforme,
Origanum vulgare, Stachys atherocalyx, Aegonychon purpureocaeruleum, and
Scariola viminea. The mosaic structure of the phytocenotic structure is manifested
in gaps in the stand canopy, where specialised species develop: Haplophyllum
thesioides, Fibigia eriocarpa, Lomelosia micrantha, and Galium xeroticum.
An important phenological feature is the formation of seasonal synusiae of winter—
spring ephemeroids Scilla bifolia and Crocus reticulatus in February.

On open slopes of south-western and south-eastern aspects bordering
the gully, sparse shrub phytocenoses dominated by Rhus coriaria are concentrated.
These communities represent a transition to mountain-xerophytic communities and
are characterised by increased insolation and substrate drainage.

34 Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2026



Community boundary

Community boundary

20

€ |
£ 05 Ed
2
O .15 S
o
10 11 ¢ 12 24
| ) A" 4
N i3
s\“ m T
U W £
19 20 21 2 25 26
F % A
W e
ke N
" =5
Vascular plants Cliff structure

Fig. 3. Landscape profile across the coastal zone in the area of Cape Khako.
Legend: 1 — Ulva compressa, 2 — Dictyota fasciola, 3 — Padina pavonica, 4 — Cys-
toseira sensu lato, 5 — Codium vermilara, 6 — Phyllophora crispa, 7 — Phragmites
australis, 8 — Seseli ponticum, 9 — Sideritis taurica, 10 — Agropyron pinifolium, 11 —
Onosma polyphylla, 12 — Salvia ringens, 13 — Campanula komarovii, 14 — Iris pu-
mila, 15 — Pinus pityusa, 16 — Andrachne telephioides, 17 — Matthiola odoratissima,
18 — Ephedra distachya, 19 — Astracantha arnacantha, 20 — Euphorbia petrophila,
21 — Rhus coriaria, 22 — Juniperus excelsa, 23 — rendzinas, 24 — flysch, 25 — boul-
ders and stones, 26 — bench. Vertically: the heights and depths are shown at different
scales
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Thus, the forest and shrub vegetation of Cape Khako forms a complex mosaic
cover, the spatial organisation of which directly depends on the geomorphological
structure of the territory, slope aspect, and associated microclimatic and edaph-
ic conditions. The patterns identified confirm the role of the cape as a refugium
for Mediterranean floristic complexes on the Black Sea coast of the Caucasus.
Of particular importance is the fact that the core of these communities is for-
med by species listed in the Red Data Books at both the regional (J. oxycedrus,
J. excelsa) and federal (Pinus pityusa) levels, as well as by a significant number
of protected and endemic species in the herbaceous layer, emphasising the high
conservation significance of these forest areas.

Mountain-xerophytic herbaceous-dwarf shrub communities

Steep slopes of different aspects and landslide body surfaces are occupied
by phryganoid formations, representing modifications of classical Mediterranean
vegetation types. Their formation is a direct consequence of historical connections
between the Black and Mediterranean Seas. The dominance of cushion life forms
and species with essential oils (family Lamiaceae) is typical. On open slopes of
south-western and south-eastern aspects free of sumac thickets, tomillares domi-
nated by T. polium and Salvia ringens develop. Total projective cover (TPC) varies
from 30 to 50%. The floristic core of the community shows a high concentration of
Crimean-Novorossiysk endemics — Sideritis euxina Juz., Onosma taurica Pall. ex.
Willd, and A. Pinifolium.

On stabilised cliff edges at various elevations, mountain-xerophytic vegeta-
tion represented by phrygana is concentrated. The role of Lamiaceae decreases.
The main background is formed by phytocenoses dominated by E. distachya,
Galatella villosa (L.) Rchb. f., T. polium, A. pinifolium, Hedysarum tauricum
Pall. ex Willd., Jurinea stoechadifolia (M. Bieb.) DC., O. taurica and Artemisia
caucasica Willd. Their composition and structure are determined by substrate
characteristics, slope angle, and slope processes. The most frequent variant is
A. pinifolium + J. stoechadifolia + E. distachya. Under the most favourable eco-
topic conditions on upland areas, average TPC values of herbaceous cover are
close to 60—70%. In addition to the aforementioned codominants, accessory species
of mountain-xerophytic communities include Astragalus arnacantha M. Bieb.,
Astragalus subuliformis DC., O. polyphylla, Veronica multifida L., I. pumila, Heli-
anthemum nummularium (L.) Mill., Psephellus declinatus (Bieb.) K. Koch, and
Potentilla taurica Willd. ex Schitdl.

In the zone of seismic deformations between blocks, landslide deposits
(delapsium) are widespread. The substrate is characterised by the absence of clast
sorting, with large blocks and fine material found together. The deposits show rela-
tive stability due to the presence of clays in the flysch composition. Blocks are ce-
mented by finer fractions. As a result, colluvium gradually becomes overgrown.
Phryganoid communities characteristic of successional stages develop here.
For example, microgroups with E. distachya, S. euxina, Ptilostemon echinocephalus
(Willd.) Greuter (= Lamyra echinocephala (Willd.), Matthiola odoratissima (Pall. ex
M. Bieb.), O. polyphylla, T. polium, S. ringens, A. pinifolium, I. pumila occur here.
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Constant species include: Teucrium nuchense K. Koch, Iberis simplex DC., Fuma-
na procumbens (Dunal) Gren. & Godr., Euphorbia petrophila C.A. Mey., Linaria
genistifolia (L.) Mill., Linum tauricum Willd., Odontarrhena obtusifolia (Steven
ex DC.) C. A. Mey., Picris pauciflora Willd., S. viminea, Asperula supina M. Bieb.,
B. squarrosus. In addition, shrubs and small trees occur — C. coggygria, R. coriaria
and J. excelsa. Along erosion furrows, synusiae of Phragmites australis (Cav.)
Trin. ex Steud are distributed.

At the cliff bases, modern seismogravitational formations — rockfalls and
scree — are developed. Scree slopes and detachment slopes are clearly distin-
guished. The material is represented by colluvial deposits of rubble-block com-
position with an admixture of clays. Populations of rare and protected species
such as Campanula komarovii Maleev, Crambe koktebelica (Junge) N. Busch,
L. tauricum, H. tauricum, E. distachya, O. polyphylla, S. euxina, as well as Glaucium
flavum Crantz characteristic of lithophytic communities on pebble beaches, are
noted here. Sesleria alba Sm, E. petrophila, Crepis alpina L., Sonchus oleraceus L.,
and sumac regeneration are abundantly represented.

Petrophytic vegetation on mobile substrates is concentrated on scree fans,
represented by sparse microgroups of Seseli ponticum, Andrachne telephioides L,
and P. australis. TPC in such areas can vary from 5 to 30%. Rocky outcrops
on cliff walls of varying slope angles are characterised by chasmophytic communi-
ties (Reseda lutea L., Periploca graeca L., Centaurea sarandinakiae N. B. Illar.
(= Centaurea novorossica Klokov), S. ponticum, M. odoratissima, L. genistifolia).
They develop in extensive fissures characteristic of the cliff belt of the Black Sea
coast [17]. The formation of these communities is associated with flysch rock strat-
ification and denudation processes.

Post-fire vegetation

A significant impact on the western part of Cape Khako resulted from a fire
in 2020, which covered an area of about 5.66 ha (56,600 m?), according to analysis
of satellite images. As a consequence, the mountain-xerophytic complex was elim-
inated. The rapid formation of sumac thickets with a high proportion of Christ’s
thorn was noted, characteristic of the first stages of secondary succession
on the Abrau Peninsula [18]. Tomillares are replaced by communities dominated
by explerent species — Malva setigera K.F. Schimp. & Spenn. (=Althaea hirsuta),
Delphinium consolida L., Cephalaria transsylvanica (L.) Schrad. ex Roem. &
Schult., Echinops sphaerocephalus L., and grasses (Achnatherum bromoides, Bro-
mus squarrosus L, P.holciforme). Oak-pistachio woodlands occupying a small
area of the southwestern tip of the cape also suffered varying degrees of damage.

Vegetation of the western tip of the cape, subjected to pyrogenic transformation,
differs sharply from preserved, undisturbed areas. Currently, the structure of the post-
fire community is determined by species with active seed regeneration — annuals
B. squarrosus, Carthamus glaucus M.Bieb., Carthamus lanatus L., C. transsylvanica,
Rapistrum rugosum (L.) All, and perennials Salvia tesquicola Klokov & Pobed.,
Centaurea salonitana Vis., Galatella linosyris (L.) Rchb. f., G. villosa, A. pinifolium,
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as well as young root-suckering individuals of Rhus coriaria. TPC here can reach
90%. A population of E. distachya has been preserved on the slopes of small ero-
sion furrows.

Anthropogenic load

In addition to the threat of fire, unregulated recreational activities cause signif-
icant damage to the terrestrial ecosystems of the cape. Studies carried out within
the Abrausky State Nature Sanctuary [4] record direct signs of high recreational
load on coastal landscapes. Such signs include numerous informal trails leading to
cliffs, areas with destroyed vegetation cover and trampled rare species, as well as
accumulations of domestic waste and campfire sites characteristic of the most vis-
ited coastal areas. These disturbances contribute to the intensification of erosion
processes and fragmentation of the habitats of protected species.

A particular problem is posed by the network of informal trails penetrating
forest areas. As noted above, the forest phytocenoses of Cape Khako are character-
ised by the development of seasonal synusiae of ephemeroids, which play a key
role in ecosystem functioning: after completing their vegetative cycle in early spring,
they die off and become a significant source of organic matter for the tree layer.
Intensive trampling and soil compaction along trails lead to the suppression and
disappearance of these vulnerable species, disrupting the natural cycle of biological
turnover and causing degradation of the soil cover ¥,

Anthropogenic impact is also manifested in the aquatic complex. In bays expe-
riencing increased anthropogenic pressure, signs of organic pollution are noted.
The most striking example is the area near the pipeline outlet at the boundary be-
tween the Myskhako beach and the water area of the sanctuary, through which sur-
face runoff enters the coastal zone. Here, the formation of local microgroups domi-
nated by the filamentous alga Cladophora laetevirens (Aresch.) — an indicator spe-
cies of mesosaprobic conditions — has been recorded, indicating local eutrophica-
tion of coastal waters associated with the inflow of polluted runoff. This fact, along
with the spread of opportunistic algae (Ulva, Ectocarpus), confirms that recreation-
al pressure acts as a key factor in the degradation of both terrestrial and marine
ecosystems of Cape Khako.

Benthic vegetation

In inland seas such as the Black Sea, daily sea level fluctuations are insignifi-
cant and do not exceed 4-9 cm. Due to the absence of tidal phenomena, the littoral
is replaced by the pseudolittoral zone, the existence of which is determined by
wind-driven level fluctuations [19].

3 Rabotnov, T.A., 1983. [Phytocenology]. 2nd edition. Moscow: Moscow State University
Publishing House, 292 p. (in Russian).

4 Zlobin, Yu.A., 1989. [Principles and Methods of Studying Cenotic Plant Populations: A Study
Guide]. Kazan: Kazan University Publishing House, 148 p. (in Russian).
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In the pseudolittoral (depths of 0.1-0.5 m), bench ridges are smoothed by waves,
and their height is 10-50 cm. Between them, areas of completely smooth bottom
covered with coarse and fine clastic material are located. The pseudolittoral transi-
tions into the sublittoral (depths of 0.5-2.0 m); these bionomic zones represent
the upper level of the phytal.

The pseudolittoral is characterised by boulder accumulations, on which annual
mesosaprobic communities dominated by Ulva compressa + Ectocarpus siliculosus
(TPC 40-80%) are concentrated. On submerged stones, a seasonal phytocenosis
of Padina pavonica + Dictyota fasciola with a projective cover of 65-100% devel-
ops. In the upper sublittoral (depths of 0.7-2.0 m), on bench ridges, a perennial
phytocenosis of Cystoseira bosphorica (=Cystoseira crinita) + Treptacantha
barbata (=Cystoseira barbata) — Padina pavonica (TPC 80-100%) develops.
The community is polydominant, multi-layered, with the lower layer represented
by crustose coralline algae. Constant species include Cladostephus spongiosum,
Laurencia obtusa, Polysiphonia opaca, and Ceramium rubrum, characteristic of
bench ridge slopes. The epiphytic synusia is formed by Polysiphonia subulifera,
Cladophoropsis membranacea, Corallina elongata and Sphacelaria cirrosa.
From a depth of 2.0 m, the phytocenosis of Codium vermilara + Phyllophora crispa
(TPC 30-50%) occurs in fragments, reaching full development at greater depths.

The identified structure of benthic vegetation reflects the gradient of conditions
from stressful conditions in the pseudolittoral to more stable conditions in the sub-
littoral. Communities dominated by Ulva compressa and Ectocarpus siliculosus are
typical pioneer communities colonizing disturbed benthic habitats and indicating
significant anthropogenic pressure. At the same time, the presence of stable multi-
species phytocenoses with species of the Cystoseira sensu lato complex indicates
preserved areas with ecological stability. The conservation significance of the aquatic
complex is confirmed by records of species included in the Red Data Books
at various levels: P. crispa, C. vermilara, C. spongiosus, and Laurencia coronopus.
The presence of these species underscores the high conservation value of the water
area of Cape Khako*- 9.

Conclusion

The studies performed made it possible to provide a comprehensive characteri-
sation of the landscape structure of the coastal zone of Cape Khako. It was found
that the key role in shaping its structure is played by interrelated abrasion-accumulative
and gravitational processes, creating a mosaic of ecotopes with high contrast.

The most important results are as follows:

1. The geomorphological structure of the territory is dominated by a relict cliff
complicated by modern landslide and scree processes, and by accumulative terrac-
es with pocket beaches.

) Geltman, D.V., ed., 2024. Red Data Book of the Russian Federation. Plants and Fungi.
Moscow: VNII “Ekologiya”, 944 p. (in Russian).

9 Livinskaya, S.A., ed., 2017. Red Book of Krasnodar Territory. Plants and Fungi. Krasnodar,
2017. 229 p. (in Russian).
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2. We identified a clear spatial organisation of vegetation cover, determined
by geomorphological conditions: from mixed shiblyaks on upland plains to moun-
tain-xerophytic communities and mobile petrophytic vegetation on steep slopes and
in areas of discontinuity.

3. The high conservation significance of the territory was confirmed. The flora
of the cape includes a significant number of rare, endemic, and relict species, empha-
sising its role as an important refugium under conditions of anthropogenic pressure.

4. Signs of ecosystem degradation, caused by both natural factors (landslides)
and human activity (fires, recreational pressure, eutrophication of coastal waters)
were recorded. Communities dominated by ruderal plant species and opportunistic
algae (Ulva, Ectocarpus) indicate the initial stages of succession and habitat dis-
turbance.

5. Thus, Cape Khako represents a dynamic and vulnerable natural system.

The data obtained provide a scientific basis for developing measures for moni-
toring and conserving this unique complex. To ensure its sustainability, a systemic
approach is required, including not only the protection of individual rare species
but also the preservation of the integrity of the entire landscape and natural geo-
morphological processes. Priority measures should include the restriction of unreg-
ulated recreation and the development of a post-fire restoration programme for dis-
turbed phytocenoses.
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Abstract

The article aims to quantify the dynamics of the area and volume of the Chernorechenskoe
Reservoir (the main water supply of Sevastopol). The study relies on a comprehensive
analysis of Sentinel-2 optical satellite data (164 images) with a spatial resolution of 10 m
for 2015-2026 to develop and test an automatic algorithm for determining the water surface
area, based on a normalized difference water index with adaptive threshold values for dif-
ferent seasons. The obtained water surface areas are integrated with a bathymetric model
to calculate the reservoir volume. The obtained results are compared with MERRA-2 pre-
cipitation reanalysis data. The minimum values of the reservoir volume were observed
in January 2021 (7.4 million m* with an area of 178.1 hectares) after the low-water year
0f 2020, and also in September 2025. The maximum volume during the study period
did not exceed 45.7 million cubic meters, which is 23% less than the design usable volume.
A positive correlation was found between the precipitation amount and reservoir area, tak-
ing into account the inertia of the hydrological system. The developed methodology can be
used to monitor other reservoirs in the region.
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AHHOTAINA

Iens nccienoBanus — KOJIMYECTBEHHAS ONIEHKA AMHAMUKHM IUTOmanu U oobema YepHo-
PEYEHCKOT0 BOJOXpaHMININA (OCHOBHOTO HCTOYHHKa BoAocHaOxeHus CeBacTomous).
Ha ocHOBe aHanmm3a ONTHYECKUX CITyTHHKOBBIX NAHHEBIX Sentinel-2 (164 cHUMKaA) ¢ mpo-
cTpaHCTBeHHBIM pa3perienneM 10 m 3a 2015-2026 rr. pa3paboTaH U MPOTECTUPOBAH aBTO-
MaTHYECKHUH aJrOpUTM OTpeAeseHHs IUIONAAN BOAHON MOBEPXHOCTH Ha OCHOBE HOpMa-
JIM30BaHHOTO PAa3HOCTHOTO BOJHOTO MHIEKCA C aJallTUBHBIMHU ITOPOTOBBIMH 3HAUYECHUSIMH
JUISL pa3JINYHBIX Ce30HOB. [lomydeHHbIe JaHHBIC O IJIOIAAN BOIHOTO 3€pKana MHTETPUpO-
BaHbl ¢ O0aTMMETPHYECKOH MOJENbI0 Uil pacyera oObeMa BOAOXpaHMWIMIIA. Pe3ynbrars
CONOCTABJIEHBl C JJAHHBIMU peaHanu3a ocaakoB MERRA-2. VYcraHoBneHo, 4to MHUHH-
MaJbHBIE 3HaYCHHS 00BheMa BOJOXpAaHWIUIA Habmonamuch B ssuBape 2021 r. (7.4 mum m?
npu wiomanu 178.1 ra) mocie manoBognoro 2020 roma, a takke B ceHTs0pe 2025 r.
MaxkcuMainbHbIH 00beM 3a HCCIIeayeMblii Tepruo He npeBbiman 45.7 miuH M3, uato Ha 23 %
MEHBIIIE MPOEKTHOTO TIOJIE3HOTO 00beMa. BBIsSBIEHA MONOXKUTENbHAS KOPPEIALUS MEXIY
KOJINYECTBOM OCAJIKOB M IUIOLIA/IbI0 BOJOXPAHIIHINA C YI€TOM HHEPIMOHHOCTU THUAPOIO-
THYECKO cucTeMbl. Pa3paboraHHasi METOIMKA MOXET OBITh HCIIONIB30BaHA IJISI MOHHUTO-
pHHTa APYTHX BOJOXPAHWIUII PErHOHa.

KiroueBbie ciioBa: UepHOpEUEHCKOE BOAOXPAHWITHIIE, CITyTHUKOBBII MOHUTOPHHT, Sentinel-2,
NDWI, 6atumerpus, 00beM BOJOXPaHHIIHIIA, IUIOIIAAh BOJIHOTO 3epKaiia, KpsiM

BaaronapHocTH: ucciiefoBaHUE BBIMIOJTHEHO B paMKax TOCYJapCTBEHHOT'O 3aJaHMUs
OI'bBYH ®UI MI'M mo teme FNNN-2024-0012 «AHanu3, AWarHo3 W OINEPATHUBHBIN
MPOTHO3 COCTOSIHUSL THAPOMU3UUSCKUX M THIPOXUMUYCCKUX IMOJICH MOPCKHX aKBAaTOPHil Ha
OCHOBE MAaTeMaTU4eCKOr0 MOJEIHPOBAHUS C HUCIOJIb30BAHHMEM MAHHBIX JWCTAHLUUOHHBIX U
KOHTAKTHBIX METOJIOB U3MEPEHUID».

Jas uurupoBanus: Azeckeposa A. A., Jluwaes I1. H., Bacunenxo H. B., Kyopskos A. A.
u Op. lnHaMuka ruronagu U o0bema YepHopeueHckoro Bogoxpanmmmina (CeBactonons) //
Oxonoruyeckas 0e3onacHOCTh NpuOpexHOW u 1enbhoBoil 30H Mops. 2026. Ne 2.
C. 43-56. EDN JNUHPE.

Introduction

The Chernorechenskoe Reservoir is located in the southwestern part of

the Crimean Peninsula on the Chernaya River within the Baydarsky Reserve and
is the largest reservoir in Crimea in terms of total and usable volume. It was put
into operation in 1956 for water supply to Sevastopol [1, 2]. The Chernorechen-
skoe Reservoir is replenished by the natural runoff of the Chernaya River [3]
and has a mixed feeding regime with a predominance of snow-rain and groundwa-
ter feeding [2, 4]. Under conditions of flow regulation by the Chernorechenskoe
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Reservoir, floods on the Chernaya River can significantly affect the ecological state
of the near-mouth area of Sevastopol Bay, causing freshening of the surface water
layer and contributing to pollutants discharge [5].

The Chernorechenskoe Reservoir is a key source of water supply for the popu-
lation of Sevastopol [6, 7] and meets up to 70% of water demand. The total volume
of the reservoir, according to literature data, is 64.2 million m? and the
usable volume is 61.2 million m? [8]. The annual water consumption? by
the city’s population alone is 19-20 million m?*.

For stable water supply to the city, it is necessary to supply 120 thousand m?3
of water per day, and in summer this volume increases to 150—160 thousand m? [7].

In recent years, the population of Sevastopol has been increasing [9], and
at the same time the load on the water supply system is growing. Against this
background, there is a threat of water deficit in the region for a number of reasons.
This situation is primarily associated with insufficiently efficient use of resource
potential, namely losses of channel runoff in the Chernaya River, siltation of
the reservoir (about 1.9 cm per year), as well as conveyance losses due to the aging
of hydraulic structures [3, 8, 10—-12]. In addition, the region’s water supply depends
on climatic conditions: in low-water years, local shortages of drinking and domes-
tic water occur on the Crimean Peninsula [13].

In past years, critical shallowing of the Chernorechenskoe Reservoir has al-
ready been observed. Thus, in 1994, the water surface area of the reservoir de-
creased to an extreme value of 50.8 hectares (according to Landsat data of 22 Au-
gust 1994) [14], and in December 2014, to 180 hectares [15]. In 2020, due to rec-
ord-low annual precipitation, drought conditions were also observed, which led to
a noticeable reduction in the water surface area [16].

A systematic assessment of the reservoir morphometric characteristics
(volume and water surface area) is required for effective management of
resource potential and its forecasting under conditions of climate change and
increasing water demand. The regulated flow of the Chernorechenskoe
Reservoir allows controlled releases into the Chernaya River channel in the
event of a threat of severe floods. Since the river flows into Sevastopol Bay,
these measures directly determine the hydrological characteristics of the near-
mouth area of the bay, especially during dry periods and flood seasons. For
example, study [5] showed that during an emergency release from the reservoir
in January 2024, the surface water layer of a significant part of the estuary
was freshened by 2 to 17%e.

High-resolution satellite data combined with the Normalized Difference Water
Index (NDWI) make it possible to effectively monitor changes in the water surface
area of water bodies [17-20]. Previously, studies [14, 15] analyzed the variability
of the water surface areas of Crimean reservoirs, including the Chernorechenskoe
Reservoir, up to 2021 based on satellite measurements with a spatial resolution

b Reports on the Production Program in the Field of Cold Water Supply of the State Unitary
Enterprise “Vodokanal”. Available at: https://sevvodokanal.org.ru/pages/programma [Accessed: 13
May 2026] (in Russian).
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of 30 m. This paper presents an approach for operational assessment of the water
surface area and estimated volume of a water body using automated algorithms
for processing high-resolution Sentinel-2 satellite data (10 m) and bathymetric data.

This work is aimed at quantifying the morphometric characteristics of
the Chernorechenskoe Reservoir and analysing their long-term dynamics.

Materials and methods
We used optical satellite data from Sentinel-2 MSI with a spatial resolution of
10 m (from 2015 to the present). Three satellites are in operation: Sentinel-2A,
Sentinel-2B and Sentinel-2C, launched in 2015, 2017 and 2024, respectively.
The nominal repeat cycle for one satellite is 10 days. When two satellites operate
together, this interval is reduced to five days, and a constellation of three satellites
makes it possible to obtain consecutive daily images of the study area.

The data were obtained from the Copernicus Data Space Ecosystem Browser
(URL: https://browser.dataspace.copernicus.eu/). A total of 164 cloud-free images
were processed over the study period. Thus, the annual number of images varies
from 5 in 2015-2016 to 23 in 2025. This data archive made it possible to analyse
the seasonal and interannual dynamics of changes in the area and volume of
the reservoir. The number of images for the study period was distributed as
follows:

Jan. 7 May 10 Sept. 23
Febr. 8 June 13 Oct. 15
March 7 July 21 Nov. 12
April 20 Aug. 26 Dec. 2

The boundaries of the Chernorechenskoe Reservoir were delineated based on
NDWI [18] using spectral channels in the green (B03, ~ 560 nm) and near-infrared
(B08, ~ 842 nm) regions:

NDWI = (B03 — B08) / (B03 + BOS).

This combination of bands effectively enhances the contrast between water
bodies, characterised by high reflectance in the green range and strong
absorption in the near-infrared range, and other land surface types. A key feature
of the developed algorithm is the use of adaptive NDWI threshold values, taking
into account seasonal changes in the state of the water surface and coastal
vegetation, for different months of the year. Using a single threshold value can
lead to systematic errors in calculations: in winter months, to overestimation of the
area due to the impact of snow cover and ice, and in summer, to its
underestimation due to increased water turbidity. The threshold brightness values
(Reit) for the water mask were selected empirically based on the average
value for each month. We constructed two spatial transects through the water—
land transition zone in characteristic areas of the water area. Along the
brightness profiles, the nature of the change in values was ana-
lysed: a sharp brightness jump was recorded at the water—land interface, which
made it possible to unambiguously identify the threshold value for distinguishing
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between the water surface and land. The final threshold value was taken as the av-
erage of the results of several transects for a given month.
Thus, the Rt values were:

Reit =[0.15; 0.09; 0.08; 0.06; 0.05; 0.01; 0.05; 0.05; 0.05; 0.05; 0.05; 0.05].

Then the number of pixels identified as water was converted into units of area
(hectares). At 10 m resolution, each pixel at the reservoir boundary can include
both water and land. The relative error can be 3—7% of the maximum water surface
area (=~ 600 ha).

The reservoir volume was calculated based on a combined analysis of bathy-
metric data obtained during field surveys [8] and the water surface mask derived
from satellite images. For each image, the binary water surface mask was overlaid
on the bathymetric grid, making it possible to extract depths only within the water-
covered area. According to the survey data, the maximum depths in the reservoir
reach 28 m. Depth values corresponding to land were filtered out to exclude them
from the calculation. For each case, the minimum depth in the reservoir was deter-
mined, which was taken as the conditional zero level.

To analyse the effect of precipitation on the water volume of the Chernore-
chenskoe Reservoir, we used data from the global atmospheric reanalysis
MERRA-2 (Modern-Era Retrospective Analysis for Research and Applications, Ver-
sion 2), obtained from the GIOVANNI (Geospatial Interactive Online Visualization
ANd aNalysis Infrastructure) portal (URL: https://giovanni.gsfc.nasa.gov/giovanni/).
The spatial resolution of MERRA-2 data is 0.5° in latitude and 0.625° in longitude
(approximately 50 km). In this work, we used hourly precipitation data, which
were subsequently averaged to monthly mean values. Precipitation was considered
within the catchment basin of the Chernorechenskoe Reservoir, which includes
theslopes of Mount Ai-Petri and the Baydar Valley [2]. The spatial extent of
the area is defined by a rectangle with corner coordinates: 44° 25’ N, 33° 42" E and
44°33'N, 33° 58" E.

Results and discussion

Based on the developed algorithm, a time series of the water surface area of
the Chernorechenskoe Reservoir from 2015 to the present was obtained. Analysis
of these data revealed significant interannual and seasonal variability in the reser-
Voir area.

The obtained water surface contours of the reservoir were compared with high-
er-resolution data available in Google Earth (up to 0.3 m). For this purpose, the water
surface contours of the reservoir obtained from Sentinel-2 data for the nearest date
(11 April 2020) were overlaid on a Maxar (WorldView) satellite image of 08 April
2020 (Fig. 1). As a result, despite the significant difference in spatial resolution of
the compared images (10 and 0.3 m), which caused a lack of detail in some zones,
the water surface boundaries obtained from Sentinel-2 data almost completely cor-
responded to the reference image.
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Fig. 1. A Maxar satellite image of 08 April 2020 with an overlay of the reser-
voir water body contour (red line) derived from Sentinel-2 data of 11 April 2020

Satellite data analysis revealed that, on average, over the entire study period,
the minimum water surface areas were observed from September to November af-
ter the dry summer season. Then, after the flood period (November—-December),
gradual filling of the reservoir and recovery of its area were observed in January—
February. Fig. 2 shows, as an example, the reservoir waterline boundaries and the
variability of its water surface area in January (Fig. 2, a) and September (Fig. 2, b)
over the entire observation period of 2015-2026, as the waterline contours in these
months correspond to two phases of the reservoir regime. The minimum area
for the entire observation period was recorded on 6 January 2021 and was
178.1 hectares (Fig. 2, a), which is significantly higher than the historical minimum
of 1994, but reflects the tense situation with water resources after the extremely
low-water year of 2020.

The minimum water surface area in September (Fig. 2, ) was recorded on
27 September 2025 and was 254.7 hectares, which was the absolute minimum
for this month over the entire observation period of 2015-2026 and was 45 hec-
tares less than the corresponding value for 2020. Such a significant reduction
in area is due to the water deficit accumulated since spring of 2024. As of February
2026, the reservoir area was 434.12 hectares, which corresponds to the values rec-
orded in February 2020.
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Fig. 2. Waterline contours and water surface
area dynamics of the Chernorechenskoe Reservoir
based on Sentinel-2 data for January (a) and Sep-
tember (b) of 2015-2026

The maximum values for January were observed in 2024 (Fig. 2, a), and
for September, in 2022 (Fig. 2, b).

Combining satellite data on water surface area with a bathymetric model al-
lowed us to estimate the reservoir volume for each acquisition date. Fig. 3 shows
the waterline data for February (period of water volume recovery) and October
(characteristic period of minimum values) for the lowest-water years of the study
period (2020 and 2025), as well as for February of the current year, 2026.
In February 2020, the volume was 32.3 million m* (Fig. 3, a), and in October it
decreased to 16.4 million m* (Fig. 3, ). Even lower values were recorded in
2025: 26.8 million m* in February (see Fig. 2, a) and 12.2 million m? in
October. As of 20 January 2026, the volume and area of the reservoir
approached the values for the same period of the previous year (395 ha and 26
million m3, respectively).
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Fig. 3. The Chernorechenskoe Reservoir waterline contours in February 2020,
2025 and 2026 (a) and in October 2020 and 2025 (b).

Fig. 4 shows the variability of the reservoir water surface area from satellite
images and the amount of precipitation over the study area according to MERRA-2
reanalysis data (Fig. 4, a), as well as the dynamics of water volume (Fig. 4, b) and
average water level (Fig. 4, ¢) for January from 2015 to 2026, relative to the maxi-
mum filling of the reservoir in February 2018. Analysis of these time series re-
vealed a relationship: a decrease in precipitation leads to a reduction in the reser-
voir area (Fig. 4, a), and, accordingly, to a decrease in water volume (Fig. 4, b) and
water level (Fig. 4, ¢).

The most pronounced low-water periods were observed in 2020 and 2025,
which corresponds to the minimum values of accumulated precipitation in 2018—
2020 and 2024-2025. The reservoir demonstrates significant inertia of the hydro-
logical system: even after the amount of precipitation returns to long-term average
values, the water surface area recovers gradually, over several months. In addition,
in winter precipitation can fall as snow, which leads to water inflow into the reser-
voir only after snowmelt at above-zero temperatures. It is also important to consid-
er that the reservoir regime is artificially regulated: during severe floods, water is
released.

Except for 2021, the annual dynamics demonstrate an increase in reservoir
volume from December to May, followed by a subsequent decrease. As noted ear-
lier, the absolute minimum values for the entire study period were recorded in early
January 2021, when the reservoir volume decreased to 7.4 million m?, and the level
dropped by more than 11 m relative to the level of February 2018. Nevertheless, later
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the volume increased rapidly, and a positive trend persisted throughout the year,
which ultimately led to the maximum volume for the study period of 45.7 million m?
in April 2022. A local minimum was also noted in October—November 2016, when
the reservoir volume dropped to 22 million m*. However, already in 2017-2018,
high-water conditions were observed: the volume reached 43 million m3, which
corresponded to the near-maximum filling of the reservoir basin.

The estimates of the Chernorechenskoe Reservoir volume obtained from satel-
lite data were compared with information published in open sources® by the State
Unitary Enterprise “Vodokanal” [2]. According to these data, as of 5 February
2020, the water volume in the reservoir was 30.456 million m3, and as of 31 Au-
gust 2020, 21.857 million m?®. For correct comparison, satellite images with acqui-
sition dates as close as possible to the measurements taken by Vodokanal were se-
lected. In the image acquired on 16 February 2020 (Fig. 5, @), the estimated volume
was 32.3 million m?, and on 29 August 2020, 19.7 million m* (Fig. 5, b). Thus,
the discrepancy between the Vodokanal data and the satellite measurements was
6.1 and 9.9%, respectively. It should be noted that the identified difference may be

2) Available at: https://sevvodokanal.org.ru/news/2020-02-05/163 [Accessed: 13 May 2026]
(in Russian).
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due both to the time lag between the compared datasets (5—-11 days) and to the un-
certainty of the method for calculating the volume using satellite images and
the bathymetric model used.

Analysis of the reservoir volume dependence on the water surface area
revealed a non-linear nature of this relationship (Fig. 6). A positive correlation
(R = 0.95) is observed between these parameters, but when the threshold area
reaches about 450 ha, the reservoir volume reaches a plateau, showing a slight
increase with a further increase in the water surface area. This is explained
by the morphometric features of the reservoir bed. When the main basin
is filled, a further increase in water level leads to flooding of relatively
flat coastal areas with shallow depths.

Conclusion

We developed and tested an algorithm for determining the water surface area
of the Chernorechenskoe Reservoir based on Sentinel-2 satellite data using
the Normalised Difference Water Index (NDWI) and adaptive threshold values
for different seasons of the year. A spatial resolution of 10 m provides high accura-
cy in determining the water body boundaries.

A time series of the water surface area of the Chernorechenskoe Reservoir for
the period 2015-2026 with high temporal resolution was obtained. It was found
that the minimum area for the study period was 178.1 ha and was observed
on 6 January 2021, after the low-water year of 2020. A repeated critical reduction
in area was recorded in September 2025.

Integration of satellite data on water surface area with a bathymetric model
was performed, which allowed us to calculate the reservoir volume for each obser-
vation date. The minimum volume was 7.4 million m?® (6 January 2021); the maxi-
mum volume over the observation period did not exceed 45.7 million m?, which is
23% less than the design usable volume.

A clear correlation was found between the amount of precipitation (according
to MERRA-2 reanalysis data) and the reservoir water surface area. It was shown
that the reservoir demonstrates significant inertia of the hydrological system: even
after the amount of precipitation returns to long-term average values, the water sur-
face area recovers gradually, over several months. The most critical low-water pe-
riods of 2020 and 2025 are due to precipitation deficits in the previous two to three
years.

A non-linear dependence of the reservoir volume on the water surface area
with a plateau at an area of about 450 ha was determined, which is due to the mor-
phometric features of the reservoir.

The developed algorithm can be subsequently applied to process satellite data
with higher spatial resolution. The use of refined bathymetry obtained during
the period of maximum reservoir filling will significantly improve the accuracy of
volume calculations.
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Abstract

The article analyses biotic interactions (competition, predation and commensalism) be-
tween the main components of the microbial “loop” during summer and winter in the upper
mixed layer of the Black Sea pelagic zone. In summer, the interaction between bacteria
and phytoplankton in a phosphate-deficient environment resulted in a high contribution
of bacteria and phytoplankton to the total phosphate uptake by microplankton, which was
47 and 53%, respectively, indicating a strong competition between bacteria and phyto-
plankton for uptake of this nutrient. The high total rate of phosphate uptake by bacteria
and phytoplankton (119-10* pM-h™) and its low concentrations in the upper mixed layer
ensured a short turnover time of 1.9 hours, which contributed to accelerated phosphate
recycling in this layer. In the interaction (predator—prey) between protozoa and picofraction
(bacteria + picophytoplankton), high values of the specific rate of phosphate excretion
by protozoa (zooflagellates, ciliates) were noted. This suggests their active participation
in the consumption of bacteria, picophytoplankton and heterotrophic nanoplankton, thus
indicating the high functional activity of the microbial “loop”. In winter, in the upper mixed
layer above the pycnocline, at a temperature of 5.5-10°C, the production and daily coeffi-
cient P/B of bacteria, picophytoplankton, zooflagellates, and ciliates decreased significantly
compared to the summer period, with the exception of high levels of phytoplankton bio-
mass and production. The contribution of the picofraction (bacteria + pico-phytoplankton)
to the total phosphate uptake decreased to 8% compared to summer. The average total rate
of phosphate uptake by microplankton decreased to 15-10~* uM-h™ relative to the summer
period, with an interval of 9-10%-24-10"* uM-h™'. At the same time, the phosphate turnover
time in the upper mixed layer increased to 38 hours, indicating a slowdown in its recycling
and a low level of functional activity in the microbial “loop”. A data analysis suggests that
the uptake of nutrients by bacteria and phytoplankton and their excretion by protozoa are
subject to seasonal fluctuations, which should be taken into account when calculating
the annual balance of matter and energy in the Black Sea pelagic zone.
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Ouenka QyHKIMOHAJIbHOM AaKTUBHOCTH
MHKPOOHAJIBLHON «neTJamw» B UepHoM Mope
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AHHOTAUMA

AHanm3upyroTcs OHOTHYECKNE B3aUMOEHCTBUS — COPEBHOBAHNME (KOHKYPEHIUS), XHIIIHHU-
YECTBO M KOMMEHCAIM3M — MEXIY OCHOBHBIMH KOMIOHEHTAMH MHUKPOOHAJIBHOM «IIETIM
B JIETHEEC W 3MMHEE BpPEMs B BEpPXHEM IIEPEMENIaHHOM CJIO€ Iejaruand YepHoro mMops.
B nerHumii neprox BO B3aMMOAEHCTBUH MEXIy OakTepHsAMHU M (PUTOIIIAHKTOHOM B YCIIOBH-
ax pepunuta docdara B cpeae oTMedancs BBICOKHMN BKIal OakTepuil M (UTOIIIAHKTOHA
B CyMMapHoe ycBoeHHe (ocara MUKpOIUIAaHKTOHOM (47 u 53 % COOTBETCTBEHHO), YTO
YKa3bIBaeT Ha )KECTKYI0 KOHKYPEHIUIO OAKTepUil 1 (UTOIUIAHKTOHA B YCBOGHHH 3TOT'O Be-
mecTBa. Bbicokas cymMMapHasi CKOpOCTh ycBOeHHs (ocdara OakTepusMu U (HUTOILIAHKTO-
Hom (119:107* MkM-u™!) ¥ HM3KHE €ro KOHLECHTDALMH B BEPXHEM IIEPEMEIIAHHOM CJIOE
obecrmeunBanu Manoe Bpems ero obopora (1.9 9), 94To cHOCOOCTBOBAIO YCKOPEHHOMY
perkiauHTy ¢ocdaTta B 3TOM cioe. Bo B3auMOIEHCTBHHM XWITHHUK — JKEPTBA MEXKAY MPO-
cTedmmMu 1 mukodpakuue (6akTepun + MUKOPHUTOIUIAHKTOH) OTMEYalach BEICOKASI YACb-
Has CKOPOCTh JdKCKperuu (ocdarta mpocTeHmumMu (300QrareiuisiTel, HHPY30pUH), UITO
CBHUJICTENILCTBYET 00 MX aKTUBHOM YYaCTHH B BbICAAHUH OaKTEpHil, MUKO(MHUTOIIAHKTOHA
¥ TeTepoTpo(HOTr0 HAHOIIAHKTOHA. JTO YKa3bIBaeT HA BBICOKYIO (DYHKIHOHAJIBHYIO aK-
TUBHOCTh MHKPOOMAIBHON «IIeTin». B 3UMHMII meprnoj B BEpXHEM II€pPEMENIaHHOM CIIoe
HaJl THKHOKJIMHOM TipH Temmeparype 5.5-10 °C npoxaykims 1 kospdunment P/B 3a cyTku
OakTepuil, MUKOPUTOINIAHKTOHA, 300(aareisisT U WHPY30pUH OTHOCHTENBHO JIETHETO
nepuoja pe3Ko CHIKAIUCH. VICKIIIOYEHHE COCTaBIISIM BBICOKHE MMOKa3aTelH OMOMAacChl
U IPOYKIUK puUTOMIaHKTOHA. BKitag mukodpakiuu (6akrepun + THKODUTOIUIAHKTOH)
B CyMMapHOe ycBOoeHHe (ocdaTra OTHOCUTENBHO JIETHETO NepHoja cHIbkancs 1o 8 %.
CpenHsisi cyMMapHasi CKOpOCTh YCBOeHHs (ocdata MUKPOIUIAHKTOHOM OTHOCHTEIIBHO JIET-
HEro IHepHoja yMeHbmanachk 1o 15-107* ¢ marepBamom (9-24)-107* mxM-q !, IIpu sTom
BpeMs obopoTa ¢ocdara B BEpXHEM IIEPEMEIIaHHOM CJIOE BO3PACTao /10 38 4, 4To yKa3bl-
BacT HA 3aME/UICHHE €r0 PEUKIIMHTA U HU3KHH YPOBEHb (D)YHKIMOHAIBHOH akTHBHOCTH MIT.
AHanu3 JaHHBIX MO3BOJIIET 3aKIIOYMTh, YTO YCBOGHHE OMOTEHHBIX BEIECTB OaKTEpUSMU
¥ (pUTONIIAHKTOHOM ¥ MX SKCKPELHs NPOCTEHIINMHY OJIBEP>KEHbI CE30HHBIM KOJIEOaHUsM,
KOTOpBIE HEOOXOAMMO YYHTHIBATh IPH pacdeTe rOJOBOTO OajlaHCa BEIIeCTBA M DHEPTHU
B nenaruaiu YepHoro mops.

KuroueBnblie cioBa: UepHoe Mope, MUKpoOUanbHas MeTisl, OaKTepuu, MPOCTEHIre, KO-
(uTOMIIAHKTOH, HAHO(PUTOIUIAHKTOH, ycBoeHHe Gocdara, sxckperus gpocdara

BaarogapHocTH. HMCCIeOBAaHHWE BBITIIOJHEHO B paMKaX TOCYZapCTBEHHOTO 3aJaHUs
OUIl UaBIOM no Teme «TpaHchopmanus CTPYKTYpbl M (DYHKIHMHA SKOCHCTEM MOPCKOW
HeJlaruaid B YCJIOBHSAX aHTPOIIOTEHHOTO BO3JEHCTBHS M M3MEHEHUs kiuMaTa» (Ne rocpe-
ructpanuu 124030400057-4).

Jdas uutuposanusi. [lapxomenxko A. B. OueHka (YHKIHMOHAIbHOW aKTHBHOCTH
MHUKpOOHaNbHON «rerian» B UepHoM Mope // Dkosorndeckas 6€301MacHOCTh NPpUOpEKHON
u menbdosoit 30H Mopst. 2026. Ne 2. C. 57-75. EDN PIVBVA.
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Introduction

In recent decades, the role and interactions of microbial communities (viruses,
bacteria, picophytoplankton, nanophytoplankton and protozoa) have received con-
siderable attention, since the results of these studies provide deeper insight into
the functioning mechanisms of plankton communities in marine and freshwater
bodies [1-8]. The widely accepted concept of the microbial “loop” (ML), devel-
oped in [9], significantly expanded the understanding of the classical linear food
chain (LFC). The components of the ML include picophytoplankton, nanophyto-
plankton, heterotrophic bacteria, protozoa (heterotrophic flagellates and ciliates)
and viruses [9-11]. It follows from general reviews [6, 10] that the microbial food
chain is an integral part of the marine and freshwater pelagic LFC in the transfer of
matter and energy. Heterotrophic bacteria and protozoa are recognized as separate
trophic links of the microbial food chain: they serve as an intermediate element
in the transformation of matter from autotrophic organisms to metazoan plankton.
Before entering the LFC, the main part of organic matter is transformed through
trophic interactions between the principal components of the ML (picophytoplank-
ton, nanophytoplankton, heterotrophic bacteria and protozoa) [11-13].

Along with phytoplankton, heterotrophic bacteria actively participate in the uptake
and cycling of nutrients (nitrogen and phosphorus). Protozoa, by grazing on bacteria
and picophytoplankton together with the nutrients accumulated in them, transform
organic matter into mineral forms of nitrogen and phosphorus, subsequently excret-
ing them into the environment, thereby influencing nutrient recycling [6]. Conse-
quently, one of the most important functions of the ML is to enhance the level of
nutrient recycling under conditions of low ambient concentrations, including owing
to the small size of bacteria, picophytoplankton, nanophytoplankton and proto-
zoa, which ensures a high level of metabolic intensity for these organisms [14].
Depending on seasonal variability, the total rate of uptake of mineral forms of ni-
trogen and phosphorus by bacteria and phytoplankton, the concentrations of these
elements in the environment, the excretion rate by protozoa, and the turnover time
of nutrients in the euphotic zone can vary from several days to several hours.
This can serve as an indicator of the acceleration or deceleration of nutrient recy-
cling in the Black Sea pelagic zone [15].

Phosphate uptake by bacteria and different phytoplankton fractions and phos-
phate excretion by protozoa are interrelated and depend on the physiological activi-
ty of these organisms, which throughout the year ensure either the acceleration
or deceleration of nutrient recycling and, as a consequence, a particular level of
functional activity of the ML. It should be noted that to date, the seasonal varia-
bility of the interaction intensity between the principal components of the ML and
its functional activity in the Black Sea pelagic zone has been scarcely studied.

The aim of the paper is to estimate the seasonal variability of the functional
activity of the ML in the Black Sea pelagic zone based on our own data on the rate
of phosphate uptake by bacteria, pico-, nano- and microphytoplankton, and phos-
phate excretion by protozoa, as well as on literature data characterising the struc-
tural and functional indicators of bacteria, phytoplankton and protozoa.
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Materials and Methods

In studying phosphate uptake by different size fractions of microplankton
(bacteria + phytoplankton) in the open Black Sea under near-in situ conditions, we
used our own data obtained for the summer [16] and winter [17] periods. The study
material consisted of microplankton in water samples collected from various hori-
zons of the euphotic zone using a rosette of 10-litre Niskin bottles of the MARK-II1I
CTD profiling system. The methods of water sampling, incubation conditions for
experimental bottles, filtration of water samples through membrane filters with dif-
ferent pore sizes taking into account vacuum pressure, preparation of samples with
radioactive phosphorus, the efficiency of measuring 3?P radioactivity with different
radiometric setups and the estimation of the phosphate uptake rate by microplank-
ton are described in detail in [18-23].

In this paper, it was assumed that the microplankton fraction retained on filters
with a pore size of 0.2—1.5 pm conditionally corresponded to bacteria; that retained
on filters with a pore size of 0.2-3 pum corresponded to the picofraction (bacte-
ria + picophytoplankton); that retained on filters with a pore size of 3-20 um corre-
sponded to nanophytoplankton; and that retained on a nylon sieve with a mesh size
larger than 20 um corresponded to microphytoplankton.

The phosphate uptake rate by different microplankton fractions was estimated
using the radioisotope method with radioactive 2P in the form of carrier-free
orthophosphoric acid, taking into account several methodological features [15,
18, 19-22]. In winter, radiometry of membrane filters and water samples placed
in standard 20 mL counting vials was performed on an automated liquid scintilla-
tion analyser 1219-Rack Beta (LKB Wallac) using OptiPhase Hisafe 1l scintillation
cocktail at 95% counting efficiency for beta particles emitted by 2P decay.
In summer, the radioactivity of water samples and membrane filters was meas-
ured using a PSO2-0.8 device with a gas-discharge end-window counter SBT-13
in a lead shield DS-000 with a **P counting efficiency of no more than 45%
(https://works.doklad.ru/view/14BuMVjpSUo/5.html).

In studies of phosphorus metabolism in microplankton, the method of measur-
ing 32P with a gas-discharge and a scintillation counters has often been applied;
therefore, it became necessary to compare the data obtained with these counters
and to calculate the absolute rate of phosphorus uptake by bacteria and phytoplank-
ton. For this purpose, in methodological study [21] we performed experiments to
measure P radioactivity in the same water samples and membrane filters. The in-
fluence of the following factors was studied: the volume of the water aliquot,
the addition of the scintillation cocktail (as well as its absence), the volume of fil-
tered water and the radiometry conditions for membrane filters (with and without
a backing under different counting geometries). Measurements were performed
using an SBT-13 gas-discharge end-window counter and on a scintillation analyser
(1219-Rack Beta), both with and without the addition of the scintillation cocktail
to the vials being radiometrically measured.
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Analysis of these data showed that currently three technical methods of meas-
uring *P in the studied samples can be used, provided that identical **P counting
conditions are maintained for water and filters with microplankton. However,
it should be taken into account that when measuring 2P with an SBT-13 gas-
discharge end-window counter, it is necessary to ensure not only the appropriate
counting geometry for the water aliquot and the filters with microplankton, but also
identical backscattering conditions for beta particles. This is achieved by using
aluminium backings of equal thickness (0.5 mm) for membrane filters and water
aliquots. In this case, the estimation of balance convergence (when the radioactivi-
ty of water before filtration equals the sum of the radioactivities of the filter and
filtrate according to 3P radiometry) obtained on the RPS gas-discharge setup gave
satisfactory counting error estimates of 1.19 (£0.11) [19]. Similar estimates were
obtained when measuring **P on a scintillation analyser (1219-Rack Beta) for
membrane filters with microplankton and water aliquots (volume up to 1.0 mL)
without adding the scintillation cocktail (Cherenkov effect) into the counting vials.
The same result was obtained when measuring **P on a scintillation detector with
the addition of 10 mL of scintillation coctail. However, in this case, the water aliquot
(volume not exceeding 0.1 mL) must be applied onto the same type of membrane
filter that is used for filtering microplankton. This allows identical **P counting
conditions for water and the membrane filter with microplankton to be created [19].

If the identity of radiometry conditions for water aliquots and membrane filters
with microplankton is violated, the results of 3?P measurements using a gas-
discharge end-window counter, compared with data obtained using a scintillation
detector without adding the scintillation cocktail to counting vials, can be underes-
timated by a factor of 1.19 (£0.11), and with the addition of 10 mL of the scintilla-
tion cocktail to the counting vials by a factor of 1.82 (+£0.36) [19].

In connection with the above, the methodological nuances revealed when
measuring 2P with gas-discharge and scintillation counters were taken into account
by the author when generalising the data from the gas-discharge device in order to
correctly determine the rate of phosphate uptake by microplankton in the summer
period.

The phosphate uptake rate for the exposure time of experimental bottles under
near-in situ conditions was calculated from the change in phosphate radioactivity
on filters using the formula [22, 24]:

V = (r - ry)-PI(R-U), 1)

where V is the phosphate uptake rate by microplankton, uM-h*; r is the **P radio-
activity recorded on the filters with microplankton after the exposure of the exper-
imental bottles, counts-min'; r1 is the 3P radioactivity sorbed on filters and plank-
tonic organisms (when mercuric chloride was added to the bottles), counts-min’;
Ris the 32P radioactivity in water at the initial time, counts'min'-L7'; P is
the phosphate concentration in seawater, uM; U is the volume of filtered water, L;
t is the exposure time of the experimental bottles, h.

The phosphate turnover time in the studied layer was calculated as the ratio
of the phosphate concentration in seawater to its uptake rate by microplankton.
The phosphate concentration in seawater was measured using a standard
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method Y. In summer, when a phosphate deficiency was observed in the photosyn-
thetic zone, the isotope dilution method [25] was used for its measurement.

The calculation of phosphate excretion by heterotrophic organisms was based
on literature data on the size and species structure of zooplankton obtained in the open
Black Sea [26]. To estimate the contribution of different zooplankton systematic
groups to the total phosphate excretion, literature data on the mean weight of dom-
inant zooplankton species, the mean weight of animals belonging to particular
trophoecological groups, and their biomass were used. In these works, zooplankton
was presented in the form of trophoecological groups united by feeding type and
relatively homogeneous in size: protozoa (a), nanophages (f), euryphages (v), Oi-
thona (s), Sagitta (p), Noctiluca (n), Pleurobrachia (q:), Aurelia (g2), Mnemiopsis
(g3) [26]. The rate of phosphate excretion by planktonic animals was calculated
based on the experimentally established equality of the metabolic rate measured as
the oxygen consumption rate and the phosphate excretion rate [27]. The total rate
of phosphate excretion by planktonic animals Eq (mg P-m™-day™') was calculated
using the formula [28]:

Ey = Z;La Ri'NyZi'F;, (2

where R; is the daily metabolic expenditure for the mean weight of an individual,
pcal-ind'-day'; i is the index of the trophoecological group of animals to which
the individual belongs; N; is the biomass of organisms in the trophoecological
group, mg-m?; Z; is the phosphorus content per unit body weight and its caloric
value, mg P-mg!-ucal™; Fi is the temperature correction, which was introduced
when calculating the metabolic rate of heterotrophic organisms from different tropho-
ecological zooplankton groups, taking into account their occurrence in layers above
and below the thermocline, and was calculated using the formula F = Qo 290,
Qlo = 2.25.

Results and discussion

As can be seen from the diagram (see figure), the ML is an integral part of
the classical LFC and expands the possibilities of studying the transformation and
transfer of matter and energy in the LFC to higher trophic levels [11]. According to
the conceptual principles of the ML, the interaction intensity between its main
components was assessed considering three types of biotic interactions: competi-
tion, predation and commensalism [9]. Competition was considered as the interac-
tion within the ML branch between heterotrophic bacteria and picophytoplankton,
nanophytoplankton and microphytoplankton during phosphate uptake, while preda-
tion was considered as the interaction within the branch between protozoa (zoo-
flagellates + ciliates) and the picofraction (bacteria + picophytoplankton). Com-
mensalism was defined as the interaction within the ML branch between hetero-
trophic bacteria, picophytoplankton and protozoa, associated with the uptake of
phosphate excreted by protozoa and bacteria during the transformation of dissolved
organic matter (DOM), as well as by phytoplankton, both through vital activity and
upon cell death and decay.

D Bordovsky, O.K. and Ivanenkov, V.N., eds., 1978. [Methods of Hydrochemical Studies of
the Ocean]. Moscow: Nauka, 271 p. (in Russian).
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Interaction in the ML branch between heterotrophic bacteria and picophyto-
plankton, nanophytoplankton and microphytoplankton during phosphate uptake
in summer. In summer, a well-defined thermocline is observed in the Black Sea
pelagic zone, limiting the supply of nutrients to the upper mixed layer (UML).
As a consequence, low concentrations of nutrients, in particular phosphate, varying
in the range of 0.02-0.07 uM, were recorded in the upper 0—40 m layer [4].
Against this background, analysis of multi-year data in the 0-100 m layer showed
that the vertical profiles of the total phosphate uptake rate by microplankton (bacte-
ria + phytoplankton), regardless of the season, exhibited a common pattern [15].
In summer, in the UML of the Black Sea pelagic zone, the average phosphate
uptake rate by microplankton was 119-10* pM-h!, varying within the range of
(51-193)-10* uM-h™, and its turnover time was 1.9 h. In the thermocline layer,
the average value of this rate decreased to (72 = 27)-10™* uM-h™', and in the cold
intermediate layer at depths of 40 m and 50-100 m, the value dropped to a mini-
mum of (5 + 3)-10* uM-h' [15].

Analysis of the data obtained in summer in the UML on the contribution of
heterotrophic bacteria, picophytoplankton, nanophytoplankton and microphyto-
plankton to the total phosphate uptake by microplankton (bacteria + phytoplankton)
shows that the contribution of the bacterial fraction (size 0.2—1.5 um) was 47%,
while that of the picofraction (bacteria + picophytoplankton, size 0.2-3 pm) was 62%
(Table) [15, 16]. The contribution of the picophytoplankton fraction (1.5-3 pm)
was calculated as the difference between the contribution of the picofraction (bacte-
ria + picophytoplankton) and that of the bacterial fraction (0.2—1.5 pm). The contri-
butions of the picophytoplankton, nanophytoplankton and microphytoplankton frac-
tions to the total phosphate uptake were 15, 33 and 5%, respectively, while the share
of the bacterial fraction was 3.1, 1.4 and 9.4 times higher than the contribution of
picophytoplankton, nanophytoplankton and microphytoplankton, respectively (see
table). This indicates a strong competition for phosphate uptake between hetero-
trophic bacteria and picophytoplankton, nanophytoplankton and microphytoplankton.

Bacteria accounted for 47% and phytoplankton for 53% of the total phosphate
uptake by microplankton. Similar ratios (with the bacterial share ranging from 50
to 96%) have been obtained in nutrient-poor freshwater and oceanic waters [24, 29,
30]. The ratio of the contributions of bacteria and phytoplankton to the total nutri-
ent uptake during the annual cycle likely depends on a number of factors, such as
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Average values of total phosphate uptake by bacterio- and phytoplankton (V, uM-h™)
and their contribution (%) in the upper mixed layer of the Black Sea pelagic zone in sum-
mer and winter

Summer Winter
Fraction
V-10* | Contribution | V-10* | Contribution
Total bacteria and phytoplankton 119.0 100 15.00 100
(over 0.2 pm)
Picofraction (bacteria + picophyto-
73.7 2 1.2
plankton) (0.2-3 um) 3 6 0 8
Including:
bacterial (0.2-1.5 pm) 55.9 47 0.75 5
picophytoplankton (1.5-3 pm) 17.8 15 0.45 3
Nanophytoplankton
. 4, 2
(3-20 um) 39.3 33 35 9
Microphytoplankton fraction 6.0 5 9.45 63
(over 20 pm)

Note: Information on the contribution of size fractions to the total uptake of phosphate by bacteri-
al and phytoplankton according to [16, 17].

water temperature, light intensity, nutrient content, dissolved organic matter (DOM)
concentration and the atomic C:N and C:P ratios in it. These factors influence
the physiological activity of heterotrophic bacteria and the size and species struc-
ture of phytoplankton [15, 31].

Heterotrophic bacteria possess a number of structural and physiological fea-
tures that ensure a high level of phosphate uptake relative to phytoplankton during
the warm season when waters experience a nutrient deficiency. These features
include: a high surface-to-volume ratio of bacterial cells; the presence of active
transport systems; a twofold higher intracellular phosphorus content compared
to phytoplankton cells (on average 3% of dry weight); and a high growth rate
and short life cycle of bacteria [6, 24]. Heterotrophic bacteria not only participate
in the transformation of DOM and particulate organic matter (POM) into inorganic
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forms of nitrogen and phosphorus with their subsequent release into the environ-
ment, but under certain conditions they are also capable of actively taking up these
nutrients from the environment. At high C:N and C:P ratios in DOM, indicating
a low nitrogen and phosphorus content in DOM and a nutrient deficiency in the envi-
ronment, the rate of phosphate and ammonium uptake by heterotrophic bacteria
increases, whereas the rate of mineralisation of these elements decreases [32].

The most efficient substrate utilisation at its minimum environmental concen-
tration is achieved through an increase in the surface-to-volume ratio of organisms
[33]. Studies conducted in spring—summer and autumn showed that at most hori-
zons of the aerobic zone in the Black Sea pelagic zone, high values of this indicator
were characteristic of bacteria, since the average volume of their single cells varied
within 0.065-0.256 um? (mean 0.097 um?) [34]. At the same time, phytoplankton
biomass was formed mainly by coccolithophorids and dinoflagellates with an aver-
age cell volume of 456 um?® [35, 36]. A comparison shows that the average cell
volume of bacteria is considerably smaller than that of phytoplankton cells, while
the phosphorus content in bacterial cells is almost twice as high as in phytoplank-
ton cells. This means that in summer, the advantage of bacteria in phosphate up-
take is ensured both by their high surface-to-volume ratio and by their greater de-
mand for phosphate uptake compared to phytoplankton. Most likely, in summer,
in the euphotic zone of the Black Sea pelagic zone under phosphate deficiency,
a significant portion of this element is taken up by heterotrophic bacteria. This is
accompanied by competition between bacteria and picophytoplankton, nanophyto-
plankton and microphytoplankton in the process of phosphate uptake and a short
turnover time of 1.9 h [15].

In the upper layer of the euphotic zone, the structural and physiological indica-
tors of bacteria were characterised by high values: production varied on average
from 20 to 50 mg-m=-day™, and the specific production (P/B) ranged from 0.5
to 0.7 day!, indicating a high level of physiological activity of bacteria [1].
With increasing depth in the 40-100 m layer, corresponding to the oxygen-deficient
zone and the cold intermediate layer, bacterial production decreased 10-50-fold
to 2-8 mg-m3-day!, and the P/B coefficient varied within 0.05-0.1 [1].

In summer and early autumn in the Black Sea, phytoplankton biomass was
mainly formed by peridinians (20-75%) and small flagellates (10-60%). Cocco-
lithophorids dominated in terms of abundance, but their contribution to total bio-
mass was small, amounting to only 20% [35]. The mean monthly values of phyto-
plankton production in June—September were 270, 340, 340 and 390 mg C-m2-day’,
respectively, with an average of 335 mg C-m2-day* for the open Black Sea [37].
In the same region, the daily P/B coefficient of phytoplankton, calculated from
the average primary production (400 mg C-m2-day™') and biomass (714 mg C-m™)
for July—September, was 0.56 day™' [38].

As can be seen from the presented data, in summer, despite the nutrient defi-
ciency in the euphotic layer, the structural and physiological indicators of biomass,
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primary production, and the daily P/B coefficient were high, indicating a relatively
high physiological activity of phytoplankton. Therefore, in summer, in the upper
heated layer within the ML branch in which bacteria and different phytoplankton
fractions interact, heterotrophic bacteria play a key role in the transformation of
organic carbon (from 40 to 80%) produced by primary producers [39].

The contribution of these bacteria to phosphate uptake is no less significant:
they account for up to 47% of its total uptake by microplankton (Table). Under
conditions of nutrient deficiency in the euphotic layer, the main role of bacteria is
not the regeneration of inorganic nitrogen and phosphorus compounds, but their
uptake from the environment and transfer along the microbial trophic chain to pro-
tozoa in the form of particles enriched with these elements.

Predator—prey relationships in the ML branch between protozoa and the pico-
fraction (bacteria + picophytoplankton) in summer. According to literature data,
protozoa in the Black Sea pelagic zone include colourless flagellates, ciliates and
amoebae. The highest abundance among colourless flagellates in open seas is repre-
sented by heterotrophic (achlorophyllous) or mixotrophic representatives of the clas-
ses Phytomastigophorea and Zoomastigophorea [40].

In spring—summer and autumn, in the aerobic zone of the open Black Sea,
the biomass of heterotrophic nanoflagellates (zooflagellates and dinoflagellates)
(less than 10 um), as well as small (less than 25 um) and large (over 25 pum) ciliates
in the 0-100 m layer, were concentrated predominantly in the 0-50 m layer [41-44].
In summer, the main biomass of heterotrophic nanoflagellates smaller than 10 pm
in the 0-50 m layer was 70 mg-m™. Below the thermocline, in the 50-100 m layer,
as the temperature decreased from 10 to 7°C, the biomass of zooflagellates de-
creased from 10 to 2 mg-m™ (in the core of the cold intermediate layer) [41].
In later studies, a similar pattern of vertical distribution of heterotrophic nanoflag-
ellate production was noted in spring—summer and autumn as well [43].

On the whole, a similar pattern of vertical distribution of abundance and bio-
mass was also observed for ciliates, as the ciliate community was concentrated
mainly in the 0-50 m layer, accounting for 88.4-96.0% of the total abundance and
79.4-96.3% of the total biomass in the water column of the sea’s aerobic zone.
Large ciliates (over 25 pm) with a holozoic feeding mode predominated over
the other size groups of ciliates. In autumn, their biomass in the 0-50 m layer ac-
counted for 51.3%, and from May to June, 28.1-66.6% of the total ciliate biomass
in the water column [44].

According to literature data, in the aerobic zone of the open Black Sea, the pat-
tern of vertical distribution of ciliates may be determined by: 1) the availability
of food (its shortage limits the vertical distribution of ciliates in the 0—100 m layer);
2) the ability of ciliates to perform vertical migrations [44]; 3) the effect of low
temperatures (7—10°C) in the 50-100 m layer on the physiological activity of pro-
tozoa [26]. The influence of temperature on the vertical distribution of protozoa
can be confirmed by the limited structural and physiological indicators of proto-
zoa obtained for heterotrophic nanoflagellates in summer (June) in the upper layer
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(044 m) and the 50-70 m layer of the Black Sea (its open part), which differ
in temperature regime [42]. The average values of biomass, production and the P/B
coefficient of heterotrophic nanoplankton in the 0-44 m layer were 16.2 mg-m3,
11.1 mg-m3-day! and 0.68, respectively. However, with increasing depth and
decreasing temperature in the 50-70 m layer, a sharp decline in their biomass
from 2.93 to 0.52 mg'm3, a decline in production from 0.68 to 0.11 mg-m3-day!,
and a decrease in the specific production P/B value by a factor of 3.2, averaging
0.21, were observed [42].

Studies of the nutrition of nanoflagellates smaller than 10 um show that, being
well adapted to grazing on bacteria and picophytoplankton at natural concentra-
tions, they are the main consumers of these organisms. Zooflagellates exhibit high-
er activity in consuming bacteria and picophytoplankton than dinoflagellates [6].
At the same time, for heterotrophic nanoplankton larger than 10 um, bacteria were
not the main component of the diet, but their biomass in autumn reached 49-76%
of the total heterotrophic nanoplankton biomass, and in May-June it varied from
29 to 64%. These data indicate the key role of heterotrophic dinoflagellates, cryp-
tomonads and chrysomonads in the functioning of the plankton community of
the Black Sea aerobic zone, as they serve as an important component of the frac-
tion of food particles ranging from 2 to 20 pum in size [43]. Ciliates consume not
only bacteria and picophytoplankton, but also, to a considerable extent, zooflagel-
lates and dinoflagellates [44, 45].

Thus, the consumers of bacteria and picophytoplankton are zooflagellates,
dinoflagellates and ciliates. Ciliates consume not only bacteria, but also zooflagel-
lates and dinoflagellates. However, the main component of the diet of protozoa
(60-80% of the total food volume consumed per hour) is composed of bacteria and
picophytoplankton. On the whole, in various regions of the Black Sea, the ciliate
community grazed on from 0.04 to 20.9% of daily primary production and from 1.0
to 44.2% of daily bacterial production [46]. It should be noted that during the peri-
od of spring and summer phytoplankton development in the Black Sea, intensive
bacterial growth was observed despite high rates of bacterial grazing by protozoa
and lysis by viruses and bacterial biomass reached values typical of temperate lati-
tudes [6]. The consumers of bacteria, picophytoplankton, heterotrophic nanoflagel-
lates and ciliates include representatives of microzooplankton, such as fish larvae,
nauplii, tintinnids, radiolarians and appendicularians (Oikopleura dioica). They act
as intermediaries in the transfer of matter and energy from the ML to the LFC [6, 11].

During feeding, protozoa, microzooplankton and mesozooplankton release
DOM and POM into the environment [47], as well as inorganic forms of nitrogen
and phosphorus [26, 32, 48, 49], which are actively taken up by bacteria, picophy-
toplankton, nanophytoplankton and microphytoplankton in the euphotic zone.
In summer and early autumn, the main internal sources of nutrients (nitrogen and
phosphorus) in the euphotic layer of the Black Sea include their excretion by pro-
tozoa and mesozooplankton, as well as the release of dissolved organic substances
resulting from the lysis of bacterial and phytoplankton cells by viruses. Viruses
close the nutrient cycle in chemical-biological processes by returning mineral com-
pounds to the environment, thereby partially replenishing their pool for re-uptake
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by bacteria and phytoplankton [6]. The rate of these processes affects both the content
of nutrients and DOM in the euphotic layer and the level of primary production.

Against this background, the results of studies on phosphate excretion by pro-
tozoa, mesozooplankton and gelatinous macroplankton in the Black Sea pelagic
zone are of interest [26]. These results, obtained during the annual cycle, allow
for an indirect assessment of the intensity of the predator—prey interaction between
protozoa and the picofraction (bacteria + picophytoplankton). According to esti-
mates by the author of [26], the average annual contributions of protozoa, meso-
zooplankton and gelatinous macroplankton in the Black Sea pelagic zone to the total
phosphate excretion by zooplankton was 51, 32 and 17%, respectively; that is, pro-
tozoa make the greatest contribution to the total phosphate excretion by zooplank-
ton. Comparable values of the protozoan contribution (47%) were also obtained
in a mesotrophic area of the tropical Pacific Ocean [28]. In marine oligotrophic
waters, the contribution of heterotrophic nanoplankton 1-15 pm in size to total
ammonium excretion varied from 50 to 64% [48].

According to our data [26], during the warm season, the average specific rates
of phosphate excretion normalised to the dry weight of zooflagellates and zooflagel-
lates + ciliates in the Black Sea pelagic zone were 29.01 and 19.43 pg P-mg'-day*,
respectively. This indicates a high level of metabolic intensity, in contrast to the va-
lues of this indicator for mesozooplankton — 3.70 pug P-mg'-day' and gelatinous
macroplankton — 0.05 pg P-mg-day'. During the cold season, the average value
of this indicator for zooflagellates decreased to 15.41 ug P-mg'-day!, for proto-
zoa (zooflagellates + ciliates) — to 9.75 ug P-mg-day', for mesozooplankton —
to 1.55 ug P-mg'-day’, and for gelatinous macroplankton — to 0.03 pg P-mg'-day!
[26].

The specific excretion rate of nutrients is inversely proportional to the size of
zooflagellates, dinoflagellates and ciliates. Therefore, zooflagellates smaller than
10 um and dinoflagellates larger than 10 pm play a key role in the excretion of
ammonium and phosphate [26, 32]. In the warm period, as a result of the predator—
prey interaction between protozoa and the picofraction (bacteria + picophyto-
plankton), the excretion of nutrients (nitrogen and phosphorus) by protozoa ensures
the replenishment of the nutrients taken up by bacteria and picophytoplankton
from the euphotic environment, as well as a feedback loop of nutrient fluxes
within the ML [6].

In summer, in the predator—prey interaction branch between the picofraction
(bacteria + picophytoplankton) and protozoa, not only was a high level of nutrient
(ammonium and phosphate) excretion by protozoa observed, but also clearly pro-
nounced commensalism between protozoa and the picoplankton. This interaction
is manifested in the uptake by bacteria, picophytoplankton and nanophytoplankton
of phosphate excreted by protozoa and zooplankton, as well as in the uptake and
transformation by bacteria of DOM produced during phytoplankton vital activity
and the breakdown of its cells upon grazing by zooplankton. Commensalism was
most active in the warm season during the uptake by bacteria, picophytoplankton,
nanophytoplankton and microphytoplankton of phosphate released by protozoa,
mesozooplankton and gelatinous macroplankton. The average annual contribution
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of protozoa to the total phosphate excretion by zooplankton during this period was
51% [2]. Therefore, it can be assumed that in summer, under phosphate deficiency
in the euphotic layer of the Black Sea pelagic zone, commensalism plays an im-
portant role in maintaining biological balance in the functioning of the main ML
components and the plankton community as a whole.

Thus, one of the most important functions of the ML is manifested in the active
predator—prey interaction between protozoa and the picofraction (bacteria + pico-
phytoplankton), which ensures a high rate of phosphate excretion by protozoa into
the euphotic zone. By actively taking up nutrients and having small cell sizes with
a low sinking rate from the euphotic zone, bacteria, picophytoplankton and nano-
phytoplankton are able to retain nutrients within the plankton community for a long
time, ensuring their multiple recirculation. This, in turn, contributes to the accelera-
tion of nutrient recycling, prevents its rapid removal from the euphotic layer and
thereby supports a high functional level of the ML.

Relationships between bacteria, protozoa, picophytoplankton, nanophyto-
plankton and microphytoplankton in the functioning of the ML in winter. In winter,
in the upper mixed layer (0-30 m) of the open Black Sea at a temperature of
5.5-10°C, a rise in the upper boundary of the main pycnocline, intensive convec-
tive mixing of waters and turbulent diffusion were observed. As a result, the con-
centration of nutrients (nitrogen and phosphorus, in particular phosphate) increased
significantly compared to the summer period, reaching 0.11-0.6 uM. The phos-
phate concentration was 2—4 times higher than the level limiting phytoplankton
development [3].

At the same time, the average total rate of phosphate uptake by microplank-
ton decreased significantly compared to the summer period — to an average
of 15-10* uM-h™!, varying within the range of (9-24)-10* uM-h! (Table).
High phosphate concentrations in the upper 0—40 m layer and the low rate of phos-
phate uptake by microplankton contributed to an increase in the phosphate turnover
time — on average up to 38 h, indicating a slowdown in the recycling of this nutri-
ent relative to the summer period [15]. The contribution of the picofraction (bac-
teria + picophytoplankton) to the total phosphate uptake sharply decreased and
did not exceed 8%. The shares of bacteria and picophytoplankton were 5 and 3%,
respectively, which was 9.4 and 5 times less than in summer (Table).

The observed decrease in the rate of phosphate uptake by bacteria and
picophytoplankton and phosphate excretion by protozoa is largely associated
with the effect of low water temperature (5.5-10°C) on their physiological activity.
This is fully consistent with the results of studies on the influence of abiotic and
biotic factors on the physiological activity of bacteria, picophytoplankton and pro-
tozoa during the cold season in water bodies of temperate latitudes, according to
which the activity of these organisms, mainly regulated by temperature, decreases
upon water cooling [2, 15, 26, 31].

In the winter—early spring period, when high values of biomass and primary
production were observed and DOM was actively released by phytoplankton,
the values of production and the daily P/B coefficient of bacteria were minimal
compared to the summer period. According to data from [2], bacterial biomass
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in winter varied within 80-120 mg-m™. On average, it was 100 mg-m™ and re-
mained approximately at the same level as in summer (99 mg-m™). The low level
of bacterial biomass was primarily due to reduced bacterial production — on aver-
age 12.5 mg-m=3-day ' (from 10 to 15 mg-m=3-day') and daily specific production
values P/B of 0.1 (from 0.08 to 0.15) [2]. The average values of bacterial produc-
tion and P/B were 3.7-5.5 times lower than in summer.

A similar downward trend in functional indicators was also noted for protozoa.
Thus, in summer, with increasing depth and a sharp temperature drop in the 50—70 m
layer of the open Black Sea, a decrease in the biomass of nanoheterotrophs was
observed relative to the upper layer (0—44 m): from 2.93 to 0.52 mg-m™ (by a fac-
tor of 5.6), a decrease in production from 0.63 to 0.11 mg-m3-day' (by a factor
of 5.7) and a decrease in daily specific production P/B by a factor of 3.2, averaging
0.21 [42].

To assess the physiological activity of picophytoplankton in summer and win-
ter, the results of seasonal variability in the trophodynamics of picophytoplankton
obtained in the surface layer of coastal waters at the entrance to Sevastopol Bay
were used [7]. In summer, the average values of the daily specific production of
picophytoplankton and its grazing were 0.47 and 0.80, respectively, and were 1.9
and 2.7 times higher than the average values obtained in winter [7]. Consequently,
in winter, in the Black Sea pelagic zone, a significant decrease in the physiological
activity of heterotrophic bacteria, picophytoplankton and protozoa was observed,
which contributed to the weakening of their biotic interactions (competition, preda-
tion, commensalism) and, as a result, a decline in the functional activity of the ML.

However, a different situation was observed with regard to nanophytoplankton
and microphytoplankton. The contribution of nanophytoplankton to the total phos-
phate uptake by microplankton in winter was 29%, which almost corresponded to
the contribution value (33%) for the summer period (Table). The contribution of
the microphytoplankton fraction with a cell size over 20 um averaged 63%, which
was 12.6 times higher than in summer. Thus, the total contribution of the nanophy-
toplankton and microphytoplankton fractions was 92%, indicating the dominance
of phytoplankton in phosphate uptake relative to heterotrophic bacteria. This is due
to the predominance of cold-adapted diatom species in the phytoplankton composi-
tion and the absence of competition between these algae and bacteria in the total
phosphate uptake (Table). The mean monthly values of phytoplankton production
in January—March in the central regions of the open Black Sea were high, amount-
ing to 420, 685 and 700 mg C-m2-day!, respectively [37]. The daily P/B coeffi-
cient calculated for the entire phytoplankton community in the water column
was 0.25, with an average primary production value for February and March of
600 mg C-m2-day! and a phytoplankton biomass of 2381 mg C-m™ [38].

Thus, the average indicators of primary production and phytoplankton biomass
in winter were 1.5 and 3.3 times higher than in summer [38]. The high values of
primary production and phytoplankton biomass in the upper layer above the pyc-
nocline in the open Black Sea during the winter—early spring period were mainly
caused by the high position of the pycnocline, an increase in the concentration
of nutrients (nitrogen and phosphorus), and the progressive increase in the level
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of solar radiation. To a lesser extent, these processes were regulated by tempera-
ture, which together created favourable conditions for the growth and development
of cold-adapted diatoms [3, 37]. Moreover, the observed increase in phytoplank-
ton biomass and production in the upper 0—40 m layer is largely associated with
a weakening of zooplankton grazing pressure on phytoplankton at low water tem-
peratures (5.5-10°C), which affects the metabolic rate reduction of zooplankton
organisms [3, 26].

Conclusion

Analysis of the literature and our own data showed that in the competition in-
teraction branch between heterotrophic bacteria and various size fractions of phy-
toplankton in summer in the UML, a high contribution of bacteria (47%) and phy-
toplankton (53%) to the total phosphate uptake by microplankton was observed.
The picofraction (bacteria + picophytoplankton) accounted for 62%, indicating
its predominant role in phosphate uptake. In the predator—prey interaction branch
between the picofraction (bacteria + picophytoplankton) and protozoa, the grazing
of the picofraction was accompanied by a high specific rate of phosphate excretion
(29.01 and 19.43 pg P-mg!-day !, normalised to the dry weight of zooflagellates
and zooflagellates + ciliates, respectively). The contribution of protozoa to the total
excretion by zooplankton was 51%. Since the specific phosphate excretion rate is
inversely proportional to the size of zooflagellates, dinoflagellates and ciliates, zoo-
flagellates and dinoflagellates smaller than 10 pm play a key role in phosphate ex-
cretion. Against this background, commensalism was actively noted in the branch
between protozoa and the picofraction, manifested in the uptake by mesozoo-
plankton and gelatinous macroplankton of phosphate excreted by protozoa. Hetero-
trophic bacteria actively participate not only in the utilisation of DOM and POM
but also in the uptake of nutrients (nitrogen and phosphorus). In summer, the main
components of the ML are bacteria, picophytoplankton and nanophytoplankton
and protozoa, which play a key role in regulating phosphate uptake and excretion,
ensuring the acceleration of its recycling and indicating a high level of functional
activity of the ML. In winter, with a decrease in temperature in the UML, a sub-
stantial decrease (relative to the summer period) was observed in the average val-
ues of the specific production of heterotrophic bacteria by a factor of 3.7, the P/B
coefficient for picophytoplankton and its grazing by a factor of 1.9 and 2.7,
respectively, and the production and P/B coefficient for heterotrophic nanoplank-
ton by a factor of 5.7 and 3.2, respectively. The decline in the physiological activity
of heterotrophic bacteria, picophytoplankton and protozoa contributed to the weak-
ening of their biotic interactions among the main components of the ML, leading
to a slowdown in phosphate recycling in the environment and a decrease in the lev-
el of functional activity of the ML. The materials considered above allow us to
conclude that the intensity of microbiological processes in the nitrogen and phos-
phorus cycle is subject to significant seasonal fluctuations, which should be taken
into account when calculating the annual balance of matter and energy in the Black
Sea pelagic zone.
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Abstract

The paper presents results of comprehensive hydrological, hydrochemical and hydrobiolo-
gical investigations of the coastal waters off Koreiz (Southern Coast of Crimea, Black Sea).
In 2023-2024, a total of six seasonal sampling sessions were conducted within the area
near a mussel and oyster farm, thus ensuring comprehensive coverage of all seasons.
In the surface layer (0—0.5 m), 61 samples were collected, and 720 hydrochemical analyses
were performed. Phytoplankton was sampled at stations /-5 in the surface layer. Mero-
plankton samples were collected with a Juday net (entry ring diameter 36 cm, gas size
no. 49) in the 0-10 m layer at coastal stations /, 5 and 7. It was shown that the temperature
and salinity levels of the surface layer during the study period exhibited a consistent
increase compared to the long-term means for the Yalta area. However, these parameters
remained within the range 7-25°C and 17-20%., which is conducive for cultivation of
bivalve molluscs. The dissolved oxygen concentrations in all seasons remained substantial-
ly above the threshold values specified by fisheries water quality standards. The values of
five-day biochemical oxygen demand (BODs) and the pollution coefficient Kz corre-
sponded to the category of “unpolluted” waters. Concentrations of inorganic forms of
nitrogen and phosphorus were in most cases low and spatially homogeneous. The local
hotspots of elevated ammonium, nitrate and organic nitrogen and phosphorus were identi-
fied in the mussel and oyster farm area and a coastal station influenced by domestic
wastewater. In the phytoplankton, 77 microalgal species were identified; diatoms dominated
numerically throughout the year, while in the cold and spring seasons a substantial part of
the biomass was formed by taxa considered food for mussels and oysters. The meroplank-
ton community was found to comprise larvae of 43 benthic invertebrate species; larvae of
the cultivated bivalves Mytilus galloprovincialis and Magallana gigas occurred within the
temperature ranges characteristic of these species. The obtained data indicate that the coastal
waters off Koreiz can be regarded as an environmentally favourable area for the operation of
a mussel and oyster farm.
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(YepHoe mope, nocesioxk Kopeus)

C. B. lllypos *, H. B. [locniesnoBa, O. A. TpoueHnko,
H. II. Kospuruna, E. B. JIucunkas, A. C. Ilpuiimax

@I'FYH ®UI] « Hncmumym ouonozuu oxcuvix mopetl umeru A.O. Kosanesckoeo PAHY,

Ce@acmonwzb, Poccus

* email: shchur@ibss-ras.ru

AHHOTALMSA

[TpexncTaBneHsl pe3ysIbTaThl KOMIUIEKCHBIX THAPOJIOrO-THIPOXUMHYECKUX M THIPOOHOIIO-
IMYECKUX HCCIIeOBaHUi MpuoOpexHoil akBaropun nocenka Kopeus (FOxubiit 6eper Kpbi-
Ma, YepHoe mope). B 2023-2024 rr. B paiioHe MUIMHHO-YCTPUIHON (hepMBI BBHITIOTHEHEI
IIECTh ChEMOK, OXBATHIBAIOIINX BCE Ce30HBI. B moBepxHocTHOM cioe (0—0.5 M) oTobOpana
61 npo0a, BeImoHEHO 720 TUAPOXMMHUYECKUX aHAIN30B. [IpoObI GUTOIUIAHKTOHA OTOMpPA-
JM Ha CTaHIMIX /—5 B MOBEPXHOCTHOM ciioe. [IpoObl MEpOIIaHKTOHA OTOMpATH CETHIO
Jxenu (auaMeTp BXOAHOTO KOJibIla 36 cM, pasmep raza Ne 49) B cioe 0—10 M Ha mpubpex-
HBIX cTaHmusx /, 5 u 7. IlokazaHo, 4TO TemmepaTypa U COJEHOCTh MOBEPXHOCTHOTO CIIOS
B TO/IBI HAOJIOMECHUI YCTOWYHMBO IMPEBHIIANIA CPEIHEMHOTOICTHIE 3HAUCHUS IS paiioHa
Snter, ogHako ocraBanmck B mpenenax 7—25 °C u 17-20 %o, OMaronpusTHBIX IS KyJIbTH-
BHUPOBAHMS JIBYCTBOPYATHIX MOJUTIOCKOB. ComepikaHHE PAaCTBOPEHHOTO KHCIIOPOJa BO BCE
CE30HBI OBUIO 3HAYUTEIBHO BBINIC PHIOOXO3SIMCTBEHHBIX HOpMaThuBOB. 3HaueHus BIIKs
1 ko3¢ ¢urmenTa 3arps3HeHus Kz COOTBETCTBOBAIM KAaTErOPUU HE3arpSI3HEHHBIX BOJI.
KoHnenrparun MuHepaibHbIX (opM a3ota U Gochopa B OONBIIMHCTBE ClydaeB ObUIN OJ1-
HOPOJIHBIMHU M HE MPEBBIIAIH MPEAEITBLHO TOMYCTUMBIX KOHIICHTpaIuil. BrisBieHHbIE J10-
KaJbHBIC OYard MOBBHIIICHHOTO COJIEPXKAHWS aMMOHHUIHOTO a30Ta, HUTPATOB M OpraHHYe-
ckux Gopm azota u Gocopa OrpaHHIMBATUCH pailoHOM (EepMBbI U PUOPESIKHON CTAHIIUCH,
MOJIBEPKCHHON BIHSHHUIO X030BITOBBIX CTOKOB. B (DpUTOMIAHKTOHE HIACHTU(PHIIMPOBAHO
77 BUIOB MUKPOBOJOPOCIEH, IPU 3TOM KPYTJbIHA I0Jl 10 YUCIEHHOCTH TOMUHUPOBAIH JIU-
aTOMOBBIE BOJIOPOCIIH, a B XOJOIHBIN M BECEHHHII CE30HBI 3HAUNTENBHYIO YaCTh OMOMAacCHI
COCTaBIISIIIM KOPMOBBIE JIUISI MUJIMI M YCTPHIL TAKCOHBL. B cOCcTaB MepOIIaHKTOHA BXOIWIN
JUYUHKA 43 BHIIOB JTOHHBIX OECIIO3BOHOYHBIX, JHYMHKH KYJIbTHBHPYEMBIX MOJLIFOCKOB
Mytilus galloprovincialis w Magallana gigas BCTpedalinch B XapaKTEpHBIX JUIS ATUX BUIOB
TEeMIepaTypHBIX Auana3zoHax. COBOKYITHOCTH MOJYYSHHBIX JAHHBIX MO3BOJIIET paccMaTpu-
BaTh paiioH moc. Kopens kak 3KOJOTHYECKH OJAronpusITHYIO aKBaTOPHIO sl (QYHKIIHOHU-
POBaHUS MUJUIHHO-YCTPUIHOU (hEPMBL.

KiroueBble cjI0Ba: THIPOXUMHYECKHE TMOKA3aTel, (PUTOIUIAHKTOH, MEPOTUIAHKTOH, Ma-
PUKYIBTYpa, YepHoe Mmope
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Introduction

Mussel and oyster mariculture represents one of the most promising areas for
the rational utilisation of biological resources in the coastal zone of the Black Sea.
Bivalve molluscs, on the one hand, serve as a commercially and aquaculturally
valuable resource, and on the other, participate in biofiltration and redistribution of
matter within coastal ecosystems, thereby influencing the quality of the marine en-
vironment. In the context of climate change and increasing anthropogenic pressure
on the coastal zone, assessing the suitability of shelf areas for aquaculture devel-
opment requires comprehensive consideration of hydrological, hydrochemical and
biological characteristics. For water areas with existing mariculture facilities, eco-
logical safety is determined by the variability of hydrophysical parameters, dis-
solved oxygen and nutrient concentrations, as well as the structure of phyto- and
meroplankton, which form the trophic base and ensure natural recruitment of popu-
lations of cultivated species.

Phytoplankton constitutes the primary link in the trophic pyramid of the coastal
zone and largely determines the food availability for cultivated molluscs. Small-
celled diatoms and dinoflagellates are considered the most nutritionally valuable
food organisms for mussels and oysters [1, 2], whereas the growth of toxic dino-
flagellates, principally Dinophysis and Alexandrium, can result in toxin accumu-
lation in mollusc tissues [3, 4]. Water temperature and salinity substantially influ-
ence the timing of mollusc reproduction and the abundance of their pelagic larvae
in the plankton [5]. Accordingly, a comprehensive investigation in the area of
a mussel and oyster farm makes it possible not only to evaluate the current ecologi-
cal impact of the farm on the coastal ecosystem, but also to support the sustainable
operation of the farm from the perspective of ecological safety.

The object of the study was a functioning mussel-oyster farm of approximately
7 ha situated in the coastal zone of the settlement of Koreiz. The area under inves-
tigation extends approximately 2.4 km along the coast, with a maximum distance
from the shore of 700 m and depths ranging from 8 to 32 m. Koreiz is a settlement
on the Southern Coast of Crimea (SCC), characterized by a subtropical Mediter-
ranean-type climate. The absence of well-defined bays promotes frequent wave
action, particularly during the cold season, which is significant for water ex-
change and the formation of concentration fields of dissolved and suspended sub-
stances. Three small rivers discharge into the sea within the study area (the Khos-
ma-Bash, Uzen-Chesme and Zagmata) which may influence the hydrological regime.
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Several large sanatoriums and coastal residential structures are located in the vicin-
ity and may serve as sources of anthropogenic pollution.

Studies analogous to those presented in this paper were previously carried out
by the authors in the waters of mussel-oyster farms in Goluboy Bay near the set-
tlement of Katsiveli [6], in Lake Donuzlav, and in the coastal waters off Sevastopol
[7, 8]. Data on water quality assessment in the Yalta Harbour area are also availa-
ble [9]. However, the coastal area of Koreiz has been scarcely studied.

The aim of the present work is to examine the spatial distribution of the prin-
cipal hydrological and the characteristics of phyto- and meroplankton in the area of
the Koreiz mussel-oyster farm, and to assess the suitability of these waters for bi-
valve mollusc cultivation.

Materials and Methods

Hydrological, hydrochemical and hydrobiological studies in the Koreiz area
were conducted from March 2023 to September 2024, encompassing all seasons:
winter (February 2024), spring (March and May 2023, May 2024), summer (Au-
gust 2023) and autumn (September 2024). A total of six comprehensive surveys
were carried out in accordance with the station scheme (Fig. 1).

Surveys were conducted from a small motor vessel. Samples were collected
primarily in the surface layer (0—0.5 m); a total of 61 samples were taken, and ap-
proximately 720 analyses were performed. The suite of hydrological and hydro-
chemical analyses included measurement of temperature and salinity, determination
of dissolved oxygen content, five-day biochemical oxygen demand (BODs), per-
manganate index in an alkaline medium, silicate concentration, as well as inorganic
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Fig. 1. Schematic map of the study area (the figures are station num-
bers, farm — the mussel and oyster farm). Adopted from: Google Maps
(Available at: https://www.google.ru/maps)
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and organic forms of nitrogen and phosphorus. Analyses were performed according
to standard methods'-?. The pollution coefficient (Kz) defined as the ratio of
BODs to permanganate index, was calculated following the approach described
in the study?.

Phytoplankton samples were collected at stations /-5 in the surface layer (0—1 m)
and processed in accordance with standard guidelines ¥. Microalgae were identified
using identification keys®®-7. Mean cell volumes and phytoplankton biomass
were determined using dedicated software [10]. A total of 29 samples were collect-
ed and processed. Phytoplankton abundance and biomass were distributed accord-
ing to taxonomic group (diatoms — Dia; dinoflagellates — Dino; others — Other) and
by suitability as food for cultivated molluscs (forage vs. non-forage) [1]. Meroplank-
ton samples were collected with a Juday net (entry ring diameter 36 cm, mesh size
no. 49) in the 0—10 m layer at coastal stations /, 5 and 7 (Fig. 1). The material was
processed alive; larvae of benthic invertebrates were counted in a Bogorov chamber
under MBS-9 and Mikmed-5 light microscopes. A total of 15 samples were collect-
ed; processing methods corresponded to those applied in previous studies [7, 11].

Results
In the analysis of thermohaline characteristics, the newly obtained data were

compared with long-term baseline values for the Yalta area for the period 1900—
2011 [12].

Temperature. The February 2024 survey revealed anomalously high surface-
layer water temperature (12.1°C) relative to the long-term mean (7.7°C). The rec-
orded values exceeded both the long-term maximum (9.7°C) and the absolute max-
imum for February (10.4°C). In March 2023, surface-layer temperature ranged
from 8.8 to 9.2°C, corresponding to long-term maximum values. Spring surveys
(May 2023 and May 2024) showed temperatures ranging from 14.4 to 15.0°C,
which likewise exceeded the long-term mean (13.9°C). In August 2023, tempera-
tures reached 26.8°C, exceeding the long-term mean by 3.5°C. In September,

D Guideline documents PJ| 52.24.420-2019, PJ] 52.24.383-2018, PJ] 52.24.380-2017,
PI152.24.381-2017, PJ1 52.24.382-2019, PJI 52.24.432-2018, PJI 52.10.805-2013, PJI 52.24.387-201
(in Russian).

2 On the Approval of Water Quality Standards for Water Bodies of Commercial Fishing Im-
portance, Including Standards for Maximum Permissible Concentrations of Harmful Substances
in the Waters of Water Bodies of Commercial Fishing Importance: Order of the Federal Agency
for Fishery dated May 26, 2025, No. 296 (in Russian).

3 Skopintsev, B.A., 1975. [Formation of the Modern Chemical Composition of the Black Sea
Waters). Leningrad: Gidrometeoizdat, 335 p. (in Russian).

4 Moncheva, S. and Parr, B., 2010. Manual for Phytoplankton Sampling and Analysis
in the Black Sea. 67 p.

3 Kiselev, LA., 1950. [4 Faunal Guide to the USSR. Armoured Dinoflagellates (Dinoflagellata) of
the Seas and Freshwaters of the USSR]. Moscow; Leningrad: Izd-vo AN SSSR, 280 p. (in Russian).

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

7 Tomas, C.R., ed., 1993. Marine Phytoplankton: A Guide to Naked Flagellates and Coccolith-
ophorids. Academic Press, 263 p.
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temperatures at all stations were 24.7°C, surpassing the long-term mean by 3.9°C.
The spatial distribution of surface-layer temperature was homogeneous across all
surveys.

Salinity. Mean area-averaged salinity values in the surface layer in all surveys
exceeded long-term means by 0.28+0.56%o0, with the exception of August 2023.
The August survey recorded the minimum salinity value for the entire study period
at all stations (17.63%o) and a spatially uniform distribution throughout the study
area. It should be noted that despite the small spatial extent of the study area,
the salinity distribution in February, March and September was characterized by
heterogeneity, with inter-station differences of 0.30+0.36%o.

Hydrochemical conditions. Minimum, maximum and mean values of hydro-
chemical indicators in the surface layer of the coastal waters off Koreiz in 2023—
2024 are presented in Table 1.

Dissolved oxygen, BODs and permanganate index. The distribution of dissolved
oxygen concentration was relatively homogeneous throughout the study period,
with values ranging from 7.44 to 10.07 mg/dm?®. The minimum was recorded
in September 2024 at stations 2 and 3. Survey-mean values ranged from 7.49
to0 9.92 mg/dm?. Relative dissolved oxygen saturation varied between 91.3 and
124.5%. The minimum saturation was recorded on 6 March 2023 at coastal station /,
and the maximum was recorded on 25 August 2023 at station 5 in the farm area.
Survey-mean saturation values ranged from 94.5% (6 March 2023) to 116%
(25 August 2023). The minimum dissolved oxygen saturation exceeded the regula-
tory threshold (40%) by a factor of 2.3.

BODs values ranged from 0.17 to 2.58 mg/dm? (Fig. 2); the maximum was
recorded on 15 May 2023 at offshore station 3, situated abeam of the farm.
At the remaining stations, BODs values were considerably lower and did not ex-
ceed the regulatory limit (2.1 mg/dm?® according to fisheries water quality stand-
ards ?); exceedances were not observed on any other sampling date.

Permanganate index during the observation period varied from 2.75 to
6.02 mgO/dm? (Fig. 3), with the minimum value recorded in February 2024 at off-
shore station 6 (Fig. 1).

Exceedances of the regulatory threshold (4.0 mgO/dm?®) were observed in May
and August 2023 at all stations, and in September 2024 at stations 2 and 5 (an off-
shore station abeam of Cape Kommunarov and a coastal station in the farm area,
respectively). The maximum permanganate index in August 2023 was recorded
in the farm area and was attributed to pollution with organic matter. During the warm
season of 2023, survey-mean permanganate index values exceeded the regulatory
limit by 0.75 mgO/dm? (May) and 1.52 mgO/dm? (August). The pollution coefficient
Kz, calculated as the ratio of BODs to permanganate index following Skopintsev
[10], varied from 0.09 to 0.55.

Nutrients. Nitrite nitrogen concentrations in the surface layer were low, rang-
ing from 0.4 to 2.5 pg/dm*. The minimum was recorded in May 2024 at station 4,
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Table 1. Average and extreme values of hydrochemical parameters in the surface layer
of the water area under study (2023-2024)

Content, ug/dm?

Date Value r]r?o/(li)rilg m gl/’dm3
& g NO; | NOs | NH4 [Nowe | POs | Porg | Si
Mean | 0.50 2.78 12 29 78 535 40 239 109.5
26031 ypn 0.17 2.40 08 21 35 377 24 208 874
2023
Max 0.75 3.53 2.1 48 125 645 7.6 317 188.8
Mean 1.41 475 1.1 48 74 308 17 186 954
15051 g 0.77 4.11 0.6 28 66 261 06 158 834
Max 2.58 5.59 25 68 94 372 27 214 1058
Mean | N/D 5.52 1.1 87 167 2407 4.6 266 247
2508\ i N/D 4.11 0.7 3.6 74 2080 19 212 179
2023
Max N/D 6.02 1.8 224 368 3154 79 287 30.5
Mean | 0.64 2.75 19 121 173 496 8.6 31.6 1483
14.02. .
2024 Min 0.31 2.19 17 51 53 399 38 257 1226
Max 1.04 3.43 23 231 62.0 747 204 41.0 172.9
Mean | 0.77 3.70 0.6 66 35 429 41 53 1119
07.05. .
2024 Min 0.51 3.45 04 31 26 179 31 2.7 108.0
Max 0.98 4.02 1.1 140 47 1142 63 80 1179
Mean | 0.61 3.70 0.7 105 295 592 63 120 69.7
1209y 0.38 3.04 05 64 128 159 58 83 649
Max 0.82 4.42 0.9 149 573 1014 69 251 788

Note: N/D — no data.
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Fig. 2. Distribution of five-day biochemical oxy-
gen demand (BOD:s) in the coastal waters off Koreiz
(2023-2024)
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Fig. 3. Distribution of permanganate index
in the coastal waters off Koreiz (2023-2024)

and the maximum in May 2023 at station 3 (Table 1). Nitrate nitrogen concentra-
tions in the surface layer ranged from 2.1 to 23.1 pg/dm3, with the minimum rec-
orded in March 2023 at offshore station 3 and the maximum in February 2024
at coastal station 7. Ammonium nitrogen concentrations were low, varying from 2.6
to 62.0 ug/dm3. Minimum values were recorded at stations / and 2 in May 2024;
maximum values were recorded at station 7 in February 2024. Elevated ammo-
nium nitrogen concentrations were observed at all stations in September 2024,
with the highest values at stations 4 and 5 in the immediate vicinity of the farm.
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Elevated organic nitrogen and phosphorus concentrations were also recorded at these
stations. The maximum ammonium nitrogen concentration at coastal station 7 co-
incided with elevated concentrations of phosphate (20.4 pg/dm?), total phosphorus
(56.8 pg/dm?®) and nitrate (23.1 pg/dm?).

Organic nitrogen concentrations ranged widely, from 159 to 3154 pg/dm?,
with extreme values in the Cape Kommunarov area: the minimum at coastal sta-
tion / in September 2024 and the maximum at offshore station 2 in August 2023.
Elevated organic nitrogen concentrations were observed at all stations in August
2023. No pronounced seasonal dynamics in the concentrations of inorganic and
organic forms of nitrogen and phosphorus in the surface layer were detected during
the study period.

Silicate concentrations ranged from 17.9 to 188 pg/dm?, with the minimum
recorded at station 5 in August 2023 and the maximum at coastal station / in March
2023.

Phytoplankton community structure. During the study period, 77 microalgal
species were identified in the coastal waters off Koreiz, including 45 diatom species,
24 dinoflagellate species and 8 species from other taxonomic groups (chrysophytes,
silicoflagellates, cyanobacteria). Phytotoxin-producing microalgae of the genera
Prorocentrum and Dinophysis were recorded throughout the year but at very low
abundance. Diatoms dominated numerically in all seasons (Table 2). In March and
August 2023, they accounted for 90—95% of total abundance at most stations, while
the proportion of dinoflagellates generally did not exceed 5—10%.

In summer 2023, diatoms retained their numerical dominance, but the biomass
of non-forage taxa increased to 90-98% due to large-celled microalgae. In spring
(May 2023 and May 2024), forage taxa comprised up to 80% of biomass at several
stations, while in winter—spring 2024, forage taxa predominated numerically at most
stations (Fig. 4).

Meroplankton composition and dynamics. During the study period, pelagic
larvae of 43 benthic invertebrate species belonging to various taxa were recorded
in the coastal waters off Koreiz (Table 3).

Larvae bivalvia were present in the plankton throughout the study period. Veli-
koncha of M. galloprovincialis were recorded in March and May at water tempera-
tures of 9.0-14.9°C, although their density did not exceed 12 ind.-m=. Another
species of the family Mytilidae, M. lineatus, dominated in density in August (93—
195 ind.-m™) and September (52—118 ind.-m) at water temperatures above 24.7°C.
Species of the families Cardiidae and Veneridae were recorded during the warm
season, with densities not exceeding 32 ind.-m3. Larvae of the giant oyster M. gigas
were found in August at water temperatures of 26.7°C and in September at 24.7°C.
The larvae were at the velikoncha stage, with sizes of 275-300 um and densities
of 1-2 ind.-m™. Larvae of the invasive species 4. inaequivalvis were discovered
during the same period, with densities ranging from 17 to 68 ind.-m™=. Pelagic stag-
es of the gastropods B. reticulatum and species of the family Rissoidae dominated
in August (118-234 ind.-m™).
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Table 2. Abundance and biomass of the main groups of phytoplankton in the coastal
waters off Koreiz (2023-2024)

Abundance, thous. cells-L™!

Biomass, pg-L™!

Date | Station
Dia Dino | Other Total Dia Dino | Other Total
1 5850  0.04  2.00 60.5 34540 0.01 050 3457
2 750 0.02 030 144 775 0 030 8.9
(2)82033- 319500 0 1170 2067 448.90 0 200 4510
4 1850  0.07  1.60 202 744 02 020 78
5 5330 0 5.90 592 149.10 0 110 1502
I 1320 440 0 176 1320 270 0 38.1
2 23.10 140 0 246 2710 345 0 61.6
5(5)2035 3 820 710  3.40 187 590 598  0.05 725
4 642 330 0 97 8570 121 0 97.8
5 650 17.10  3.10 114 270 375  0.60 8.2
1 31.80 090  0.50 333 217.00 108 1.70  229.5
2 2120 250  0.40 24.1 33440 222 090  357.5
3(5)203& 3 420 020 0 43 8870 29 0 91.6
4 2090 1.10 030 223 2815 47 040 2866
5 4750 070 0 482 52350 87 0 5322
1 1190 120 11890 1319 15870 46 3420 197.5
2 790  1.10 53.20 622 6680 109 11.50 89.3
53'2042' 3 670 130 67.60 755 15370 239 1830 1959
4 1.80 090 49.60 523 1720 42 2.00 30.5
5 4750 070 0 482 52350 87 0 5322
1 5230 020 0 523 3420 95 0 43.8
2 6550 120  0.05 66.8 2580 120 030 38.1
(2’(7)-2045- 3 75600 1.10 007 7572 28410 52 020  289.5
4 5290 170 0.04 546 4380 114 020 55.4
5 690 090 0 79 4970 109 0 60.7
1 950 070 0.10 104 2950 118  0.70 41.9
12.00. 2 5200 1.0 0 63 3140 162 0 47.6
2024 3 440 070  0.06 51 2580 154  0.40 416
4 530 040 0 56 2180 45 0 26.2
Note: Dia — diatoms, Dino — dinophytes, Other — other taxonomic groups.
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Table 3. Taxonomic composition of meroplankton in the Koreiz coastal waters

Taxon, species

Taxon, species

Type Annelida, class Polychaeta
Nephthys hombergii Savigny, 1818
Harmothoe reticulata (Claparéde, 1870)
Pholoe inornata Johnston, 1839
Lysidice ninetta Aud. et M. Edw., 1833
Spio decorata Bobretzky, 1870
Malacoceros fuliginosus (Claparéde, 1868)
Scolelepis squamata (Miiller, 1806)
Prionospio sp.

Spionidae gen. sp

Magelona rosea Moore, 1907
Phyllodoce sp.

Capitellidae gen. sp.

Nereididae gen.sp.

Type Arthropoda, class Crustacea
Decapoda

Clibanarius erythropus (Latreille, 1818)
Hippolyte leptocerus (Heller, 1863)
Palaemon sp.

Pachygrapsus marmoratus (Fabricius, 1787)
Pilumnus hirtellus (Linnaeus, 1761)
Larvae Brachyura

Cirripedia

Amphibalanus improvisus Darwin, 1854

Verruca spengleri Darwin, 1854

Type Mollusca, class Bivalvia

Anadara inaequivalvis (Bruguiére, 1789)

Magallana gigas (Thunberg, 1793)

Mytilus galloprovincialis Lamarck, 1819

Mpytilaster lineatus (Gmelin, 1791)
Modiolus sp.

Spisula subtruncata (Da Costa, 1778)
Teredo navalis Linnaeus, 1758
Chamelea gallina (Linnaeus, 1758)
Veneridae gen. sp.

Cardiidae gen. sp.

Larvae Bivalvia

Class Gastropoda

Bittium reticulatum (Da Costa, 1778)
Rissoa splendida Eichwald, 1830
Rissoa parva (Da Costa, 1778)
Rissoa sp.

Retusa truncatula (Bruguiere, 1792)
Tricolia pullus (Linnaeus, 1758)
Caecum trachea (Montagu, 1803)
Larvae Gastropoda

Type Cnidaria

Planula Hydrozoa

Type Bryozoa

Larvae Bryozoa

Type Bryozoa

Larvae Kamptozoa
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Fig. 4. Ratio (%) of abundance (a) and biomass (b) of forage
and non-forage microalgal species in the plankton of the Koreiz
coastal waters (2023-2024)

Polychaete larvae were recorded throughout the study period, with Spionidae
(S. decorata, M. fuliginosus, Prionospio sp.) predominating. In May, at water tem-
peratures of 14.5-15.0°C, nectochaetae of Ph. inornata (12—14 ind.-m~3) domi-
nated. Notably, larvae of M. rosea were found in all May samples (3—5 ind.-m™);
polychaetes of this species predominate in areas with good water exchange and
aeration. Nauplii of the barnacle 4. improvisus were present in all samples at densi-
ties not exceeding 15 ind.-m™3; this species is abundant on hard substrates in coastal
fouling communities. Nauplii of another barnacle species, V. spengleri, were rec-
orded in August 2023 at a density of only 2 ind.-m=. Larvae Decapoda were rec-
orded only as single specimens during the warm season at water temperatures
above 24°C. Planulae of hydroid polyps (Hydrozoa) were recorded in May and
September at densities of up to 6 ind.-m=. In September, larvae of B. cf. benedeni
(Entoprocta) were recorded at a density of 8 ind.-m3, along with rare bryozoan
cyphonautes larvae (Bryozoa). Total meroplankton density in the coastal waters off
Koreiz was generally low, with maximum values of 325 ind.-m= (August) and
326 ind.-m™* (September) at all stations, and minimum values of 6—7 ind.-m™3
in March 2023.
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Discussion

The thermohaline data obtained for the coastal waters off Koreiz in 2023-2024
indicate a consistent prevalence of elevated temperature and salinity values relative
to the long-term means for the Yalta area for the period 1900-2011 [12]. This is
consistent with the previously identified trend towards warming and increasing
salinity for both the Black Sea as a whole [13] and the coastal waters of Crimea
[14]. Temperatures in the range of 7-25°C and salinity values of 17-20%o are
considered favourable for mollusc cultivation [5, 15], as confirmed by the present
observations. No influence of the temporary temperature and salinity anomalies
on hydrochemical and plankton fields was detected, which may be attributable
to the insufficient duration and frequency of the surveys, as well as the absence of
long-term hydrochemical and hydrobiological baseline data for the Koreiz area.

The dissolved oxygen regime indicates good aeration of the surface layer and
favourable conditions for molluscs: minimum relative oxygen saturation values
(91.3%) are substantially above the fisheries regulatory threshold (40%).

BOD:s values corresponded in most cases to unpolluted waters, and the pollu-
tion coefficient Kz remained considerably below unity. The single exceedance of
the BODs limit and the elevated permanganate index values observed during
the warm season of 2023 in the farm area and at certain coastal stations are most
likely attributable to the influence of localised organic matter sources (river runoff
and domestic wastewater). Within the study area, localised nutrient enrichment
hotspots were identified (station 7), where maximum nitrate and phosphate concen-
trations also appear likewise to be associated with domestic wastewater discharge.

Silicate concentrations in the study area were characterised by considerable
variability. The absence of pronounced seasonal silicate depletion, against the back-
ground of constant diatom numerical dominance, indicates that phytoplankton bio-
mass limitation in the Koreiz area is more closely linked to nitrogen supply than
to silicon deficiency.

The taxonomic composition and structure of phytoplankton in the farm area
were broadly consistent with data reported for the SCC [16, 17]. During the win-
ter—spring period (March 2023, February 2024), enhanced vertical mixing and ni-
trogen and silicon availability, the proportion of forage taxa, represented primarily
by diatoms, increased. In summer (August 2023 and 2024), stable stratification and
depletion of nitrogen and silicate reserves led to the dominance of non-forage taxa
by biomass (large diatoms and dinoflagellates). Consequently, the high proportions
of forage microalgae in spring indicate favourable feeding conditions and growth
of molluscs, whereas the summer shift towards non-forage taxa reduces food avail-
ability while overall biomass is maintained.

Potentially toxic dinoflagellates of the genera Dinophysis and Prorocentrum
were recorded throughout the year at low abundance without evidence of mass
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bloom events. This is consistent with current understanding of the patchy occur-
rence of harmful microalgae along the Crimean coast and underscores the necessity
of regular phytoplankton monitoring in the mariculture area [3, 4].

The meroplankton of the Koreiz area is diverse. The timing and temperature
ranges of benthic invertebrate larval occurrence in the plankton were consistent
with those characteristic of the coastal waters of Crimea [6, 7], indicating the preser-
vation of natural reproductive cycles and the potential for replenishment of benthic
populations. The water temperature range (24.7-26.7°C) in August and September,
when M. gigas oyster larvae were recorded in the study area, fell within the opti-
mum range for early developmental stages of the Pacific oyster (23-30°C) [18, 19].
The combination of the present findings and previously published records of
M. gigas larvae in the Black Sea [11] corroborates projections of range expansion
for this species under climate warming conditions [20].

The relatively low overall meroplankton density, with warm-season maxima
of up to 325-326 ind.-m, is characteristic of open coastal waters with good water
exchange. The presence of larvae of abundant fouling species (4. improvisus,
V. spengleri) and hydropolyps in the meroplankton reflects the general tendency
for complex fouling communities to develop on farm structures.

Taken together, the hydrological, hydrochemical, phytoplankton and mero-
plankton characteristics indicate that the Koreiz area represents an environmentally
favourable area for the development of bivalve mollusc mariculture. Further devel-
opment of the farming operation should be accompanied by comprehensive moni-
toring of hydrochemical indicators and mero- and phytoplankton. Particular atten-
tion should be directed to localised organic pollution hotspots and the dynamics of
potentially toxic microalgae.

Conclusion

During 2023-2024, the hydrological and hydrochemical regime of the coastal
waters off Koreiz was characterised by elevated surface-layer temperature and sa-
linity relative to the long-term means established for the SCC. Dissolved oxygen
concentration remained at high levels (7.44-10.07 mg/dm?®) throughout the study
period and did not fall below fisheries regulatory thresholds. The pollution coeffi-
cient (Kz) did not exceed unity, allowing the study area to be classified as “unpol-
luted”. Concentrations of inorganic forms of nitrogen and phosphorus were low
and spatially homogeneous, which is typical of unpolluted coastal waters.
The identified localised hotspots of elevated ammonium nitrogen (62.0 pg/dm?3),
nitrate (23.1 pg/dm?®) and organic nitrogen and phosphorus (3154 and 41.0 pg/dm?,
respectively) were confined to the mussel-oyster farm area and to the coastal sta-
tion subject to the influence of river and domestic wastewater. Silicate concentra-
tions remained sufficient for diatom development throughout the year.

In the phytoplankton, diatoms consistently dominated numerically (up to 95%),
and during the cold and spring seasons, taxa that serve as food for mussels and oys-
ters constituted a substantial proportion of both biomass and abundance. The sum-
mer increase in the proportion of non-forage taxa was transient and was not ac-
companied by blooms of potentially toxic species, indicating a stable food supply
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for the cultivated bivalve molluscs. The meroplankton of the Koreiz area com-
prised larvae of 43 benthic invertebrate species, including pelagic stages of culti-
vated bivalves and invasive species. Larvae of Mytilus galloprovincialis were rec-
orded at water temperatures of 9.0-14.9°C, while larvae of Magallana gigas and
Anadara inaequivalvis were found at 24.7-26.7°C.

Thus, the thermohaline conditions, persistent diatom dominance with a high
contribution of forage taxa, high dissolved oxygen concentrations, a low level of
nutrient pollution with localised and manageable enrichment in organic forms of
nitrogen and phosphorus in the farm vicinity, and the availability of bivalve larvae
collectively support the conclusion that the coastal waters off Koreiz are environ-
mentally favourable for the operation of the existing mussel-oyster farm.
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Microplastics in the Lower VVolga—Northern Caspian System:
Spatial Distribution in the Water Mixing Zone
and Sources of Input
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Abstract

The influence of hydrological and hydrochemical conditions on the spatial distribution of
microplastics in estuarine zones has been poorly studied. The study aims to assess micro-
plastics spatial distribution and their quantitative and qualitative characteristics in the Low-
er VVolga—Northern Caspian system. The data were collected during an expedition on R/V
Deneb in September 2023. The samples were taken using a neuston trawl net (0.3 mm
mesh) in the surface layer (0-0.2 m), followed by processing according to a modified
NOAA method and direct visual sorting under a microscope. The polymers were identified
using the Raman and Fourier-transform infrared spectroscopy, with the PHI hazard index
calculated. In parallel, hydrochemical, hydrological and meteorological parameters of the
environment were measured, including ion composition. In the Lower Volga, the average
particle concentration was 81 particles/m?, with peak values of 100 particles/m?* (following a
downpour in Kalmykia), as well as 92 particles/m*® near Volgograd and 98 particles/m?® near
Astrakhan, indicating anthropogenic runoff as the primary source. In the Northern Caspian
Sea, particle concentrations were significantly lower (ranging from 3 to 44 particles/m?,
with an average of 13 particles/m?), showing a pronounced downward gradient from the
estuary. Fine microplastics (0.3-2 mm) in the form of fibres and fragments predominated,
mainly consisting of polyethylene, polyethylene terephthalate and polyamide, which are
classified as hazard class 2 according to the PHI index. The spatial distribution of particles
correlates with variations in salinity and ionic composition (a 20- and 80-fold decrease in
the Ca?"/Cl- and HCOs/CIl™ ratios), turbulent mixing following a storm and shower
precipitation. In the estuary zone, the dilution of river water with sea-water leads to
a significant reduction in particle count: from 98 to 44 particles/m?, and subsequently to
13 particles/m®. The primary source of microplastics is anthropogenic runoff from the
Volga, including diffuse runoff from urbanised areas. The specific nature of the
Caspian Sea as a closed basin with a significant river runoff results in relatively higher
microplastics concentrations than those found in open seas. The obtained data justify the

need to control surface runoff and monitor estuarine geochemical barriers.

Keywords: microplastics, Northern Caspian Sea, Lower Volga, mixing zone, ionic compo-
sition, anthropogenic pollution
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MuKpOIJIACTHK B CHCTEME
Hu:xnsia Boara — Cesepnblii Kacnuii:
NMPOCTPAHCTBEHHOE pacipe/ie/ieHie B 30He CMeIIeHUsI BOJ
U MCTOYHHUKHU MOCTYIJICHUSA

M. A. Auuudepona *, A. B. Kitemenkos, A. M. Kopuiyn
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AHHOTAUMSA

BiusHEe THAPOTOTHYECKUX U THAPOXHUMHUICCKUX YCIOBHHA Ha MPOCTPAHCTBEHHOE pacmpe-
JIeIIeHIe MUKPOIUIACTHKA B 3CTYapHBIX 30HAX M3y4deHo ciabo. Llems paboTel — omeHKa ero
MPOCTPAHCTBEHHOTO pAacIpeeNIeHIs], KOMTHICCTBCHHBIX W Ka4eCTBCHHBIX XapaKTEPHUCTHK
B cucteme Hwmxnsas Bosra — CeBepnblii Kacninii. MaTtepuan nojiyueH B XOJA€ SKCIEIULU-
onHoro peiica Ha HUC «/lene6» B centsope 2023 r., mpoOsl oTOMpanu TpajeHHeM Heil-
ctonHo# cetu (siuest 0.3 MM) B moBepXHOCTHOM ropusoHTe (0—0.2 M) ¢ mocnenyromen 00-
pabotkoi 1o Monuduurposannoit Mmeronuke NOAA u mpsiMoil BU3yanbHOW COPTHPOBKOM
MOJ MHKpOCKOIIOM. MyeHTH(HKalUs NOJIMMEPOB BBINOJIHEHA METOJIAMH pPaMaHOBCKOW
u UK-®Dypobe-criekTpockonuu ¢ pacueToM mHaekca onacHoctu PHI. IlapamnensHo u3me-
PN THAPOXMMUYECKUE, THAPOJOTHYECKHE M METCOPOJIOTHYECKHE IapaMeTphl Cpelibl,
B YaCTHOCTH MOHHBIN cocTaB. B Huxueil Bonre cpennee copepkaHue 4acTHI] COCTABUIIO
81 mr/m3, nukoBsle 3HaueHns — 100 mt/M® (mocne nuBHA B KanMbixun), a Taxke 92 mt/m°
y Bonrorpaga u 98 mr/m® y AcTpaXaHu, 4TO yKas3blBaeT HA aHTPOIOrEHHBbIH CTOK Kak
ocHOBHOIT uctouHnk. B CeBepHoMm Kacmuu KOHIEHTpalWW YacTHI[ CYINISCTBEHHO HIDKE
(ot 3 1o 44 /M3, cpennee 13 UJT/M3) C BBIPAYKEHHBIM HUCXOJSIIMM IPAIMEHTOM OT YCThS.
IIpeobmamaer menkuit Mukportactuk (0.3—2 MM) B BHIE BOJOKOH M ()parMeHTOB, Ipe-
HUMYIIECTBEHHO U3 MOJUATHUICHA, MONMITHICHTepedTanaTa ¥ NOJIMaMUaa, KOTOpbIe OTHe-
CEeHBI KO 2-My KJIaccy omnacHocTu coriacHo unaekcy PHI. [IpoctpancTBenHOE pacnpeaene-
HHE YaCTHIl KOPPEIUPYET C TUHAMHUKOM COJICHOCTH, MOHHOTO COCTaBa (CHIKeHne K03 hu-
uentoB Ca?*/Cl- u HCO:7/Cl™ B 20 u 80 pa3), TypOyJICHTHBIM EPEMEIIMBAHUEM IOCIIE
IITOpMa M JIMBHEBBIMU OCaJIKaMH. B acTyapHO# 30He pa30aBieHHE PEUHBIX BOJ MOPCKUMH
IPUBOUT K 3HAYUTEILHOMY CHUKEHHMIO KOJMYECTBa yacTull: ¢ 98 1o 44 mr/m3, a satem
10 13 mr/m®. OcHOBHOM HCTOYHMK MHKPOILIACTUKA — aHTPOIIOTE€HHBIN cTOK Bojru, BKIo-
yast quddy3HBIA CMBIB ¢ ypOaHH3HPOBAaHHBIX TEPPUTOPHHA. YHHUKAIBHOCTH Kacmms kak
3aMKHYTOTO BOJOEMa C MOIIHBIM PEYHBIM CTOKOM OOYCIIOBIMBACT OTHOCHUTEIFHO TOBEI-
IICHHBIC KOHIICHTPAIMH MUKPOIUIACTHKA 10 CPAaBHEHHIO C OTKPBITBIMU MOpsiMu. [loydeH-
HbIE JJaHHBIE 00OOCHOBBIBAIOT HEOOXOAMMOCTH KOHTPOJISI HOBEPXHOCTHOTO CTOKAa W MOHHTO-
PHHTa SCTYapHBIX TCOXUMHYICCKIX 0apbepoB.

KuaroueBnble cioBa: mukporutactuk, CeBepubiii Kacnuii, Hwxknusist Bonra, 30Ha cMmenieHus,
HWOHHBIN cOCTaB, aHTPONIOTEHHOE 3arps3HEHUE

94 Ecological Safety of Coastal and Shelf Zones of Sea. No. 2. 2026



BuaaropaprnocTu: nmyOnauKanuys HNOATOTOBJIEHA B paMKax peaim3anuu roczaganus FOHL]
PAH, Ne rocpeructpanun 125012100503-4. PaGota BeImosiHeHa Ha obopyaoBannu [IKIT
«OO0beqMHEHHBI LEHTpP HayYHO-TEXHOJOormdeckoro obopymosanms IOHI] PAH
(uccnenoBanue, paspaborka, anpodarus)», Ne 501994,

s uurupoBanus: Anyugeposa M. A., Knewenkos A. B., Kopuyn A. M. MuKpoOIIIacTuK
B cucteme Huxnss Bonra — CesepHslit Kacnuii: mpocTpaHCTBEHHOE pacpeeieHue B 30He
CMeLIeHHs BOJ U UICTOYHUKH MOCTYIUICHHs // DKoJornyeckas 0€30MacHOCTb MPUOPEIKHOIT 1
menboBoit 30H Mopst. 2026. Ne 2. C. 93-109. EDN EUXOMX.

Introduction

Microplastics (MPs) are solid, water-insoluble particles of synthetic polymers
characterised by heterogeneity of properties, composition, and characteristics [1].
The key criterion for classifying plastics into this group is particle size — from 0.1
0.3 mm (depending on sampling methods [2]) to 5 mm. The considerable variabil-
ity of MP characteristics gives rise to a number of unresolved issues, e.g., concern-
ing particle sources, transport patterns, quantitative assessment, and, most im-
portantly, the degree of MP impact on living organisms and ecosystems as a whole.
One of the main challenges in assessing MP concentrations in the environment
remains the lack of unified standardised protocols for sampling, sample prepara-
tion, and particle identification.

MP pollution of freshwater environments has long been studied less intensive-
ly than that of marine environments; however, the number of relevant studies has
been growing recently [3-5]. The study area is the shelf zone of the Caspian Sea —
the largest inland water body on the planet. Its drainage basin generates a runoff of
about 300 km?, over 80% of which (255 km?) is contributed by the Volga River [6].
This makes the northern part of the sea particularly important as an extensive mix-
ing zone where river runoff is transformed. Despite the importance of the region,
the problem of its MP pollution remains poorly studied. Existing publications
mainly address the southern (Iranian) [7, 8] and western (Kazakhstan) [9] coasts.
For the southern Caspian Sea, mean and median MP concentrations are 15 and
12 items/kg in bottom sediments, and 710 and 650 items/m?® in the water column
[10]. However, comprehensive studies of the Volga—Caspian mixing zone have not
been carried out so far.

Our study, in addition to the Northern Caspian Sea, covers the Lower Volga,
since rivers are recognised as the main source of anthropogenic litter entering the
seas. The Lower Volga has been studied previously: earlier studies [11]
confirmed the presence of MPs in surface waters and aquatic organisms. A
comprehensive survey of both water bodies makes it possible to assess the
spatial distribution patterns of pollution and its sources.

The present paper is aimed at estimating the MP content in the waters of the
Lower Volga and the Northern Caspian Sea, analysing the specifics of their
input and spatial distribution in the mixing zone of river and sea waters, and
determining the qualitative characteristics and polymer composition of particles
against the background of changing hydrochemical water parameters.
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Materials and methods

The material for the study was collected during an expedition of the Southern Sci-
entific Centre of the Russian Academy of Sciences on board the R/V Deneb in Sep-
tember 2023. Sampling stations covered the Lower Volga (from the exit of the VVolga—
Don Shipping Canal to the mouth area) and the northwestern part of the Caspian Sea
(from the Volga—Caspian Shipping Canal (VCSC) to the Izberbash area).

Concentrated samples were taken by trawling with a neuston trawl net
(0.3 mm mesh) in the surface layer (0-0.2 m). During sampling, the colour of
the ship’s side and deck was taken into account to minimise secondary contam-
ination.

Samples were processed according to a modified NOAA method [12]. The main
sample preparation steps included filtration through a fine-mesh (100 um) nylon
filter, wet oxidation in hydrogen peroxide with the addition of iron (Fenton’s reac-
tion), and density separation in a zinc chloride solution (ZnClz, p = 1.6 g/cm?).
Thus, the sample was cleaned of the bulk of accompanying organic and mineral
material.

Quantitative, morphometric, and morphological analyses were performed by
direct visual sorting under an optical microscope (stereo Micromed MS-1 var. 2C
Digital, 20x magnification), during which the number of particles was counted,
normalised to 1 m?® of filtered water, and their characteristics were described: shape
(fibre, fragment, granule, film), colour, and size.

The composition of particles preliminarily identified as MPs by the hot needle
method was analysed using Raman spectroscopy (RAMOS S120) and Fourier-
transform infrared spectroscopy (FSM 2202). Initially, both methods were used
in parallel for the most representative samples from the dataset; subsequently, they
complemented each other to cover a larger number of samples and establish a broad
list of polymers.

Based on the polymer composition data, the overall Polymer Hazard Index
(PHI) was calculated in accordance with the methodology, adapted for MP mix-
tures in [13], as proposed in [14] using the formula

PHI =% Pn x Sn,

where Pn is the percentage share of particles of a specific polymer type; Sn is
the hazard score of that polymer according to Table 2 in [14, pp. 3312-3315].
The obtained value was compared with threshold ranges (Table 1 in [14, p. 3311]):
less than 10 — class | (low risk), 10-100 — Il (moderate risk), 100—-1000 — I1I (sig-
nificant risk), over 1000 — IV (high risk). It should be noted that, although the PHI
index is widely used for preliminary risk assessment, it is a simplified tool because
it does not account for the full set of particle characteristics such as size, morpho-
logy, presence of additives, and degree of degradation, which significantly affect
the ecotoxicological potential of particles. Therefore, the obtained PHI values should
be interpreted as a primary hazard indication.

Quality control was carried out at all stages of the work; only glass laborato-
ryware was used, the filters used were thoroughly rinsed with distilled water, and
all reagents were filtered through fine-mesh filters (100 um). Under laboratory
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conditions, blank samples were analysed, and open Petri dishes with distilled water
were exposed to monitor background MP content in the air. The lower limit of par-
ticle detection was 0.3 mm, which is determined by the mesh size of the sampling
net. Therefore, the obtained concentrations should be regarded as underestimated
relative to actual values [15].

In parallel with MP sampling, monitoring of aquatic environment parameters
was carried out. Profiles of temperature, salinity, turbidity, and density were meas-
ured with a CTD-48 hydrological probe. Meteorological parameters were recorded
by an automatic shipboard station.

Water samples for hydrochemical analysis were taken using standard ocea-
nological methods with a bathometer from the surface layer (down to 0.5 m).
In the laboratory of the SSC RAS, water hardness (PND F 14.1:2.98-97) and
the concentrations of major ions of the salt composition were determined by direct
analysis of chlorides (PND F 14.1:2.96-97), sulphates (PND F 14.1:2.108-97),
bicarbonates (PND F 14.2.99-97), and calcium ions (PND F 14.1:2.95-97). Magne-
sium ion concentration was calculated from the difference between hardness and
calcium concentration in equivalent form. The total concentration of sodium and
potassium ions was determined as the difference between the sum of anion concen-
trations (chlorides, bicarbonates, and sulphates) and the sum of cation concentra-
tions (calcium and magnesium ions) in equivalent form (RD 52.24.514-2009).

To compare water areas with different mineralisation, ion contents were calcu-
lated in percent equivalents (%-equiv), whereby the sum of anions, like the sum of
cations, in water was taken as 100% Y. Changes in the percent-equivalent concen-
trations of salt-forming ions were used as an indicator of salt composition trans-
formation.

To identify the factors governing the spatial distribution of MPs in the river—
sea mixing zone, hydrological and hydrochemical parameters were analysed
in parallel with MP sampling. The variability of the ionic composition of the North-
ern Caspian Sea waters is shaped primarily by the Volga River runoff. Statistical
data processing was performed in Microsoft Excel.

Results and Discussion

Quantity and spatial distribution of microplastics

MPs were detected in the aquatic environment at all stations.

In the Lower Volga, the average particle concentration was 81 particles/m?
[16]. The highest content (100 particles/m*®) was observed in the Kalmykia area
after a heavy downpour, indicating a likely contribution of diffuse runoff and at-
mospheric precipitation. High values were also recorded near major urbanised cen-
tres: 92 particles/m* at St. 1v near Volgograd and 98 particles/m* at St. 5v near
Astrakhan (Fig. 1). The minimum (58 particles/m®) was recorded downstream of
the Buzan distributary branch.

D Alekin, O.A., 1970. [Hydrochemistry Basics. A Study Guide]. Leningrad: Gidrometeoizdat,
442 p. (in Russian).
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In the Northern Caspian Sea, MP particle concentrations markedly decrease
with distance from the Volga mouth. The highest value (44 particles/m®) was re-
corded in the Volga—Caspian Canal. Elevated MP content relative to the rest of
the sea also persists at the next two stations (St. 7c and 8c in Fig. 1) near Chechen
Island (13 particles/m?®). The minimum particle concentration (3 particles/m?) was
recorded near the coast in the area of Kaspiysk (St. 9¢). The average value for
the northwestern part of the Caspian Sea, given such a wide scatter of values, is
13 particles/m® [17]. The obtained values are consistent with the global range of
MP concentrations in water bodies and are at the level of average values (from 0.3
to 150 particles/m®) [3-5].

The revealed pattern confirms that the Lower Volga, like many river systems
of the world, is an important source of microplastic input into the marine environ-
ment [18]. The established MP content in the river (average 81 particles/m?®) ex-
ceeds concentrations in the Northern Caspian Sea (13 particles/m®). Peak micro-
plastics concentration values near large cities (Volgograd, Astrakhan) point to
an anthropogenic source of their input — surface runoff from urbanised areas.
The maximum concentration (100 particles/m?) after a downpour in the Kalmykia
area indicates a probable contribution of atmospheric precipitation and diffuse run-
off. A direct link has not been proven, but a similar situation has been described
in other studies [19], and atmospheric precipitation is generally considered one of
the important pathways for microplastics entering water bodies.

With distance from the Volga mouth in the marine area, a clear trend towards
a decrease in particle concentration is observed, followed by a slight increase
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(see Fig. 1). The specific nature of the Caspian Sea as a closed basin with
a significant river runoff means that the average concentration of MP particles
in its north-western part (13 particles/m®) exceeds levels typical of many open
marine waters [2].

Morphological and morphometric characteristics; polymer composition
of particles

Analysis of the qualitative characteristics of microplastics revealed differences
between particles in the river and sea areas. In the waters of the Lower
Volga, mainly transparent filamentous fibres up to 1 mm in length (modal value
0.7 mm) were found. Coloured particles (most common colours: black, white,
blue) and those of other shapes (mainly fragments) occurred less frequently
(Fig. 2, Table 1).

A more diverse assemblage is observed in the Northern Caspian Sea:
along with fibres (54%), fragments (32%) are widely represented, as well as
occasional granules and films. The colour palette of particles is diverse, but, as
in the river, transparent samples predominate; among coloured particles, white
and pink are the most common. In the sea, particles from 0.5 to 2 mm in
length dominate the size range (Fig. 2, Table 1); other size fractions (0.3-0.5 and
2-5 mm) occurred significantly less frequently.
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Fig. 2. Microplastics distribution by characteristics in

the Lower Volga and Northern Caspian Sea: by shape (a),
colour (b) and size, mm (c). Particle samples (d)
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Table 1. Statistical indicators of the microplastics length, mm

Water body Average (X) Mode (Mo) Median (Me)
Lower Volga 15 0.7 1.0
Northern Caspian Sea 1.9 0.7 1.3

In general, for both water bodies, the width of MP fibres ranges from 0.01
to 0.05 mm, and that of fragments from 1 to 3 mm.

In the Volga waters, low- and high-density polyethylene (PE), polyethylene
terephthalate (PET), and polyamide (PA) predominate. In marine samples, the bulk
is also composed of PET and PE, while the proportion of ethylene vinyl
acetate (EVA) increases (Fig. 3). In both water bodies, polystyrene (PS) (see
Fig. 3), polypropylene (PP) and occasional polyurethane (PU), polyvinyl chloride
(PVC), polyvinyl acetate (PVA), polyoxymethylene (POM) and polymethyl meth-
acrylate (PMMA) were detected in smaller quantities.
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Fig. 3. Spectra of Raman scattering (right) and photos (left) of

polymers collected in the Caspian Sea: a — polyethylene-vinyl-
acetate; b — polystyrene
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Fig. 4. Percentage of particles by polymer type. Notations: PE — polyethylene,
PET — polyethylene terephthalate, PA — polyamide, EVA — (poly)ethylene vinyl acetate,
PP — polypropylene, PS — polystyrene, XPS — extruded polystyrene, PU — polyurethane,
PVC — polyvinyl chloride, PVA — polyvinyl acetate, POM — polyoxymethylene, PMMA —
polymethyl methacrylate.

According to PHI calculations, most of the polymers — PE, PET, PA, EVA,
PP, and PS — belong to hazard class 2 (Fig. 4). Polymers of higher hazard classes
were found in single particles: PU, PVC, PVA, POM, and PMMA.

Qualitative analysis revealed differences in particle characteristics. The pre-
dominance of fine fibres with high bioaccumulation potential is typical of the river.
In the sea, the proportion of larger fragments increases, and the polymer composi-
tion changes (with an increase in the share of ethylene vinyl acetate), which is like-
ly associated with sedimentation, fragmentation, and selective transport. Although
most of the identified polymers belong to hazard class 2 according to the PHI in-
dex, the actual ecotoxicological threat may be higher. As Raman spectroscopy
showed, particles contain chemical additives (e.g., flame retardants, dyes) that
have greater mobility and biological activity than the base polymer. This confirms
the need for a comprehensive assessment of microplastic hazard, considering not
only the polymer composition but the entire spectrum of associated contaminants.

Meteorological conditions and hydrological factors of the aquatic environ-
ment

During the expedition, meteorological conditions varied from moderate when
entering the Volga (air temperature 13.8°C) to consistently warm in the Caspian
Sea (21-21.8°C) with easterly and north-easterly winds. Shower precipitation was
recorded in the Kalmykia area. A storm occurred on 23 September.
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Shower precipitation had a noticeable effect on the local distribution of the
pollutant: the maximum MP particle concentration in the Kalmykia area (100
particles/m?®) is likely associated with the effect of diffuse runoff after heavy
rain, demonstrating the importance of diffuse sources of pollutant input.

A pattern can be traced in the distribution of MPs: higher particle
concentration values are recorded in the river and relatively low values in the
sea, with a gradual decrease in the water mixing zone (the seaward edge of
the delta). This is evident during the transition from the river station (6¢) to the
first sea stations (7c and 8c) and is due to the dilution of river runoff with
seawater. Storm-induced mixing also probably affected the distribution dynamics;
according to expedition observations, it led to the displacement of water masses,
which is reflected in salinity values and explains the similar MP concentrations
(13 particles/m?) at the stations before and after Chechen Island.

Water salinity increased from 0.19-0.20 PSU at the river stations to 2.89—
11.4 PSU in the open sea. Turbidity was maximal (75.1 FTU) at the transitional
station 7c, then decreased (Table 2).

Thus, a combined influence of various factors and events on the spatial dy-
namics of MPs was noted: direct meteorological events (downpours, storms) pro-
voking diffuse input and mixing of waters, and hydrological factors, among which
river runoff plays a key role as the main source of particle input into the sea.

Table 2. Hydrological parameters of the aquatic environment

Station PE,U Dkegn/smitg/, oH Tulr:tglicdjity, oTC Trans;?;lrency,
1v 0.19 998.38 7.83 4.70 19.80 2.10
2v 0.19 998.40 7.75 7.50 19.70 2.60
3v 0.20 998.44 7.68 8.20 19.60 1.60
4v 0.20 998.39 7.84 9.83 19.00 1.40
5v 0.19 998.40 7.79 7.28 19.80 1.10
6c 0.20 998.43 7.36 15.40 19.60 —*
7c 2.89 1000.18 7.31 75.10 21.00 0.30
8c 10.31 1005.73 6.50 55.70 21.20 0.50
9c 11.17 1006.29 6.33 16.70 21.60 0.80
10c 11.34 1006.28 6.23 8.94 22.20 1.40
1lic 11.36 1006.46 6.31 2.88 21.50 5.00
12¢ 11.29 1006.37 5.97 6.14 21.70 8.00

* Transparency was not measured because the samples were taken in the evening.
Note: S —salinity; T — temperature.
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lonic composition of waters in the mixing zone

Within the framework of this research, the ionic composition is considered ex-
clusively as a background environmental parameter characterising the physico-
chemical conditions of the water area. A detailed comparison of data on the com-
position and distribution of MP particles is not carried out; however, understanding
the basic hydrochemical setting is necessary for the correct interpretation of
the mixing zone as an area of potential pollutant accumulation. Since MPs are part
of suspended matter, similar distribution patterns are expected for MP particles and
suspended matter [20]. Therefore, the ionic composition of the study water area
was simultaneously analysed (see Figs. 5 and 6).

The ionic composition of the Northern Caspian Sea is shaped by several
factors, the main one being the Volga River runoff, whose influence extends over
the entire water column of this shallow part of the sea. In the eastern part, Ural
waters, which differ from the Volga waters in the content of certain components,
have an impact. From the south, water from the Middle Caspian arrives with an
already established ionic composition. As a result of the displacement of these
water masses in the Northern Caspian Sea, waters of different ionic composition
are formed — from freshened waters with chlorinity less than 1%o to those close to
true Caspian waters 2.

The spatial variability of the ionic composition of the northwestern Caspian
waters, which are under the dominant influence of the Volga River runoff, reflects
complex processes of mixing, dilution, physicochemical interaction, and biological
transformation. The ionic composition of the Volga and Caspian waters is present-
ed in Table 3. Sharp fluctuations in water mineralisation are observed in the estua-
rine zone.

The analysis of the transformation of ionic composition at the river—sea bounda-
ry is most representative when considering the relative ion concentrations (%-equiv.).
In the mixing zone of the Volga freshwater with the saline waters of the Caspian
Sea, with increasing mineralisation, a so-called salt barrier is observed, character-
ised by changes in the relative concentrations of anions and cations (Fig. 5).

In the estuarine zone, where a sharp increase in mineralisation is observed,
the following patterns have been revealed. In the anion group, chlorides become
dominant already at a mineralisation above 4.46 g/kg, reaching values of more than
60%-equiv. In contrast, sulphates show a slight decreasing trend. Bicarbonate ion
concentrations, which never take a leading position in marine waters, decrease
most sharply at the river—sea boundary: in the mixing zone, their relative values
decrease more than 10-fold.

Among the cations in the mixing zone, the sodium ion dominates, and its share
increases monotonically with increasing mineralisation (from 30 to 65%-equiv.).
A positive trend is also characteristic of magnesium ions: with distance from
the mouth, their relative concentration gradually increases. In contrast, the calcium ion,

2 pakhomova, A.S. and Zatuchnaya, B.M., 1966. [Hydrochemistry of the Caspian Sea]. Lenin-
grad: Gidrometeoizdat, 342 p. (in Russian).
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Table 3. Spatial variability of the ion-salt composition in the Lower Volga and North-
ern Caspian waters in September 2023 (the period of expeditionary studies of the Southern
Scientific Center of the Russian Academy of Sciences)

1. Lower Volga

Minerali- Concentration, mg/L
Station sation,
mg/L CI- HCO; | SO4* Ca* Mg? | Na*+K*
lv 286.70 31.91 117.16  48.10 56.87 12.16 20.50
2v 299.68 39.00 122.04  46.49 53.95 10.70 27.50
5v 309.58 35.45 129.36  46.49 47.15 13.13 38.00

2. Northern Caspian

Minerali- Concentration, g/kg
Station sation,
g/kg CI- HCO; | SO4* Ca* Mg? | Na*+K*
7c 4.46 1.77 0.17 0.96 0.13 0.21 1.22
9c 13.38 5.32 0.24 3.17 0.33 0.72 3.60
11c 13.32 5.14 0.24 3.36 0.34 0.76 3.48
12¢ 13.97 5.67 0.26 3.17 0.34 0.77 3.76

which is predominant in fresh mouth waters (over 40%-equiv. in the Lower Volga)
at a mineralisation of up to 1 g/L, sharply loses its significance upon contact with
the marine environment: already at the first sea station (7c¢), its relative
concentration decreases approximately 5-fold.

The work “On the Formation of the Salt Barrier in the Azov, Caspian, and
Aral Seas” shows that during the mixing of waters in estuarine zones, all transition
stages between hydrocarbonate-calcium and chloride-sodium waters are observed
[21]. The evolution of the ionic composition in the mixing zone of river and sea
waters has a pronounced stage-by-stage character. The first and most dynamic
stage (mineralisation from 0.3 to 4.46 g/kg) is accompanied by a fundamental re-
structuring of the salt complex: a sharp increase in the share of chlorides against
the background of decreasing sulphate and bicarbonate concentrations leads to
the transition from the hydrocarbonate water class to the chloride class, and from
calcium to sodium dominance in the cation composition. At the second stage (min-
eralisation from 4.46 to 13.38 g/kg), the ionic composition of the mixing zone wa-
ters approaches the composition of the Northern Caspian waters. Finally, at the third
stage (mineralisation above 13.38 g/kg), the dominant influence of the marine com-
ponent is preserved, but the intensity of water enrichment with marine ions (chlo-
rides and sodium) significantly decreases.
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Fig. 5. Spatial variability in the relative concentrations of
the ionic and salinity composition of waters in the Lower Volga
and the Northern Caspian Sea in September 2023 (the period of
expeditionary studies of SSC RAS)

The transition from fresh waters to the mixing zone waters is illustrated
in Fig. 6. The change in key interionic coefficients demonstrates pronounced non-
linearity in the mixing zone. At the first stage, in the salinity interval 0-0.2 PSU,
the maximum values of the key interionic ratios are recorded. However, already in
the next range of 0.2-2.89 PSU, a sharp decrease occurs. At the second, more
prolonged mixing stage (salinity 2.89-11.36 PSU), the metamorphosis of the water
mass intensifies. The coefficients Ca?>"/Cl- and HCOs7/Cl, the most sensitive to the
input of seawater, decrease significantly — approximately 20-fold and 80-fold,
respectively, compared to their values in the Volga water at the seaward delta edge,
while the coefficients Na*+K*/Cl and SO+*/Mg?*, with an overall increase in salinity,
decrease only 1.62- and 1.60-fold, which indicates their relative stability [12].

It is important to note that the sharp decrease in MP concentration
(from 44 to 13 particlessrm*®) occurs synchronously with the first, most
contrasting stage of ionic composition transformation (mineralisation from 0.3
to 4.46 g/kg, salinity up to ~ 3 PSU) during the change of the water chemical
composition from carbonate-calcium to chloride-sodium.
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Fig. 6. Relative values of salt-forming components and salinity
of water in the Lower Volga and the Northern Caspian in Septem-
ber 2023 (the period of expedition studies at the SSC RAS)

With distance from the Volga mouth, a subsequent increase in mineralisation
from 4.46 to 13.38 g/kg is observed, which corresponds to the phase of active ad-
justment of the mixed water composition to the characteristics of the Northern
Caspian marine environment. At the transition between these zones (distance from
the river—sea boundary), the most significant decrease in the amount of MPs for
the Caspian Sea is recorded: from 44 particles/m*® at St. 6¢ to 13 particles/m?
at the next two stations, 7c¢ and 8c. With an increase in mineralisation to 13.38 g/kg
(salinity over 11 PSU), the process of increasing marine ion concentrations slows
down substantially, which indicates that the system has reached a stage of relative
chemical stabilisation, or complete dilution of river waters by marine waters.
The minimum amount of MPs (3 particles/m?®) and a noticeable change in the frac-
tional composition of particles are observed upon transition to the region of marine
ion stabilisation (salinity over 11 PSU).

The revealed correlation suggests that the processes forming the geochemical
barrier in the estuary (coagulation, flocculation, sedimentation of suspended mat-
ter) probably also affect MP transport. This assumption agrees with the concept of
the marginal filter, the active gravitational step of which in the Caspian Sea is lo-
cated between the isohalines of 0.2 and 2 PSU [22] — it is precisely in this salinity
interval that the most significant drop in MP concentrations is observed.
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Thus, the distribution of MPs in the coastal-shelf zone of the Northern Caspian
is influenced by a set of factors, including: 1) the intensity and localisation of an-
thropogenic load in the river basin; 2) the river runoff regime; 3) meteorological
and hydrodynamic conditions (e.g., storm-induced mixing recorded during the sur-
vey period). Accounting for these factors is necessary for the development of a sci-
entifically grounded monitoring system and measures to ensure the environmental
safety of the vulnerable ecosystem of the Caspian Sea.

Conclusions

MPs were detected at all stations in the waters of the Lower Volga and the Nor-
thern Caspian Sea. In the river, their quantity varies from 58 to 100 particles/m?,
averaging 81 particles/m?; peak values were recorded near large cities and after
heavy atmospheric precipitation. This confirms the role of the river as the main
source of anthropogenic plastic input into the Northern Caspian. In the sea itself,
the extreme values of MP particle concentrations range from 3 to 44 particles/m?,
with an average of 13 particles/m®. The relatively elevated numerical values com-
pared to other open seas are due to the closed nature of the water body and
the powerful river inflow.

The maximum decrease in the amount of MPs (from 44 to 13 particles/m?)
occurs in parallel with the phase of sharp ionic composition transformation (0.3—
4.46 g/kg), while the lowest value (3 particles/m*®) and a change in the fractional
composition are observed simultaneously with the attainment of chemical stabilisa-
tion in highly mineralised waters (over 13.38 g/kg). Since plastic is chemically
inert, the transformation of waters itself does not affect its distribution; however,
the mechanism of dilution and subsequent distribution of particles in a larger water
mass volume affects the observed spatial dynamics.

The qualitative characteristics of MPs have been determined. Predominantly
transparent samples, fine fibres (up to 2 mm), and coloured fragments of polyethy-
lene, PET, and polyamide prevail, belonging to potential hazard class 2. The detec-
tion of toxic additives (dyes, flame retardants) in the particles points to the need for
assessing the integrated chemical risk, not just that of the polymer matrix.

The aquatic environment where MP pollution is considered is a mixing zone
with a pronounced stage-by-stage transformation of water masses. The restructur-
ing of the water chemical composition occurs at the initial stage, up to a minerali-
sation of 4.46 g/kg, at which the change from the hydrocarbonate-calcium to
the chloride-sodium class is recorded. The high contrast of the environment is con-
firmed by the non-linear change in interionic coefficients (Ca?"/Cl-, HCOs7/Cl"),
which decrease by tens of times. This indicates a heterogeneous hydrochemical
background, which determines the specific conditions of settling and transit of sus-
pended matter in the area of anthropogenic pollution.

The obtained results can serve as a scientific basis for developing a monitoring
system and measures to reduce anthropogenic load. They highlight the critical
importance of controlling surface runoff from urbanised areas and preserving
the functional integrity of estuarine mixing zones to ensure the long-term environmen-
tal safety of the unique and vulnerable coastal-shelf ecosystem of the Caspian Sea.
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Abstract

The North Crimean Canal, which supplies water to the territory of the Crimea, was closed
in April 2014. After an eight-year break, in 2022, the Dnieper River water was again chan-
nelled along the riverbed of the Canal. After destruction of the Kakhovka hydroelectric
power station (June 2023), the water supply stopped. To assess the current state of the canal
ecosystem, microbiological studies of its aquatic environment are required. The aim of this
study is to assess the current state of the waters in the North Crimean Canal and
the adjacent Black Sea waters based on microbiological indicators. Between April 2022 and
June 2024, water and sediment samples were collected at 13 stations. The abundance of
heterotrophic, hydrocarbon-oxidising, lipolytic and phenol-oxidising bacteria in the water
samples was determined using the limiting dilution method on selective media. Tempera-
ture, redox potential and dissolved oxygen content were measured. The abundance of het-
erotrophic bacteria in the canal bed ranged from 4.5-10% to 2.5:107 cells'mL"'. In 85% of
the samples, this corresponded to the mesosaprobic zone (10°~10° cells'mL™"). Hydrocar-
bon-oxidising, lipolytic and phenol-oxidising bacteria were found throughout the study
area. The proportion of hydrocarbon-oxidising bacteria within the heterotrophic bacterial
community did not exceed 2%, indicating the absence of chronic oil pollution. A positive
correlation was found between hydrocarbon-oxidising and lipolytic bacteria (R =0.73;
n=19; a < 0.05) and between heterotrophic and phenol-oxidising bacteria (R = 0.66;
n=16; a <0.05). No significant correlation was found between the abundance of the ob-
served microorganisms and parameters such as water temperature, redox potential and pH.
The presence of lipolytic, hydrocarbon-oxidising and phenol-oxidising bacteria indicates
that the water body under study is undergoing self-purification to remove contamination
by the relevant pollutants. Further observations are required for long-term monitoring.

Keywords: North Crimean Canal, bottom sediments, ecological and trophic groups of mi-
croorganisms, microbiological monitoring, Crimean Peninsula, water quality, water pollution
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AHHOTAINA

Cesepo-KpbiMcknii kaHa, oOecriednBalomuii Bogoi Tepputoputo KpeiMa, OBUT TIEpEKpHIT
B arpesie 2014 1. B 2022 r., mocie BOCBMHIIETHETO TIepEePhIBa, JHETPOBCKAs BOJIa BHOB ObILlIa
myIIeHa mo pyciy kaHana. [Tocie paspymenns Kaxosckoit 'OC (urorp 2023 r.) mogava BOABI
IpeKpaTiiIace. s OLEHKH COBPEMEHHOIO COCTOSIHUSI HKOCHCTEMbI KaHajla HEOOXOIUMO
MPOBOJUTH MUKPOOHMOJIOTHUECKUE HCCIEAO0BAHMS BOJHONW IKOCHCTEMbI KaHamna. Llens pabo-
TBI — OIICHKa COBPEMEHHOTO COCTOSIHUSI BOJI B pycie CeBepo-KpbIMCKOTo KaHaa 1 mpuiera-
IOIIMX K HEMY aKkBaTopusix YepHOro Mopsi o MHUKpOOHOJIOrHYecKuM mokasatensm. C anpers
2022 r. no utoHb 2024 1. otOupanu mpoObl BOJBI M JOHHBIX OTJIOKEHHH Ha 13 cTaHuuMsX.
B npo6ax Bombl ONMpeessuTd YUCIACHHOCTh TeTePOTPOQHBIX, YIIICBOIOPOIOKHUCIIIONINX, JIH-
TIOJINTUYECKHUX U (PEHOJIOKUCIAIOMINX OaKTeprii METOIOM TIPEACIBHBIX Pa3BEeACHUN Ha JJIeK-
TUBHBIX cpelax. M3Mepsui Temreparypy, OKHCIUTEILHO-BOCCTAaHOBUTENBHBIM TTOTEHIIHANT
U cofiepXKaHHe PacTBOPEHHOTI'O KUCIOpoa. YHCIEHHOCTh TeTepoTpodHBIX OakTepuil B pycie
kaHaia BapeupoBana ot 4.5-10% 1o 2.5-107 kin.-mun!. B 85 % npo6 oHa COOTBETCTBOBaNA
Me3ocanpo6noit 30He (103-10° k. M1 !). VIIeBomopOJOKHCIISIONNE, JTUIIOIHTHIECKIE
1 (peHOTOKHUCTSIONME OaKTepuu OOHAPY>KEHBI ITOBCEMECTHO. [0Sl yrieBOAOpPOJOKUCIS-
I0ImuX OakTepuil B cOCTaBe reTepoTpodHBIX OaKTepuil He mpeBbimana 2 %, 9To yKa3blBacT
Ha OTCYTCTBHE XPOHUYECKOT0 HE(TSIHOTO 3arpsi3HEHUs. BhIsiBICHA MOT0XKUTEIBHAS KOppe-
JAIAST MEXKAY YTIIEBOAOPOJOKUCISAIONIMMA U JIUIONUTHYECKUME Oakrepusamu (R =0.73;
n=19; 0.<0.05), a TakkKe MSKIY reTepoTPOPHBIMU 1 (ECHOJOKHUCISIFOIUME OaKTEPUIMU
(R=0.66; n=16; a. < 0.05). JlocToBepHas 3aBUCUMOCTh MEXKIy YUCICHHOCTBIO HAOJIOIA-
€MBIX MUKPOOPTaHW3MOB M 3HAUCHUSIMU TaKHX MOKa3aTeNei, KaK TeMIleparypa, OKHCINTEb-
HO-BOCCT@HOBHTEJIbHBIN mMoTeHIan u pH Bojpl, He BbIsBIeHA. Hanudne JIUMOIMTHYIECKHX,
YTJIEBOJIOPOAOKHCIISIONIMX U (PEHOJIOKUCIISIOMUX OaKTepHi CBHIETENIBCTBYET O CaMOOYH-
IIEHNH HCCIIEAyeMOM aKBaTOPUHM OT 3arpsi3HEHHH COOTBETCTBYIOIIMMH MOJUTIOTAHTAMH.
JI1st 1oArocpoYHOro MOHUTOPUHTA HEOOXOANMO TPOJOIDKUTE HAOIIOICHNSI.

KiroueBsie ciaoBa: CeBepo-KpbIMcKuil KaHas, JOHHBIE OTJIOKEHHS, HKOJOTO-TPO(HU-
YecKre TPYIITbI MUKPOOPTaHU3MOB, MUKPOOHNOJIOTMYECKUIT MOHUTOPUHT, KppIMCKHiA TOTy-
0CTpPOB, Ka4ECTBO BOJI, 3arPsI3HEHUE BOJ
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BaaromapHocTu: padoTta BEIIIOTHEHA B paMKax rocyaapctBerHoro 3amanns OUL[ NaBIOM
no teme «/3ydyeHne OMOreoXMMHYECKNX 3aKOHOMEPHOCTEH PajlOdIKOIOIHIECKUX H XEMO-
IKOJIOTMYECKUX IPOIIECCOB B IKOCHCTEMax BOAoeMoB A3o0Bo-UepHoMmopckoro Oacceiina
B CPaBHEHHH C JIPYTMMH aKBaTOPHAMH MHPOBOTO OKE€aHa U OTICIbHBIMU BOJHBIMU KOCH-
CTeMaMH HX BOJOCOOPHBIX OaccEeHHOB sl 00eCHeUeHns! yCTOHIMBOTO PAa3BUTHS Ha FOXK-
HBIX Mopsix Poccun» (Homep rocpeructpanuu Ne 124030100127-7), B paMmkax peanuzanuu
rpaata PH® «Ponb opocurensroii ciuctemsr CeBepo-KpriMckoro kaHanma B mporeccax Iie-
peHOCa ONTOKUBYIIMX PaJAUOHYKIHIOB YepPHOOBUTLCKOTO MPOUCXOKACHHS, TSKEIBIX Me-
TaJJIOB, @ TaKXKe YIJIEBOJOPOJOB C JHENPOBCKONW BOJOW Ha IOJIMBHBIE CEIIbXO3YroJbs
Kpemmay (Ne 23-26-00128). ABTOpPHI BEIpakaroT OJaromapHOCTs coTpynHukam OTaena pa-
TUanroHHON u xummdeckor omonornu OUI] UuBIOM BeaymuMm umxenepam M. H. Mo-
ceituenko u M. O. BaxpyieBy, coTpyaHuKaM oTaena AKBaKyJIbTYypbl B MOPCKOil (apma-
konoruu OUL] NaBIOM c. 1. c. kaHn. reorp. Hayk H. [1. KoBpurnunoii, Benymemy uHxe-
nepy . C. bopucosoii, M. H. c. H. 0. Ponquonosoii.

Jasi murupoBanus: bypousn H. B., [opowenxo FO. B., Mup3zoesa H. IO., [ycesa E. B.
u Op. MukpoOHoIoruieckas xapakTepucThKa BogHOU cpeasl CeBepo-KpriMckoro kaHaia
B COBPEMEHHBIN mepro| // DKojormdeckas 0e30MacHOCTh MPHOPEKHON U menb(pOoBOil 30H
Mopst. 2026. Ne 2. C. 110-123. EDN KRHDAH.

Introduction

The North Crimean Canal (NCC) is an irrigation and water supply canal
drawing water from the Kakhovka Reservoir, which was specially constructed
on the lower reaches of the Dnieper River. The Canal was built between 1961 and
1971 to supply water to the arid and drought-prone areas of the Kherson and Cri-
mean Regions. The NCC is the longest of its kind in Europe: the length of the main
bed exceeds 402 km, and the total length of all spillways is 11,000 km; the maxi-
mum depth of the canal is 7 m, and its width is 150 m. A significant portion of
the main bed is lined with concrete to reduce water losses [1]. Until 2013, the NCC
supplied 80-87% of the water consumed by the population of Crimea [2].

For many years, the quality of water withdrawn from the lower reaches of
the Dnieper was rather poor V" ?, as this part of the river received contaminated in-
dustrial and domestic effluent from major cities and industrial centres. Intensive
irrigation of the agricultural areas adjacent to the NCC has led to an increase
in the volume of return water discharged from irrigation systems. This water is
generally contaminated with allochthonous organic matter, and subsequently it en-
ters natural water bodies, including the Black Sea bays.

Between 2014 and 2022, no water was supplied to Crimea from the Dnieper.
In February 2022, water supply to the Crimean Peninsula via the NCC resumed.

D Denisova, A.l., Timchenko, V.M., Nakhshina, E.P., Novikov, B.I., Ryabov, A.K. and
Bass, Ya.l., 1989. [Hydrology and Hydrochemistry of the Dniper River and its Reservoirs]. Kiev:
Naukova Dumka, 216 p. (in Russian).

2[State of the Crimean Environment]. 2025. [online] Available at: https://ru.ruwiki.ru/wiki/
Cocrosinue_npupoaHoii  cpensl Kpeima [Accessed: 14 October 2025].
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Before the initiation of the primary water flow through the NCC, water quality was
assessed using microbiological indicators. The results indicated that the surface
waters of the NCC were classified as the oligosaprobic (slightly polluted) zone [3].
In June 2023, following the destruction of the Kakhovka Hydroelectric Power Sta-
tion, the flow of Dnieper water to Crimea via the NCC ceased once again, and
the water level in the canal bed dropped to the point of drying up in some sections.
To ensure the long-term operation of the NCC, the local authorities intend to main-
tain the water level in it using pumps to be installed on the Dnieper®. Given
the importance of the NCC for supplying water to the Crimean Peninsula, further
research is required to assess the quality of water entering the canal.

Heterotrophic microbiota are a significant component of biocoenoses in any
aquatic ecosystem. Their primary function is the assimilation and transformation of
organic compounds, including anthropogenic pollutants. An increase in the abun-
dance of certain bacterial groups may indicate the entry of various chemical pol-
lutants into the water body [4, 5]. Hydrocarbon-oxidising microbiota participate
in the oil oxidation and exert a mineralising effect depending on the chemical na-
ture of the petroleum hydrocarbons ¥ [6]. A widely used parameter for diagnosing
water quality, in addition to the abundance of heterotrophic (HB) and hydrocarbon-
oxidising (HOB) bacteria, is the abundance of phenol-oxidising (POB) and lipolyt-
ic (LLB) bacteria.

Phenol and its compounds are among the most common pollutants entering
water bodies with industrial effluents. Phenol is a highly toxic substance; its maxi-
mum permissible concentration (MPC) in water is 0.001 mg/L. When entering wa-
ter bodies, wastewater contaminated with phenol and its compounds increases
the water toxicity, which results in deterioration of the water body sanitary condi-
tion>. The abundance of phenol-oxidising microorganisms is used as an indicator
of environmental contamination by phenolic compounds. Lipids are also common
pollutants of water bodies.

The main sources of lipids are industrial and domestic wastewater. In addition,
lipids may be formed during the microbial oxidation of n-alkanes in crude oil or
may be metabolic products of phytoplankton and zooplankton [7]. The negative
impact of lipids on aquatic ecosystems is associated with a significant chemical
stability of this pollutant [8].

The study is aimed to assess the current state of the NCC waters and the adja-
cent Black Sea waters based on microbiological indicators.

2 Sinyavskaya, E. and Zhdanov, V., 2023. [Krymchane Nazvali Posledstviya Podryva Kakhovskoy
Ges Dlya Vodosnabzheniya Poluostrova]. MK, 29048, 14 June. [online]. Available at:
https://www.mk.ru/economics/2023/06/13/krymchane-nazvali-posledstviya-podryva-kakhovskoy-ges-
dlya-vodosnabzheniya-poluostrova.html [Accessed: 24 May 2026] (in Russian).

4 Morales, M., Ayala, M., Vazquez-Duhan, R. and Le Borgne, S., 2010. Application of Micro-
organisms to the Processing and Upgrading of Crude Oil and Fractions. In: S. Lee, ed., 2010. Conse-
quences of Microbial Interactions with Hydrocarbons, Oils, and Lipids: Production of Fuels and
Chemicals. Handbook of Hydrocarbon and Lipid Microbiology. Cham: Springer, pp. 2767-2785.
https://doi.org/10.1007/978-3-319-50436-0_205

) Drozdovskaya, O.A., 2000. [Search for Microorganisms—Phenol Indicators and Degraders
in Coastal Waters of Far East Seas]. PhD Thesis. Vladivostok: DVGU, 156 p. (in Russian).
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Materials and methods

The samples used for microbiological analysis consisted of water and bottom
sediment samples collected from various sections of the NCC main bed, including
pumping stations and the reservoir (Fig. 1). In addition, control samples of sea-
water and bottom sediments were taken in Karkinita Bay near the canal branch
(which receives irrigation water from the NCC), as well as on a beach in Kerch.
(Fig. 1). At some canal sections, bottom sediments were absent, therefore, their
samples were not taken. The coordinates of the sampling sites for microbiological
analyses are presented in Table 1.

The first samples for microbiological analysis were taken a few days after
the initial water release in March 2022. Sampling continued in the spring, summer
and autumn of 2023, and in the spring and summer of 2024. Water samples were
collected into sterile 50 cm? test tubes, and bottom sediment samples were put
in sterile jars. In all samples, the abundance of heterotrophic, hydrocarbon-oxidising,
lipolytic and phenol-oxidising groups of bacteria was determined by the method of
tenfold dilutions using liquid selective media. For HB, a peptone medium was used ®.
For HOB and LLB, the Voroshilova—Dianova medium [9] was used, to which
sterile petroleum or lipid (1% by volume) was added as the only source of carbon
and energy. For POB, a modified Kalabina—Rogovskaya medium [10] was used.
The most probable number of microorganisms per unit volume was calculated us-
ing McCready’s table (in triplicate), based on the method of variational statistics 7.

ir' Kerch Reservoir
St. 7)

NG
CRIMEA

Fig. 1. The schematic map of sampling stations

9 Mironov, O.G., ed., 1988. [Biological Aspects of Oil Pollution of the Marine Environment].
Kiev: Naukova Dumka, 247 p. (in Russian).

7 Netrusov, A.L, ed., 2005. [Practical Course on Microbiology]. Moscow: Akademiya, 608 p.
(in Russian).
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Table 1. Sampling coordinates at the sites of the North Crimean Canal (NCC) and

adjacent territories

Station Geogrgphlcal .
coordinates, Sampling area
number
N,E
46.119673, Main bed, Armyansk area,
1 first NCC hydroelectric complex
33.690343 ;
(on the peninsula)
P 46.119887, Main bed, Armyansk area,
33.690445 near a highway bridge
45.957321, .
3 33 821749 Main bed, Krasnoperekopsk area
45.834547, . . .
4 33760471 Main bed, the village of Ilinka area
5 45.834591, Main bed, second pumping station,
33.762660 The village of Sovetskoe
45.344203, . . . .
6 36.010135 Main bed, third pumping station
45.339563, .
7 36.044696 Second Kerch Water Reservoir
45.701458, .
8 34439761 Main bed, Dzhankoy area
45.465167, . . .
9 34 804000 Main bed, the village of Novoivanovka area
45.313176, . . .
10 35 875492 Main bed, the village of Ostanino area
45.287740, . .
11 35 786521 Main bed, the settlement of Lenino area
45.853261, - .
12 33482983 Karkinita Bay, the village of Portovoe, beach
45.363455,
13 36.502351 Cherepashka Beach, Kerch
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In all in situ water samples, hydrochemical parameters were measured to com-
pare microbiological data: temperature, pH and oxidation-reduction potential (Eh),
using a portable multi-parameter pH/Eh/conductivity/oxygen meter HI98194
(Hanna Instrument, Romania). The instrument underwent primary calibration upon
delivery (Federal State Information System Arshin) and is listed in the National
Register of Measuring Instruments of the Russian Federation (reg. no. 77745-20).

The instrument was calibrated using the manufacturer’s calibration solutions
supplied with the unit (pH — three-point calibration with automatic recognition:
4.01; 6.86; 9.18). The accuracy of pH determination is +0.02, that of Eh is
+1.0 mV. The instrument was calibrated for the determination of dissolved oxygen
in water using a manufacturer’s solution with zero oxygen content. From April
2022 to November 2023, in addition to the mentioned parameters, the dissolved
oxygen content was determined in the water samples. The obtained results were
compared using standard values for fishery water bodies *.

Results and discussion

The results of microbiological monitoring showed that, over the study period,
the HB abundance in the surface water layer at stations located in the main bed
varied from 4.5-10% to 2.5-107 cells-mL™" (Fig. 2). Although HB consume oxygen
for cellular respiration and oxidation of organic matter, dissolved oxygen (O2) was
high in the waters of the main bed and adjacent areas, ranging from 5.76 mg/L
(station 2, Armyansk) to 9.61 mg/L (station 3, Krasnoperekopsk). The lowest val-
ue, at station 2, was only 0.24 mg/L below the recommended fishery threshold
(6.0 mg/L).

The highest HB abundance was detected in the October 2023 samples at sta-
tions 6 and 7. This increase appeared to be localised. The lowest HB abundance
was recorded in only two samples: at stations 2 and 3. The abundance of HB may
depend on both climatic conditions and the time of year, as well as on the pollution
level of the water body. The water quality can be judged by the quantity of hetero-
trophic microbiota: an abundance of HB up to 10° cells-mL™" corresponds to clean,
or oligosaprobic, water; 10°-10° cellss-mL™" corresponds to mesosaprobic waters,
in which the mineralisation of organic matter occurs; 10¢ cells-mL ' and above cor-
responds to polysaprobic waters (an indicator of high pollution)®. In 85% of
the samples taken from the NCC bed in 2023-2024, the bacterial abundance was

8 On the Approval of Water Quality Standards for Water Bodies of Commercial Fishing
Importance, Including Standards for Maximum Permissible Concentrations of Harmful Substances
in the Waters of Water Bodies of Commercial Fishing Importance: Order of the Federal Agency for
Fishery dated May 26, 2025, No. 296 (in Russian).

°) Labinskaya, A.S., Blinkova, L.P. and Eshchina, A.S., eds., 2004. [General and Sanitary
Microbiology, Including Microbiological Testing Techniques: A Study Guide]. Moscow: Meditsina,
576 p. (in Russian).
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Fig. 2. Bacterial abundance of the studied bacterial groups and the water
temperature in the main part of the North Crimean Canal and reservoirs

within the range of 10°-10° cells-mL"', which classifies the NCC waters as meso-
saprobic. Of note, according to the results of microbiological studies conducted
at station / in March 2022 (a few days before the main water flow was initiated),
the NCC waters were classified as oligosaprobic (slightly polluted) [3]. In April
2022, following the release of water into the canal, the HB abundance in the water
varied between 102 and 10? cells'mL™" (see Fig. 2). The increase in HB abundance
observed in the NCC water samples in 2023-2024 is most likely attributable to re-
duced flow after the dam collapse. This led to a higher influx of organic matter into
the canal, partly from riparian runoff.

The concentrations of HOB (the primary degraders of oil pollution in water
bodies) in the NCC ranged from 10 to 2.5-10° cells-mL™" (see Fig. 2). HOB were
detected in all water samples. The maximum HOB value in samples from the canal
bed was recorded near the second pumping station (station 5). A mosaic distribu-
tion of HOB was observed, caused by the uneven distribution of the substrate itself,
1. e. hydrocarbons. It is known that in clean water bodies, the proportion of HOB
usually does not exceed 0.1-1.0% of the total heterotrophic bacterial community,
whereas in oil-contaminated areas, this proportion can rise '” up to 80%. The HOB
percentage in the bacterial community during the study period varied within 0.1—
2% in the vast majority of samples, which does not exceed the values established
for water bodies contaminated with petroleum products. Moreover, the MPC of

10 Mishustina, I.E., Shcheglova, I.K. and Mitskevich, I.N., 1985. [Marine Microbiology].
Vladivostok: DVGU, 184 p. (in Russian).
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Fig. 3. Bacterial abundance of the studied bacterial groups and
the dissolved oxygen content in the main bed of the North Crimean
Canal

petroleum products in fishery waters 'V (0.05 mg/L) corresponds '» to less than
1,000 HOB per 1 mL. All this indicates that the surface waters of the NCC were
not affected by chronic pollution with petroleum products.

The lipolytic group of bacteria was observed at all stations located in the main
bed of the canal; the concentration of LLBs ranged from 10 to 4.5-10* cells'mL""
(see Fig. 2). The maximum LLB concentration, like that of HOB, was recorded
at station 5, near the second pumping station. It was noted '* that the distribution
of LLB was similar to that of HOB, because the quantitative indicators of LLB
reflect the transformation rate of oil degradation intermediates. This is confirmed
by the identified positive correlation between the abundances of HOB and LLB
(R=0.73; n=19, 0 <0.05). The minimum LLB concentration was recorded
in the NCC waters near the third pumping station (station 6) in October 2023.
In 67% of the samples, the LLB count was within the range of 10°-10* cells-ml™,
indicating active microbial self-purification of the NCC waters of lipid compo-
nents. The quantitative indicators for LLB obtained in 2024 are comparable with
the results from 2022 [3].

POB were detected in all water samples taken at stations along the NCC
main bed. POB concentrations ranged from 10 to 2.5-10° cells-mL"' (see Fig. 2).
The highest concentration of POB was recorded near the village of Sovetskoe
(second pumping station, station 5) in the June sample. This may be associated

D State Standard, 1977. [17.1.2.04-77. Nature Protection. Hydrospere, Indicators of the Condi-
tion and Rules for Assessment of Fisheries Water Bodies]. Moscow: Izdatelstvo Standartov, 17 p.
(in Russian).

12) Verbina, N.M., 1980. [Hydromicrobiology with the Fundamentals of General Microbiology:
A Study Guide for Students]. Moscow: Pishchevaya Promyshlennost, 288 p. (in Russian).

13 Abakumov, V.A., ed., 1983. [4 Guide to Methods for the Hydrobiological Analysis of Sur-
face Waters and Sediments]. Leningrad: Gidrometeoizdat, 240 p. (in Russian).
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with an active phytoplankton bloom, since phenolic derivatives are present in plants
and their degradation products [11]. In relatively clean river areas, high POB abun-
dance had previously been recorded, according to [12], due to the natural content
of humic substances. High POB levels may also be associated with pollution from
faecal effluent or organochlorine pesticides, as well as with the activities of various
industrial complexes ". The correlation coefficient between the abundances of HB
and POB was R = 0.66 (n = 16, a < 0.05), suggesting possible water self-purification
from phenolic compounds, mediated by the studied microbiota.

High concentrations of the studied groups of microorganisms were recorded
in the waters of the Kerch Reservoir (station 7), where, during sampling, so-called
stagnation phenomena were visually marked: a persistent odour of hydrogen sul-
phide, massive algal blooms and siltation of the bed. In terms of bacterial abun-
dance, the studied section of the reservoir falls within the high-pollution zone, i. e.
it is classified as polysaprobic water. A high abundance (over 2.5-10* cells'mL™)
of indicator bacterial groups was also noted there. The obtained data are consistent
with the results of a water chemical analysis at this station [13]. The authors [13]
note an increase in the content of aliphatic hydrocarbons in the water, as well as
the presence of high-molecular-weight homologues, with an even number of car-
bon atoms predominating over an odd number in the chromatograms. This type
of n-alkane composition is characteristic of bacterial biofilms. Thus, the overall
increase in the concentration of hydrocarbons and other organic substances may be
due not to their additional input, but to their accumulation in the water body.

The bacterial abundances in the water at the control sampling points in Kar-
kinita Bay and on the beach in Kerch are presented in Table 2. The studied bacte-
rial groups were detected at all locations. Relatively high levels of indicator bac-
terial groups (LLB — over 2.5-10* cells'-mL™!, HOB — 9.5-10? cells-mL™', POB —
4.5-10% cells'mL ") were recorded in the waters of Karkinita Bay (station /2) in sam-
ples taken in May 2023. Such microorganism counts indicate an anthropogenic
load on the study area and are often characteristic of wastewater discharge sites
[14]. However, the results of repeat water sampling from the bay in June 2024
show that the abundances of HOB and POB did not exceed 5 cells'mL™!, indicat-
ing that the inflow of pollutants into the bay’s coastal waters is of a local nature.
In a seawater sample taken near Kerch (Cherepashka Beach, station /3), the abun-
dance of HB was 2.5-10% cells-mL™', whereas that of the other ecological and
trophic groups of bacteria ranged from 4.0 to 250 cells-mL™" (Table 2).

Throughout the observation period, the microbial community was developing
within a wide range of water temperatures: from 8.6 to 32.9°C (see Fig. 2). How-
ever, no correlation was found between the abundance of the studied bacterial
groups and temperature. The pH of fresh Dnieper water entering the NCC water-
way varied between 6.0 and 8.5 (Table 3), peaking in March 2022 when the flow
resumed following the dam collapse. The obtained pH values were generally
consistent with the pH range recorded previously in the Kakhovka Reservoir V.
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Table 2. Water temperature, values of the hydrogen index (pH), redox potential (Eh)
and quantitative indicators of the microbiota in the surface water layer of the coastal water
area of the Karkinita Bay (station /2) and the beach waters in Kerch (station /3)

Abundance,
Sampling | Station | 7, q Eh, cells'mL™!
date number | °C p mV
HB LLB HOB POB
16.05.2023 12 21.1 8.1 +174 9.5-10* >25-10* 9.510> 4.5-10?
19.10.2023 13 17.0 8.0 +180 2.5-10* 25102 45.0 4.0
10.06.2024 12 316 85 +145 1.5-10° 1.5-10° 5.0 1.0

The measured pH values of the aquatic environment at the study sites fell within

the range of standard values for this parameter (6.5-8.5) adopted in the Russian

Table 3. Values of the hydrogen index pH
and redox potential Eh of water at the studied

stations

somping | Suion |y | gy
15.03.2022 1 8.5 +171
27.04.2022 2 6.3 +210
01.03.2023 3 6.2 +168
02.06.2023 3 6.9 +150
05.04.2024 3 6.5 +220
10.06.2024 3 6.5 +158
16.05.2023 4 6.5 +215
08.06.2023 5 6.5 +177
19.10.2023 6 7.0 +170
24.06.2024 6 6.5 +426
19.10.2023 7 6.0 +153
13.04.2024 8 6.5 +143
26.04.2024 9 6.5 +172
16.05.2024 10 6.5 +120
16.05.2024 11 6.0 +134
24.06.2024 11 6.0 +356
120

Federation for fishery water bod-
ies®. No statistically significant cor-
relation was found between the wa-
ter pH and the abundance of the ob-
served microorganisms.

Eh values ranged from +120
to +426 mV (Table 3), indicating
an oxidation environment charac-
terised by the presence of free oxy-
gen, which, in turn, is typical of
surface waters and favourable for
the growth of the studied groups of
microorganisms. However, no sta-
tistically significant correlations
were found between the bacterial
abundance and Eh values. Note that
factors such as influx of various
substances into the canal bed fol-
lowing the dam collapse, surface
runoff from agricultural land and
changes in flow velocity and water
temperature within the canal bed
may have influenced the formation
of pH and Eh in the canal’s aquatic
environment.
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Fig. 4. Bacterial abundance in the bottom sediments of
the North Crimean Canal during the study period

The bacterial counts in the bottom sediment of the NCC varied within the fol-
lowing ranges: HB — from 9.5-10* to 4.5-10° cells-g”!, HOB — from 9.5 x 103
to 2.5-10% cells'g™!, LLB — from 2.5-10% to 9.5-10% cells-g!, POB — from 2.5-102
to 4.5-10% cells-g! (Fig. 4). The bacterial abundance in all sediment samples ex-
ceeded that recorded in the water samples.

Conclusions

From the initiation of the main water flow in 2022 until June 2024, microbio-
logical surveys of individual NCC sections showed that the waters were classified
as mesosaprobic according to HB abundance. In 85% of the samples, this parame-
ter varied within the range of 10>~10° cells-mL"". The bacterial abundance and high
oxygen content suggest recent contamination of the canal’s waters with readily de-
gradable organic matter.

Indicator groups of bacteria were detected throughout the water and bottom
sediment, indicating self-purification of the water body from the respective pollu-
tants. A quantitative analysis of HOB revealed no chronic petroleum contamination
in the NCC surface waters. The proportion of HOB in the HB population did not
exceed 2%. The quantitative indicators for HOB and POB in the NCC waters
ranged from 10 to 2.5-10% cells:-mL"', while the abundance of LLB was between
10 and 4.5-10* cells-mL"". A positive correlation was identified between HOB and
LLB (R=0.73; n=19; 0<0.05) and between HB and POB (R =0.66; n=16;
o < 0.05). No significant relationship was found between the abundance of the ob-
served microorganisms and parameters such as water temperature, Eh and pH.
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Abstract

This paper studies seasonal variability of phytoplankton photosynthetic parameters in the
Black Sea coastal waters near the Crimean Peninsula. Primary production was estimated
using a full spectral approach that took into account phytoplankton spectral light absorption
coefficient, spectral downwelling irradiance and quantum vyield of photosynthesis. In the
coastal waters near the village of Katsiveli, the annual dynamics of chlorophyll a
concentration was characterized by maximal values in winter and minimal (half as many)
in summer, while in the waters near Sevastopol, the maximum was recorded in early Octo-
ber and March, which is likely due to the “bloom” of phytoplankton. High annual vari-
ability of both the phytoplankton spectrally weighted chlorophyll a specific absorption
coefficient (~ 3 times) and maximum quantum vyield of photosynthesis (~ 7 times) was
noted, with maximal values in summer and winter, respectively. In the vertical profile,
the minimal values of the quantum yield were observed in the sea surface layer associated
with the high photosynthetically active radiation incident on the sea surface. The variability
in photosynthetic parameters, caused by phytoplankton adaptation to changing environ-
mental factors, resulted in a strong annual variability of primary production, which varied
~8-fold over the study period. The obtained patterns of variability of the basic photosyn-
thetic parameters of phytoplankton (the ability to absorb light quanta and use them in pho-
tochemical reactions) are necessary for understanding the mechanism of formation of pri-
mary production in the studied water region.

Keywords: chlorophyll a, quantum yield of photosynthesis, light absorption, photosyn-
thetically available radiation, spectral downwelling irradiance
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DOTOCHHTETHYCCKHE XaPAKTEPUCTUKH (PUTOIUIAHKTOHA
U MePBUYHAS NPOIAYKINS B MPUOPEKHBIX BOJAX
YepHOro Mopsi: ce30HHbIE 0COOCHHOCTH

. B. Kaambikosa, T. 5. Yypuaosa, T. B. E¢pumona *,
H. A. Mounceesa, E. 10. Cxopoxox

@I'BYH ®UL] « Uncmumym buonoauu ioxcuvix mopeti umenu A. O. Koganesckoeo PAHY,
Cesacmononw, Poccus

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

AHHOTALMSA

HccnenoBana ce30HHAs W3MEHYUBOCTH (DOTOCHHTCTHYCCKHX XAPaKTCPUCTHK (PUTOTUIAHK-
TOHa B MPUOPEXHBIX Bogax UepHoro Mops y mobepexnss KpeiMckoro momyoctposa. Ilep-
BUYHYIO MPOAYKIMIO OIEHUBAIN C WCIMOJB30BAHMEM IOJTHOTO CHEKTPAIBHOTO IIOAXOIa,
YYUTHIBAIOMICTO CIEKTPATBbHBIC ITOKA3aTEeNH TOTJIONICHHS CBETa IMUTMCHTAMH (DUTOTLIAHK-
TOHOM, CHEKTPaJIbHYIO0 OCBELIEHHOCTh M KBAaHTOBBIN BBIX0J] (hoTOCHMHTE3a. B mpuOpexHbIX
BoJax y nocenka Kaiupesnau rooBasi JMHAMHAKa KOHIIEHTPALUK XJIOpo(uiia a Xapakrepu-
30BajlaCh MAKCHMANBHBIMU 3HAYCHHUSMH 3UMON M MUHHMAaJBHBIMH (B JIBa pa3a MEHBIIE)
JIETOM, TOTJIa KaK B Bojax BOMU3u CeBacTOION MAKCHMYM KOHIICHTpAIMH XJI0podunia a
OBbLJT OTMEYEH B Hayalle OKTAOpS U B MapTe, UYTO, BEPOSITHO, OOYCIOBIEHO «IIBETEHHUEM)
¢uTorurankroHa. OTMedeHa BBICOKAs TOOBasi BapHaOEIbHOCTh KaK YICTbHON (P PEeKTHB-
HOCTH TIOTJIONICHHS CBETa NMUTMCHTAMH (UTOIUIAHKTOHA (IPUMEpPHO B TPH pas3a), Tak
Y MaKCHMAJIbHOTO KBaHTOBOT'O BhIXOJa ()oTOCHHTE3a (IPUMEPHO B CEMb pa3) ¢ Habromac-
MBIMH MAaKCHUMAaJIbHBIMH 3HAQYEHUSIMH JIETOM M 3MMOH COOTBETCTBEHHO. B BECPTUKAJIBHOM
pactipeielleHiH KBAaHTOBOT'O BBIXOJa MHHUMAaJIbHBIE 3HAUCHHS OBUIH OTMEUEHBI B TIOBEPX-
HOCTHOM CJIO€, YTO CBSI3aHO C BBICOKOH (DOTOCHHTETHYECKH aKTUBHOW paauaiueil, maga-
IOlIel Ha TIOBEPXHOCTh MOps. BapnabenbHOCTh (POTOCHHTETHYECKUX XapaKTEPUCTHK, 00Y-
CITOBJICHHAsI afanTanueil (PUTOINTAaHKTOHA K W3MEHSIOMMMCS (aKTopaM Cpeabl, MpuBena
K 3HAYUTENHFHON TOAOBON M3MEHUYMBOCTH IIEPBHYHON MPOIYKIIUH, KOTOPAs 32 UCCIICTyEMbIi
MepHO/] BapbUpOBaAJIa IIPUMEPHO B BOCeMb pa3. [lomydyeHHbIe 3aKOHOMEPHOCTH W3MEHUYHBO-
CTH OCHOBHBIX (DOTOCHHTETHUECKUX XaPAKTEPUCTUK (PUTOIUIAHKTOHA (CIIOCOOHOCTH MOTJIO-
IIaTh KBAaHTHI CBETa W HCIONB30BAaTh MX B (DOTOXMMHYECKUX PEAKIUSIX) HEOOXOIMMBI IS

TOHMMAaHUS MEeXaHu3Ma ()OPMHUPOBAHUS TIEPBUYHOM MPOAYKINH B HCCIIEAYEMOI aKBATOPHHL.

Karoueble cioBa: xa0opowin a, KBAaHTOBBEIH BBIX0Z (POTOCHHTE3a, MOTJIONCHHE CBETA,
(hoTOCHHTETHYECKN aKTUBHAS paJnanys, CIEKTPpaIbHasi OCBEIICHHOCTh

Baarogapuoctu: 6maromapum E. A. 3eMISTHCKYIO 32 BECOMBIH BKJIax B 00paboOTKy mpod
u E. A. XBanskoBa 3a oMolIib B epeBozie. PaboTa BhINONIHEHA B paMKaX TOCYapCTBEHHO-
ro 3aganus OUILl MabIOM Ne 124030100106-2 no teme «MccnenoBanue peruoHagIbHBIX
0COOEHHOCTEN OMOONTHYECKUX TOKa3aTesield BOJOEMOB KaK OCHOBBI Jemm(ppoBaHUs JaH-
HBIX JINCTAHIIMOHHOTO 30HIUPOBAHUS [UISI OLIGHKA MYITHMACIITA0OHON W3MEHYUBOCTH
TIEPBUYHO MPOAYKIIMOHHBIX XaPaKTEPUCTUK METATHISCKAX SIKOCUCTEM.
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et al. Photosynthetic parameters of phytoplankton and primary production in coastal waters
of the Black Sea: seasonal features // Dxomormdeckas O0€30MacHOCTE HPUOPEKHON
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Introduction

Phytoplankton uses the sunlight energy during the primary synthesis of organic
matter from inorganic compounds, the daily rate of which is called primary produc-
tion (PP) [1]. PP ensures functioning of all trophic levels in food web of water eco-
systems [1, 2]. The rate of photosynthesis depends on photosynthetically available
radiance (PAR), the nutrient supply and temperature [2]. The coastal waters of
the Black Sea (BS) are subject to strong anthropogenic impacts [3], which results
in an increase in the concentration of nutrients, organic and suspended matter
in the sea [4]. Elevated nutrient (mineral compounds of nitrogen, phosphorus and
silicon) concentrations in the upper mixed level (UML) contribute to higher photo-
synthesis rates and enhance the growth of planktonic microalgae [5]. The photo-
synthetic and productive characteristics of phytoplankton determine the functioning
of all other levels of the aquatic ecosystem’s food web. Therefore, assessment of
the current state of phytoplankton productivity in the BS coastal waters is highly
relevant. Light intensity and its spectral properties change with depth in the sea
associated with light absorption and scattering by optically active components
(OAC), namely phytoplankton, colored dissolved organic matter (CDOM), non-
algal particles (NAP) and pure water [6]. Consequently, a spectral approach to pri-
mary productivity (PP) estimation provides more accurate estimates than other ap-
proaches, which are based on PAR (i. e. light intensity integrated for wavelengths
of 400-700 nm) [7, 8]. For the BS region, a full spectral algorithm was developed
[9]. This approach considers the spectral properties of downwelling irradiance,
light absorption by phytoplankton and the quantum yield (efficiency of absorbed
photon use in photosynthesis), which determines the accuracy of the PP estimate
[9-11].

This study focuses on the seasonal dynamics of PP, chlorophyll a concentra-
tion, photosynthetic parameters of phytoplankton, namely spectrally weighted chlo-
rophyll a-specific phytoplankton absorption coefficient and the quantum yield of
photosynthesis in the BS coastal waters. Additionally, the aim of this study is
to investigate the influence of the spectral composition of light on the spectrally
weighted chlorophyll a-specific phytoplankton absorption coefficients.

Methods

Study area

The study was carried out in the BS coastal waters. The BS is an inland sea,
the easternmost of the seas of the Atlantic Ocean basin. In the southwest it con-
nects to the Sea of Marmara through the Bosphorus Strait, in the northeast it con-
nects to the Sea of Azov through the Kerch Strait. The BS is one of the largest and
deepest inland seas. Its greatest depths are in the range of 2210-2258 m. About
1000 large and small rivers flow into the BS. Due to the large river runoff, the BS
surface waters salinity is 18%. [12].

Bio-optical properties and phytoplankton photosynthetic parameters were
measured at two fixed stations in the coastal waters of the Crimean Peninsula:

1. A station located about a mile offshore outside of Sevastopol Bay (44°38' N,
33°29" E) with a depth of ~50 m (to the bottom) (22.02.2022; 16.06.2022;
13.07.2022; 06.10.2022; 09.11.2022; 29.11.2022; 07.03.2023; 21.03.2023);
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2. The oceanographic platform of the Marine Hydrophysical Institute (MHI) of
the Russian Academy of Sciences located in the coastal waters ~ 0.37 mile offshore
from the village of Katsiveli with a depth of ~30 m (to the bottom) (44°23' N,
33°59" E) (08.06.2023; 24.01.2024).

Water sampling

The downwelling irradiance spectra Eq(A) were measured in increments of 1 m
within the euphotic zone using a RAMSES submersible spectroradiometer (TrioOS,
Germany). The euphotic zone depth (Zey) is limited to the depth at which 1% photo-
synthetically available radiation (PAR) penetrates. Water samples (5 L) were collect-
ed using Niskin bottles at the depths selected based on water transparency and tem-
perature profiles. Water transparency was assessed based on Secchi disk depth (Zs).

Pigment Analysis

The sum of chlorophyll a and pheopigment concentrations (TChl-a) was de-
termined by the spectrophotometric method [13, 14] with 90% acetone using
Whatman GF/F glass fiber filters (25 mm diameter, 0.7 pm size pore). The optical
density (OD) of the acetone-extracted phytoplankton pigments was measured with
a Lambda 35 dual-beam spectrophotometer (PerkinElmer).

Absorption Measurements

The spectral light absorption coefficients of phytoplankton (ap(})), NAP
(anar(1)) and CDOM (acoom())) were measured in accordance with modern proto-
cols [15, 16] using a Lambda 35 dual-beam spectrophotometer (PerkinElmer)
equipped with an integrating sphere. The chlorophyll a-specific phytoplankton light
absorption coefficient of (a“n(1)) (m?-mg™) was calculated by dividing apn(})
by TChl-a.

Spectrally weighted chlorophyll a-specific absorption coefficients of phyto-
plankton a’pn(z), m>mg?, were calculated as

700 «
400 @ oh(X, z) - Eq(, z)dA

a’ n(z) = .
’ [ Eq4(h, 2)d) - TChl-a

Primary production
PP, mgC-m~3.d%, was determined according to the full spectral approach [9]:

PP = 12000-¢(z)-PURpsp(2),

where 12000 — moles to mg carbon conversion ratio; ¢ — the quantum yield of pho-
tosynthesis, and PUR,s, — the amount of quanta absorbed by photosynthetically
active pigments, per TChl-a unit.

The ¢ values (mol C-mol quanta™), were calculated as [17]:

b (D)= nas(@) tanh (),

PAR(z)

where dmax iS the maximum quantum vyield of photosynthesis; Ik is the light intensity
saturating relative electron transfer rate (rETR), which corresponds to I« for the pho-
tosynthesis rate [17].
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The dmax, mol C-mol quanta™, was assessed based on the parameters of varia-
ble chlorophyll a fluorescence:

dmax = (;—;)/(KC-Z),

where Fn, is the maximal fluorescence of chlorophyll a with closed reaction centers
(RC) of photosystem Il (PSII); Fy is the difference between Fr, and the minimal fluo-
rescence of chlorophyll a with open RC PSII (FO); K¢ is the number of electrons
required to fix a single CO2 molecule [18]; 2 is the number of photons required
for the transfer of one electron along the photosynthetic electron transport chain [2].

Fm, FO and rETR were measured in the laboratory with a chlorophyll fluores-
cence kinetic measurement system (fluorimeter Smart) developed at the Department
of Biophysics, Faculty of Biology, Lomonosov Moscow State University [19].

K, mol electrons-mol C%, was calculated in accordance with [20]:

K¢ =0.85PAR + 6.55.

I, umol quanta-m2.s%, was calculated as [21]:
_ tETRpyax
k — a 1

where rETRmax is the maximal value of rETR; a is the tangent of the initial slope of
the light curve of rETR. The light curve of rETR was fitted using the equation [22]:

a-PAR B-PAR
rETR = rETRmax (1 —exp ( ETR. )) - €Xp ( ETR, ),
r max T max

where J is the tangent of the slope of the curve on the declining section.
PURpsp, umol quanta-m—3.s7%, was calculated as [23]:

PURpsp(Z) = kpsp * PUR(Z),
where kpsp is a coefficient reflecting the contribution of photosynthetic pigments

to light absorption by all pigments, PUR is the number of quanta absorbed by all
phytoplankton pigments. The kpsp was calculated as [23]:

Kosp = (1 — NPSP) /(1 + NPSP),

where NPSP is the weight fraction of photoprotective pigments in the total amount
of phytoplankton pigments. The NPSP, g-g, was calculated using its dependence on
the daily average light intensity in the UML (PARum) [24]:

NPSP = 0.0202 (PARum — 2.92).
PARymi, umol-quanta-m=2s1, was calculated as [23]:

1- exp(f 4.6 %)

PARymi = PAR, - -
4.6 Zuml

Zeu
where PARy is the daily PAR incident on the sea surface [25]; Zumi is the depth of
the upper mixed layer. Z,m was determined using a temperature gradient [26].
PUR, umol quanta-m~3.s7%, was calculated as:

PUR®) = [,y Ed(z, A): apn(z Md.
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Results and discussion

Hydrological parameters

In summer (June, July 2022), the sea surface temperature (SST) varied in the ran-
ge from 19 to 25°C and the average PAR, equaled 59 + 1 mol quanta-m2.day ™.
At the station located near Sevastopol, the seasonal thermocline was well-developed
(vertical temperature gradient > 2°C-m™). It divides the euphotic layer into two
layers: the UML and thermocline with a part of the euphotic zone located below.
During stratification, the UML waters are characterized by higher light intensity,
temperature and dissolved oxygen concentration in comparison to the waters under
the thermocline [27]. The coastal waters in the Katsiveli area were characterized by
the absence of a thermocline in early June. The water temperature was 19°C over
the entire water column. This is probably due to the high dynamic activity of the
coastal waters near the Southern Coast of Crimea [28, 29]. In autumn, SST varied
from 15 to 20°C, the average PAR, equaled 27 + 8 mol quanta-m2-day . Water
stratification was only observed in early October. In winter, SST varied from 10
to 14°C and the PARq on average was 22 + 5 mol quanta-m2-day . In spring, SST
was 9°C, and the averaged PARo was 32 = 5 mol quanta-m2-day *. During the win-
ter and early spring, the water was well-mixed due to convection and winds at both
stations. The water transparency and Ze, at the stations significantly differed by
season (Fig. 1).

Spectral downwelling irradiance and euphotic zone

Light is the main factor for photosynthesis. An electron needs the energy of
a photon of the visible spectrum to move from the ground state to the excited state
[2]. The attenuation of light with depth, as well as the change in the spectral char-
acteristics of light, occurs due to scattering and absorption of light by suspended
matter, CDOM and pure water [6] (Fig. 2, a). A comparison of the E4(A) spectrum
shape showed (Fig. 2) that the wavelength of the E4(A) spectrum maximum at a depth
of 1% PAR shifted from ~ 495 nm to ~ 561 nm, since the surface total non-water
light absorption at 438 nm (awtw(438) = apn(438) + anar(438) + acoom(438)) in-
creased from 0.204 m™ in February to 0.328 m* in October (Fig. 3, a).

The light attenuation depends on the OAC content in water [6]. A decrease
inthe OAC content is accompanied by an increase in the water transparency,
and light penetrates to greater depths than in waters with lower transparency [6].
The transparency determines the Ze, (Fig. 3, b). In summer, at the beginning of June,
with aww(438) equal to 0.138 m in the surface layer, Ze, was 24 m. With a double
increase in ap-w(438) (0.253 m?) in mid-July, the Z, decreased by ~ 1.6 times (15 m).
In winter, a different pattern was noticed: with relatively identical aw.w(438) values
in the surface layer, Z., was in the range from 28 to 38 m (Fig. 3, b). As a result,
link Zey VS. aw-w Was weak in the surface layer, likely due to the inhomogeneous
vertical distribution of OAC and to the influence of light scattering (Fig. 3, b).
Suspended matter both absorbs and scatters light. Therefore, an increase in micro-
algae biomass and NAP in water (Fig. 3, ¢) can lead to a decrease in Ze, due to
an increase in the contribution of backscattering to light attenuation. It is worth
noting that the effect of backscattering on transparency is manifested to a greater
extent in the presence of mineral particles [30].
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Fig. 2. Spectral downwelling irradiance Eq()) at optical depths of O (red curve),
1.5 (purple curve), 2.3 (green curve), 4.6 (blue curve) (a); light absorption at 438 nm
by non-algal particles anap(438) (red), colored dissolved organic matter acpom(438)
(blue) and phytoplankton apn(438) (green) (b) at the surface of the Black Sea

Pigment concentration

In summer, in coastal waters near Sevastopol, the vertical TChl-a distribution
was relatively uniform throughout the studied layer (including the UML and the ther-
mocline layer) (Fig. 4, a). On average, TChl-a in the UML was 1.5 + 0.4 mg-m=,
which exceeded the winter values at this station by almost 2 times (0.8 + 0.2 mg-m3
in the UML). At the station near Katsiveli, the opposite situation was observed: win-
ter TChl-a values (1.2 + 0.2 mg-m= in the UML) were 2 times higher than summer
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ship between the non-algal particles absorption coefficients at 438 nm anap(438)
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ones (0.6 + 0.1 mg-m~2 in the UML). Such an increase of TChl-a in winter com-
pared to summer is typical for the deep-water areas of the Black Sea [31, 32].
The maximum TChl-a values for the study period were recorded in March
(2.3+ 0.5 mg-m=in the UML) and at the beginning of October (3.1 + 0.2 mg-m3
in the UML) (Fig. 4, a). The obtained data are consistent with the known patterns
of phytoplankton bloom. Spring bloom is often observed in March in the coastal
waters of the Black Sea due to the nutrients supply and increase of solar radiance
[33, 34]. Autumn phytoplankton bloom is caused by an increase in the nutrients
supply [33].

Spectrally weighted chlorophyll a specific absorption coefficient of phyto-
plankton

Change of a“n(z) with depth in different seasons is shown (Fig. 4, b).
The a“n(z) values in the surface layer (0—1 m) almost tripled from the minimal
values (0.009 m?>mg™?) in early March to the maximal values (0.024 m2mg™)
in summer (Fig. 4, b). In March, the a’pn(z) increased from 0.009 to 0.015 m2mg™.
The maximal values (0.023-0.024 m2.mg1) were recorded in summer at both sta-
tions near Katsiveli and Sevastopol. In autumn a’,(z) was lower (0.018 m?mg )
than in summer. In winter the a”n(z) values differed between stations by a factor
of two: 0.021 m?-mg* near Sevastopol and 0.012 m2mg* near Katsiveli.

In the surface layer, where Eq4()) spectra have the same shape (Fig. 2), the sea-
sonal dynamics of a’u(z) depends only on a*,(X) (equation 1). The minimal values
of the a’pn(438) were noted in winter near Katsiveli (0.032 m%mg™) and in spring
near Sevastopol (0.023 m>mg and 0.035 m2mg™?) (Fig. 5, b). The maximal values
of a",n(438) (0.058 m?-mg?) were recorded in summer (June, July) at both stations.
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(b); and a*ph(z) calculated for photosynthetically active pig-
ments a”psp(z) (C) in the Black Sea coastal waters

High winter values of a",n(438) in the coastal waters of Sevastopol (0.055 m*>mg*
in February) are most likely associated with the predominance of small-celled
algae species. In autumn, intermediate values of a"pn(438) were observed:
0.037 m2mg* in October and 0.045 m>mg* in November.

The changes in a’n(A) are caused by the “pigment package effect”, which
is associated with intracellular pigment concentration and phytoplankton cell size
composition [35]. The intracellular pigment concentration changes as a result
of microalgal adaptation to environmental factors (PAR, the nutrient availabil-
ity, temperature) [36], which vary throughout the year. The PAR, varies from
22.1+4.6 Eem2.day ! in winter to 59.4 = 0.9 E‘m~2.day ! in summer [25].
As a result of adaptive changes in the intracellular composition and concentration
of pigments, a",n(A) differed seasonally [37].

Seasonal changes in a’p(438) (2.5 times) led to almost the same (2.7 times)
changes in a’,n(z). A positive correlation was obtained between a’yn(z) and a”,n(438)
(Fig. 5, a).

In addition to photosynthetically active pigments, phytoplankton cells also con-
tain photoprotective pigments that absorb excess solar radiation to protect the RC
cells from photodestruction [38]. This applies to a greater extent to microalgae living
in the sea surface layer. In spring, the daily PAR incident at the sea surface averaged
32.4 £ 5.5 mol quanta-m 2day*, while NPSP averaged 0.014 + 0.010 g-g*. In summer,
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when the PAR values were maximal — on average 59.4 + 0.9 mol quanta-m2.day %,
NPSP increased to 0.39 + 0.28 g-g? as a result of adaptation. In autumn, PAR decrea-
sed to 27.0 & 7.9 mol quanta-m2day*, which led to a decrease in NPSP to 0.096 g-g*.
The lowest level of PAR, was observed in winter — 22.1 + 4.6 mol quanta-m-2.day?,
for these conditions no photoprotective pigments were obtained.

Only light quanta absorbed by photosynthetically active pigments are used
during photosynthesis [2]. The annual dynamics of NPSP (0-0.39) led to varying
degrees of change in a’psp(2) relative to a“pn(z). In summer, near Katsiveli and
Sevastopol, the values of a’psp(z) in the sea surface layer were 2.2 and 2.4 times
less than the value of a"n(z), correspondingly (Fig. 4, c). The value of a"sp(2)
in early October in the sea surface layer was 1.2 times less than a’p(z). Winter and
spring a’psp(2) Values were almost equal to a",n(0) due to low (almost zero) content
of photoprotective pigments. As a result, the values of a“psp(z) changed 2.3 times
from 0.009 m?>mg* in early March to 0.021 m?>mg™ in late February (Fig. 4, c).
Thus, the variability range of the a"ysp(2) values was narrowed compared to that
of a"n(2).

Quantum yield of photosynthesis

Values of ¢ depend on the environmental conditions. Theoretically, ¢max
is ~ 0.125 mol C-mol quanta™® [39], whereas in practice, ¢max is lower [40], which is
associated with the inhibitory effect of high PAR and nutrients availability [41].
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In the sea surface layer, where the PAR values are maximal, the lowest
values of ¢max Were noted: from 0.003 mol C-mol quanta™t in early June to
0.025 mol C-mol quanta™ in late February. The ¢max increased with depth due to
decreasing PAR. As a result, the ¢max near the bottom of the euphotic zone in-
creased from 0.044 mol C-mol quanta™ in early June to 0.053 mol C-mol quanta™
in early October (Fig. 6, a).

Seasonal variability of I values is associated with the acclimation of phyto-
plankton to changes in the light level in the sea [2]. In summer, in coastal wa-
ters near Sevastopol, Ik values varied from 280 pmol quanta-m2.s7! in June to
320 pmol quanta-m™2.st in July in the surface layer. The I« decreased with depth
by 1.5 and 2.5 times in June and July, respectively (Fig. 6, b). The average I« value
in the UML was 270 + 30 pmol quanta-m2s. The I values were higher in autumn
(on average 290 + 30 pmol quanta m2s in the UML) and varied in the sea surface
layer from 310 pmol quanta-m2-s* in October to 330 pmol quanta-m2-s in No-
vember. At the beginning of October, a more pronounced decrease in Iy with depth
was noted than in November (Fig. 6, b). High winter values were noted in the UML
of the Sevastopol coastal waters (on average 310+25 umol quanta m2 s ). In the sea
surface layer by the end of November, Ik was equal to 315 umol quanta-m-2s%, and
at the end of February it was 350 pmol quanta-m2s*, A more uniform vertical
distribution of this parameter was observed in winter. The I values at the beginning
of spring were similar to those in winter (315 + 30 pmol quanta-m 2s in the UML).
In the surface layer, the Ik was 300 pmol quanta-m2st in early March and in-
creased up to 350 umol quanta-m2-s7* in late March.
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Fig. 6. Vertical distribution of the maximum quantum yield

of photosynthesis dmax (a) and the light intensity saturating the
photosynthesis I (b) in the Black Sea coastal waters
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In summer, the I values in the coastal waters of Katsiveli averaged 320 +
+ 15 pmol quanta-m2-s7! in the UML (340 pumol quanta-m2s* at 0 m), which ex-
ceeded Ik values near Sevastopol. The vertical distribution of the I, was uniform
near Katsiveli, which is due to the absence of thermal vertical stratification. In win-
ter, the lowest lx values were recorded in the coastal waters of Katsiveli over
the entire study period: 220 + 5 umol quanta-m 2s in the UML. In summer and
early October, a decrease in the I with depth by ~ 2 times was noted in the coastal
waters of Sevastopol due to temperature stratification of the waters. During the rest
of the study period, when temperature vertical stratification was not observed,
the depth-dependent variability of the Ik values was insignificant. The variability of
the Ik values among seasons and with depth noted in the study is a result of phyto-
plankton adaptation to light conditions and depends on the so-called light history of
phytoplankton [42]. Within the UML, phytoplankton is in constant vertical move-
ment, and therefore, the photosynthetic parameters of phytoplankton are deter-
mined by the average light intensity for this layer [23, 43]. Temperature (density)
gradient is a barrier to the vertical mixing of water. As a result, phytoplankton
in the layers (above and below the thermocline) exist under different environmental
factors, such as light intensity, nutrients and temperature. This determines the pro-
nounced variation in the phytoplankton photosynthetic parameters with depth [44].

One of the key parameters for estimating PP is ¢ [2]. It expresses the efficien-
cy of phytoplankton carbon fixation per quantum of light absorbed by the photo-
synthetic apparatus of the cell [45]. The ¢ varied with depth and by season. Light
conditions determine the content of photoprotective pigments, which reduce the ¢
values [2, 17]. Due to the high PAR values in the sea surface layer, the ¢ values
were minimal: at the station near Katsiveli in summer, the ¢ was equal to
0.005 mol C-mol quanta™, whereas at the station near Sevastopol, the average
summer values were lower and equaled 0.003 = 0.003 mol C-mol quanta™®. Within
the UML, ¢ increased by ~ 6 times at both stations. Autumn ¢ values reached
0.005 mol C-mol quanta™, increasing with depth in the UML by ~ 8 times. In win-
ter, when the PAR values were minimal, the ¢ was maximal: at the station near
Katsiveli, the ¢ in the sea surface layer was equal to 0.007 mol C-mol quanta™
(increasing in the UML by ~ 7 times), while at the station near Sevastopol it
was 0.010 mol C-mol quanta? (increasing in the UML by ~5 times) and
0.012 mol C-mol quanta™® (increasing in the UML by ~ 5 times) on 22.02.2022 and
29.11.2022, respectively. With the increase of PAR in spring, the ¢ values
began to decrease and amounted to 0.007 £ 0.001 mol C-mol quanta™ in the sea
surface layer, increasing within the UML by ~ 6 times (Fig. 7, a). It was found that
in winter in the sea surface layer near Sevastopol, the ¢ values were ~3 times high-
er than in summer. Such significant seasonal dynamics of the ¢ is a consequence of
the phytoplankton acclimation to changing light conditions.

A comparison of the ¢ values with PUR",, showed a relationship between
these parameters, which was described by a power function (Fig. 7, b).

Primary production
For the entire study period, the same types of vertical PP profiles were observed
with a maximum in the sea surface layer. The profiles varied significantly throughout
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the year: from 11 mgC-m3.day* in early November to 84 mgC-m=3-day * in early
October (Fig. 8, a). The winter PP values at the stations near Katsiveli and Sevas-
topol equaled 21 mgC-m~3.day* and 16 mgC-m—3.day?, respectively. During March,
the PP increased from 43 mgC-m~3-day* to 58 mgC-m.day *.The summer PP val-
ues were higher in the coastal waters of Sevastopol (72 mgC-m=3.day?) than
in those of Katsiveli (34 mgC-m=3.day?).

The maximal photosynthesis rate in the sea surface layer was observed in Oc-
tober (7.8 mgC-m~3-h"1), and relatively high values were also observed in March
(4.0 mgC-m3h? and 4.5 mgC-m=3h?) and July (4.4 mgC-m=3h?) (Fig.8, c).
The high photosynthesis rate corresponded to the maximum TChl-a values and min-
imum ¢ values. In summer, the TChl-a values varied between stations by 3.4 times,
while the PP values differed by 2 times. In November, a decrease in the TChl-a
values also led to a 6-fold decrease in the PP values.

The values of assimilation number (AN) in the sea surface layer increased
from early November (1.3 mgC-mgTChl-a*h?) to July (2.6 mgC-mgTChl-a*h™?)
at the station near Sevastopol and from winter (1.8 mgC-mgTChl-a*-h?) to summer
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Fig. 9. Dependence of the AN on the PAR inthe UML of the Black Sea coastal
waters in summer (a), autumn (b), winter (¢) and in spring (d)

(4.0 mgC-mgTChl-a*-h™?) at the station near Katsiveli (Fig. 8, b). The analysis
showed that the AN varied among seasons, which was more pronounced in the sea
surface layer (Fig. 8, b). The AN depends mainly on light intensity and to a lesser
extent on other abiotic factors such as temperature and nutrients availability [42].
A comparison of the AN with the light intensity allowed us to reveal dependencies
for individual seasons (Fig. 9):

for summer, AN = 0.51 PAR**, n =9, r2 = 0.83; (3)
for autumn, AN = 0.57 PAR%% n =10, r'? = 0.85; (4)
for winter, AN = 0.34 PAR%%? n =5, 12 =0.87; (5)
for spring, AN = 0.45 PAR®%!, n =8, r'? = 0.86. (6)
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The revealed dependencies of the AN on the PAR (equations 3-6) reflect sea-
sonal differences in the AN under the same light conditions (Fig. 9).

Annual cycle

In the most productive surface layer of the sea (Fig. 8, a), ¢max varied ~ 7-fold
during the year, which exceeded the degree of variability of other photosynthetic
parameters. An analysis of the seasonal dynamics showed that ¢max (Fig. 10, d) was
related inversely to PARo, whereas Ik was directly related to PAR, and showed
a twofold seasonal variation (Fig. 10, e). Since the ¢ depends on the ¢max and
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Fig. 10. Annual cycle of the studied parameters. The red line is photosyntheti-
cally available radiance PAR at surface water. The dashed lines denote chloro-
phyll a-specific light absorption coefficient of phytoplankton a“;n(438) (a); intra-
cellular content of photoprotective pigments and their share NPSP in the total
amount of phytoplankton pigments (b); the spectrally weighted chlorophyll a spe-
cific absorption coefficient calculated for photosynthetically active pigments

a”psp(2) (€); maximum quantum yield of photosynthesis dmax (d); the light intensi-
ty saturating the photosynthesis Ik (e); quantum yield of photosynthesis ¢ (f); chlo-
rophyll a plus phaeopigment concentrations TChl-a (g); primary production PP
(h); assimilation number AN (i)
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I (equation 2), and since ¢max Was the most variable seasonally, the ¢ was directly
related to PAR, yet to a lesser extent than ¢max (Fig. 10, f). The intra-annual varia-
bility of a",n(438) in the surface layer spanned a factor of three and was directly
related to PARy, except the high a’yn values in February (Fig. 10, a), which may
be associated with small-celled species of phytoplankton [35], in particular coc-
colithophores. The abundance of coccolithophores in the phytoplankton increased
in the last decade in the Black Sea [46]. However, the seasonal dynamics of apsp
(Fig. 10, c), which determines the rate of photosynthesis, differed from a’p.
This was due to the proportion of photoprotective pigments (Fig. 10, b), which de-
pended directly on the light intensity in the UML [23]. In the annual cycle of a"ysp,
a peak was observed in February. The peak is associated with the dominance of
small-cell phytoplankton species, and the decline in March is due to the bloom of
large diatoms. However, in general, a U-shaped type of cycle was observed with
relatively lower values in summer, with their increase in other seasons. The annual
AN cycle (Fig. 10, i) differs in type from ¢ and a”sp. This is due to the fact that
AN also depends on the light intensity. Consequently, the light factor has a pre-
dominant influence on the intra-annual dynamics of the AN. The TChl-a in the sea
surface layer varied 6 times during the year. The annual cycle of TChl-a has two
peaks (Fig. 10, g): spring and autumn, which is associated with the bloom of phy-
toplankton in these seasons. The intra-annual variability of PP was 8-fold and was
similar to the annual cycle of TChl-a (Fig. 10, i).

Conclusions

We analysed seasonal dynamics of photosynthetic characteristics of phyto-
plankton in the BS coastal waters near the Crimean Peninsula. The seasonal varia-
bility of PP was caused by acclimation of phytoplankton to environmental condi-
tions. The PAR incident on the sea surface increased approximately threefold
from winter (22 + 5 mol quanta-m2.day?) to summer (59 = 1 mol quanta-m2-day ).
This caused photoadaptive transformations in the pigment complex of microalgae,
namely changes in the concentration of chlorophyll a and accessory pigments,
including photoprotective pigments, which affect the capacity of phytoplankton to
absorb light in the sea and use it during photosynthesis. The seasonal variability
of the TChl-a occurred. High values of TChl-a in the sea were observed in early
October and in March, which may be associated with phytoplankton bloom, while
low values were observed in summer (twice as little). The a’,n(z) varied signifi-
cantly among seasons: from minimal values in spring (on average 0.012 m>mg™)
to maximal values in summer (on average 0.024 m?-mg?) with intermediate values
in autumn and winter (on average 0.017 m2-mg?). The variability of the a*n(z) is
mainly due to the intra-annual variability of the a“n. The a%s was minimal
in summer (on average 0.010 m?mg™) due to the highest relative content of photo-
protective pigments (on average 0.35 g-g™). The ¢ in the surface layer varied among
seasons by ~ 3 times from the lowest values in summer (0.003 mol C-mol quanta™)
to the highest values (0.010 mol C-mol quanta™®) in winter, which is associated with
the annual dynamics of sea surface insolation. The variability of ¢ within the euphotic
zone was greatest (up to 8.7 times) compared to other parameters. PP values varied
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widely in the sea surface layer, decreasing with depth. The AN changed during
the year by ~ 2 times from 1.3 to 4 mgC-mgTChl-a *-h™%, which is associated with
its dependence on PAR.
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Abstract

For many years, a FlowCam flow imaging microscope (Yokogawa Fluid Imaging Inc.,
USA) has been used to study communities of marine organisms — their species composi-
tion, structure, and dynamics, as well as morphological characteristics of individual organ-
isms. However, the problem of standardizing protocols for using these types of instruments
in the field of visualization cytometry for processing plankton samples remains unsolved.
The aim of the study was to develop a methodology for zooplankton image classifica-
tion using VisualSpreadsheet tools — the software that controls the system operation.
For the first time, an algorithm for automatic search of value filters was developed, and
the ordering of class tabs in the VisualSpreadsheet classification window was formalized.
The proposed method was applied to native samples of Black Sea zooplankton and, under
certain conditions, enabled the correct classification of 100% of bivalve larvae (class mol-
lusca) and the dinoflagellate Noctiluca scintillans (class noctiluca), 82% of the appendicu-
larian Oikopleura dioica (class oikopleura), 71.2% of naupliar (larval) stages (class nau-
plius), and up to 70.2% of calanoid and cyclopod (class copepoda). Overall, the described
approach can be used for any type of object studied with FlowCam, especially those with
a complex morphology.

Keywords: FlowCam, VisualSpreadsheet, zooplankton, images classification, classification
algorithm
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AHHOTAIINA

MHorue romsl mporpaMMHo-anmapatHeii koMmivieke FlowCam (Yokogawa Fluid Imaging
Inc., CIIIA) ucmosb3yercst JJisl UCCIeIOBaHMs COOOIIECTB MOPCKUX OPraHU3MOB — UX BH-
JIOBOTO COCTaBa, CTPYKTYPbl M JHHAMHKH, a TaKkKe MOP(OJOTHUECKUX XapaKTCPUCTHK.
OnHaKo JI0 cUX MOp HEe pelleHa 331a4ya yHU(PHUKALUK IPOTOKOJIOB IPUMEHEHHST TAKOTO TH-
ma IpruOOPOB, OTHOCAIINXCS K 00JIACTH BH3YAM3UPYIOMIEH MUTOMETPHUH, JUII 00pabOTKH
IUTAHKTOHHBIX 1p00. Llens paboThl 3akiarouaeTcsl B pa3paboTKe METOAMKU KIIACCU(pHUKAIIUK
HM300pakeHM 300IUIAaHKTOHA WHCTPYMEHTaMu VisualSpreadsheet — nmporpaMMHOIO TPoO-
JYKTa, YIPaBJISIOIIEro paboToil koMmIuiekca. BriepBoie pa3paboTan anropurM aBToMaruue-
CKOTO TIOMCKa (QUIBTPOB 3HauUeHHH (value filters) m mpoBeneHa GopManu3anys MOpsaAKa
BKJIQJIOK KJIACCOB B OKHE Kiaccubukanuu VisualSpreadsheet. TlpeanoxeHHas METOIUKA
ObLTa MPUMEHEHa HAa HATUBHBIX MPOOAX YEPHOMOPCKOTO 300IUIAHKTOHA U MO3BOJIMIA, MTPU
OIPE/ICNICHHBIX YCIOBUSX, KOPPEKTHO Kiaccuduuuposats 100 % IHYUHOK JBYCTBOPYATHIX
MOJUTIOCKOB (Kitacc mollusca) u auroduaremat Noctiluca scintillans (xnacc noctiluca),
82 % obomounnkoB Oikopleura dioica (xnacc oikopleura), 71.2 % HayIMaIbHBIX CTAIUHA
pasButus (knacc nauplius) n 1o 70.2 % KanaHOMIHBIX M IMKJIOMOAHBIX KOIemnon (Kiacc
copepoda). B 11e10M ONUCAHHBIA MOAX0J] MOXET OBITh HCIOJIB30BAH JJIs JFOOBIX THIIOB
00BEKTOB, HccienyeMbix Ha FlowCam, 0COOEHHO CO CIIOKHOI MOpdotorHei.

Kiarwouessie cinoBa: FlowCam, VisualSpreadsheet, 300TUTaHKTOH, KIacCHpHUKANNsI N300pa-
JKCHHH, aJITOPUTM KJIacCH(pHUKAINU

BaaropapHocTu: HccieqoBaHME BBIIIONHEHO B paMKax rocynapcTBeHHoro 3agaHust Cea-
CTOTIOJIECKOTO TOCY/IapCTBEHHOTO YHUBEpCHTETa MO TeMe «KOMIIeKCHbIE MOPCKHE MEKIHC-
mumorHapHBIe ncenenoBanus Ha HUC «[Inonep-M» B mens(poBoii 30HE 1 KOHTHHEHTAIIEHOM
ckJIoHe YepHOro Mopsi B YCIIOBHSIX aHTPOIIOT€HHOT'O BO3ACHCTBHS M KIMMAaTHYECKUX H3Me-
Hernuit» (FEFM-2024-0013); B pamkax rocynapcreeHHoro 3amanus OUIL[ MubIOM mo Teme
«Tpancdopmanust CTPYKTYpHI ¥ (YHKIMHA SKOCHCTEM MOPCKOW TENIardaiii B YCIOBHAX aH-
TPOTIOTEHHOTO BO3JICHCTBHS M M3MeHeHHs KimMaray (Ne roc. peructparun 124030400057-4).

Jnsa muruposanus: Munckuii Y. A., Jlumeuniok /. A., Eecmueneee B. I1., [Tunaes A. A. u op.
Knaccudukarusi n3o0pakeHuid 300TIIAHKTOHA HA MPOTPAMMHO-AIIIAPATHOM KOMILIEKCE
FlowCam // Jxonorudeckas 6e30nmacHOCTh NMPHOpPEXHOH W mIenb(oBoil 30H Mops. 2026.
Ne 2. C. 145-161. EDN WCIXSD.
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Introduction

Zooplankton is the most important link in the trophic chain of aquatic eco-
systems, determining the efficiency of matter and energy transfer from primary
producers (phytoplankton) to higher-order consumers (planktivorous fish and in-
vertebrates) [1, 2]. Ecological monitoring of marine areas includes zooplankton
sampling, the processing and analysis of which make it possible to assess the struc-
ture of marine communities and their state [3, 4]. However, sample processing
requires significant time expenditure, and the laboriousness and monotony of this
type of work are accompanied by occasional errors of varying impact on the analy-
sis result [5, 6]. Currently, the task of automating such a classical hydrobiological
operation is becoming increasingly relevant, and efforts of many researchers all
over the world are focused on its solution [7, 8]. One of the existing solutions for
plankton sample processing is a FlowCam (FC) flow imaging microscope (Y oko-
gawa Fluid Imaging Inc., USA).

FC is a combination of a microscope, flow cytometer, and a fluorimeter.
The examined liquid is pumped through the FC system, where particles are cap-
tured by a high-speed camera. Together with the VisualSpreadsheet (VS) software,
FC allows framing objects detected in the liquid flow and analysing their quantita-
tive and qualitative characteristics. From the acquired images, VS automatically
calculates over 40 parameters describing the morphometric and colour characteris-
tics of the framed objects. In addition, the instrument can record their fluorescence
intensity (trigger mode).

Studies have shown that, compared to traditional manual processing of plank-
ton samples by light microscopy, imaging cytometry systems such as FC underes-
timate the concentration of objects in a liquid volume. Nevertheless, these systems
provide correct estimates of the relative abundance of a particular taxon, which,
combined with speed, opens prospects for partial automation of the sample pro-
cessing procedure [9].

An important feature of the system is the semi-automated particle image clas-
sification function in VS [10]. Its essence lies in creating filters that sort images
based on morphometric, colour, or fluorometric characteristics. A filter is a set of
threshold constraints on parameter values that allows an object to be distinguished
among many others in a single run. VS has a function to create a sequence of filters
(classifier) designed to sort run images into user-defined classes. The information
basis for filter creation is digital libraries — user-expanded collections of object
images within classes. Ultimately, the libraries cover the entire range of values of
discriminating features.

Despite the use of FC for plankton analysis, to date there is no clearly formu-
lated and reproducible methodology for classifying zooplankton images using VS.
In a review article [11], devoted to the experience of using FC in phytoplankton studies
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(a more common object for FC work), it is shown that slightly more than 10% of
publications discuss image classification. At the same time, articles that mention
filter creation and the autoclassification procedure, with rare exceptions [10, 12],
do not contain a detailed description of a ready-to-use methodology for creating
filters and a classifier. Descriptions of filter selection for identifying zooplankton
organisms and creating a filter system in the VS classifier are completely absent
from these publications.

This work is purposed at developing a methodology for identifying zooplank-
ton organisms in native samples using the tools provided by VisualSpreadsheet.
Information is presented on the materials used in the work and the libraries created
on their basis; the key classification tools of VS and the chosen approach to library
creation are described; general principles for creating filters and a classifier are
formulated; an algorithm for creating filters and arranging tabs in the VS classifica-
tion window is described; the process of creating a classifier for selected zooplank-
ton object classes is given; finally, a brief review of publications where FC was
applied for zooplankton research is presented, and based on it, we carried out
the comparison of results with works where the image classification procedure is
described in most detail.

Materials and methods

Sampling and material preparation. Zooplankton samples were collected with
a Juday net (@ = 37 cm, mesh size 150 pm) by total hauls from bottom to surface
at the exit from Balaklava Bay (Crimea, Black Sea) during daytime in March and
April 2025. The samples were fixed with 40% formaldehyde to a final concentra-
tion of 2%. Small particles were removed using a 100 um filter.

FlowCam settings. A flow cell with an inlet diameter of 1000 pm (FOV1000)
and a 2x magnification lens were installed on the FlowCam (model 8400). Accord-
ing to the FlowCam operating manual ", automatic focusing was performed be-
forehand to obtain the best-quality images (Best Focus Image mode). The samples
were passed through the FC system in Autoimage Mode, i.e. without using the la-
ser. Software: VisualSpreadsheet, version 4.

Class identification and library creation. Zooplankton objects to be classified
were divided by an expert (with over 18 years of experience in zooplankton sam-
ple processing) into the following classes: nauplius (naupliar stages of copepods),
cyclopoida and calanoida (copepodid stages and adult Copepoda of the orders
Cyclopoida and Calanoida), noctiluca (living cells of Noctiluca scintillans (Mac-
artney) Kofoid & Swezy, 1921), oikopleura (appendicularians Oikopleura (Vexil-
laria) dioica Fol, 1872), mollusca (bivalve larvae).

D Fluid Imaging Technologies Inc., 2020. VisualSpreadsheet 5 User Guide. Version A.
Available at: https://www.fluidimaging.com/FlowCam-university/visp-5 [Accessed: 10 May 2026].

2 Fluid Imaging Technologies Inc., 2020. FlowCam 8000 Series. Dynamic Imaging Particle
Analyzer. User Guide. Version C. Scarborough, Maine, 39 p.
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All images of objects not belonging to zooplankton (debris particles of unknown
nature and detritus, macrophyte fragments, clearly dead zooplankton organisms,
empty copepod carapaces, large diatom and dinoflagellate cells, etc.) were assigned
to the garbage class.

For each class, a corresponding image library was created: calanoida — 1479 im-
ages, cyclopoida — 374, garbage — 4081, mollusca — 26, nauplius — 383, noctiluca —
539, oikopleura — 45.

Computational experiments simulating VS operation were performed in the R
statistical programming environment >,

Operation principle of filters and the VS classifier

The principle of image classification in the VS classification window is
their sequential checking for compliance with a particular class. A tab is created
in the classification window, into which one or more filters are placed. If the pa-
rameter values of an image satisfy the filter requirements, the object is assigned
to the corresponding class. Objects are fed into the classifier in the order they were
obtained during sample processing. An object is checked against the filter require-
ments in the order in which the class tabs are arranged. The object is assigned to
the first class whose filters it satisfies.

In VS, there are two types of filters: value and statistical. A value filter (VF)
sets intervals of permissible values for one or several parameters of objects.
The intervals for a specific class can be set based on its library (a set of characteris-
tic images of the class) or manually. One way to use a VF is to apply the Like se-
lected particles (Value) From (LVF) function. The LVF function operates as a VF
that includes intervals of all parameters determined by the library. Fig. 1, a sche-
matically illustrates the VF principle.

The VS manual does not provide a detailed description of the statistical filter
(SF) operation, except that an object is checked for class membership using basic
statistical metrics (mean, standard deviation, as well as minimum and maximum
parameter values) calculated from library data. The closer an object is to the ideal
target particle ¥, for a given parameter, the lower the Filter Score (FS) value as-
signed to it. Practice shows that FS values can range from near unity (very strong
match) to several hundred (very strong mismatch). A schematic interpretation of
SF principle is given in Fig. 1, b.

» R Core Team, 2021. R: A Language and Environment for Statistical Computing. R foundation
for statistical computing. Vienna, Austria, 2021.

4 Fluid Imaging Technologies Inc., 2011. FlowCam Manual Version 3.0. 145 p. Available at:
https://www.manualslib.com/manual/1628819/Fluid-Imaging-Technologies-FlowCam. html#manual
[Accessed: 08 October 2025].
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Fig. 1. Principle of operation of value and statistical filters based
on two parameters: a — the red object is assigned to the class because its
parameter values fall within the specified intervals, whereas the black
object is not assigned to the class because it exceeds the permissible
range for the second parameter; b — the total deviation of the red object
from the ideal particle (dashed line), calculated using two parameters, is
smaller than that of the black object; therefore, the red object receives
a lower FS value

For the SF, one or several parameters can also be selected, but manual adjust-
ment of the metrics is unavailable and, unlike the VF, they are entirely determined
by library data. VF and SF can be combined within a single filter and employ
the same parameters.

Approach to determining the membership of zooplankton images to classes

When creating zooplankton libraries, an approach based on expert assessment
of object class membership was applied. For each of the selected zooplankton clas-
ses, a single library was created. Only those images that met the following criteria
were included in the library: a) the frame contained no garbage particles or only
negligible amounts; b) according to expert assessment, a single specific zooplank-
ton object is present in the image; c) the organism was alive at the time of sampling
and fixation with formaldehyde; d) the object image is not cropped or only slightly
cropped (this can happen if the object was at the periphery of the camera field of
view at the moment of photofixation). A visual representation of the above-
mentioned image selection criteria for a class is represented using N. scintillans
as an example (Fig. 2).

Separating objects into a separate library (class) is advisable when their shape
and colour variability are low. The parameter samples of such libraries are charac-
terised by the absence or rare occurrence of extreme values and small variance.
The boundaries of distributions of different samples on parameter axes, as a rule,
turn out to be sufficiently narrow, which, when combining several parameters
in filters, ensures high classification accuracy of images by classes.
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J

Fig. 2. Images of N. scintillans obtained using FC:
a — “ideal” state of the object; b — moderately deformed
object; ¢ — severely deformed object (the organism was
most likely dead at the time of sample fixation); d — the im-
age is moderately cropped at the top; e — the image is ex-
cessively cropped from below; f — a negligible amount of
garbage; g — the garbage particle size is comparable in size
to the object

Zooplankton, with rare exceptions, are objects of very complex shape, in con-
trast, for example, to non-colonial cells of many phytoplankton species, whose
morphology can be reduced to simple geometric figures [12]. The presence
in libraries of images of objects with extreme parameter values, as well as multi-
modality and pronounced asymmetry of parameter distributions, lead to overlap-
ping of classes on numerical axes, which complicates the use of simple value filters
(Fig. 3). A particular difficulty is posed by objects of the garbage class (e.g., detri-
tus in the field of view), whose quantity and diversity call into question the possi-
bility of completely excluding debris from the zooplankton class tabs (Fig. 3).
Applying the LVF function under such conditions leads to numerous classification

C€ITOTS.
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Fig. 3. Examples of probability density functions of parameters
for selected zooplankton classes. The Aspect Ratio parameter is cal-
culated as the ratio of the object's side lengths; The Transparency pa-
rameter indicates the degree of transparency of the object

A proposed solution for the classification task could be the additional intro-

duction of subclasses in the classifier that reflect the most characteristic variants

of the spatial arrangement of zooplankton objects in the FC camera field of view.

As an ex

ample, class differentiation of copepods depending on their orientation

in the frame can be given: a) ventral or dorsal orientation; b) lateral orientation

of the object (Fig. 4). However, such subclass detailing apparently would not lead

to a significant increase in classification accuracy. This is due to the enormous diver-

sity of antennae and limb positions (or their absence due to mechanical damage),

Fig

152

. 4. Variability of spatial orientations of copepods in images obtained
using a FlowCam
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as well as the probability of anthropogenic or natural debris particles entering
the field of view. Nevertheless, identifying all possible spatial orientations
(i.e., “poses”) of zooplankton organisms of various taxonomic classes and forming
specialised image libraries based on them is a labour-intensive task that may negate
the advantage of using the VS classifier (Fig. 4).

Principles of creating filters and the classifier

Taking into account the statistical properties of object parameter samples and
peculiarities of the VS classification toolkit, the following principles for creating
filters and constructing the classifier were formulated:

1. When creating filters, classical descriptive statistics methods are not used to
identify the best parameters, since the classification logic in VS is based on the se-
quential application of threshold filters, not on statistical optimization of parame-
ters. Moreover, the distributions of parameters of individual classes are often over-
lapping and multimodal (see Fig. 3).

2. Due to huge diversity of garbage particles and the impossibility of classify-
ing them without using statistical methods, erroneous assignment of garbage ob-
jects to zooplankton classes is permissible, but not in large numbers.

3. In view of high variability of features within classes, pronounced asym-
metry of their distributions, and the absence of a formalised description of FS cal-
culation algorithm, only VFs are used when constructing the classifier.

4. The number of class tabs in the classification window should be minimal —
one tab per class.

Methodology for creating filters and establishing the order of class tabs
in the classifier

A total of 32 parameters are available for use in VFs. Methodology develop-
ment was based on the hypothesis that in pairs of classifying features, a sufficient
number of unique combinations of value intervals for each class can be identified.
It is assumed that their combined use in the form of a set of value filters, each con-
taining two parameters, can reveal most objects of the corresponding classes.
In total, C%3, = 496 parameter pairs are subject to consideration.

The essence of approach to creating class filters is to detect and approximate
by rectangles those regions of the two-classifying-feature space that are occupied
exclusively by objects (points) of one class. The rectangles must have sides parallel
to the parameter axes. In this case, the coordinates of the rectangle length projec-
tions and width onto the corresponding axes determine the value intervals of
two parameters of one filter. For the remaining filter parameters, intervals deter-
mined by the class library are set to reduce the probability of classification error
when working with test samples. The number of filters obtained for a class based
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on two parameters equals the number of rectangles into which the region occupied
by that class is divided. In the tabs of future classes, the OR mode is set; therefore,
for an object to be assigned to a class, it must satisfy the requirements of any filter
in the corresponding tab.

An algorithm for searching and creating such VFs was implemented in the R
environment using the sf library [13]. The algorithm provides three main steps:

Step 1. Within one pair of parameters, n situations are formed (n — number
of classes), in each of which two polygons are created (Fig. 5): polygon A — based
on the convex hull of the point cloud of the given class; polygon B — based on
the convex hull formed by the points of the remaining classes. If there is a section
of polygon A4 lying outside polygon B, then a polygon C is formed from such a sec-
tion (green area in Fig. 5).

Step 2. For polygon C, a bounding box is constructed and filled with a regular
grid (Fig. 5). The regular grid created using the sf library tools is an array of rec-
tangular polygons with sides parallel to the coordinate axes. Regardless of the class
and the area of polygon C, the grid has a size of 20 x 20 polygons. Polygons that
have common sections with polygon A4 or with polygon C (or with both) are re-
moved from the grid. The remaining grid polygons are merged into a single poly-
gon D (Fig. 5).

Step 3. Polygon D is divided into rectangular polygons according to the fol-
lowing algorithm:

(7) The lower-left vertex of polygon D is selected, then the vertex to its right, and
the vertex above it. A rectangular polygon D; is constructed from the three vertices;

8 o
Class 1 . C
e Class 2 i
c: 71 Class 3
8
15)
E o —
£
51
3 4 5 6
Parameter 1
—_—
D31 D3I
D4
D D2
DI

Fig. 5. The value filter creation algorithm in a two-para-
meter space
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(ii) If polygon D; does not extend beyond polygon D, then D; is cut off from D.
Action (i) is repeated for the truncated D, and so on until it is completely split
into rectangles (Fig. 5);

(iii) If polygon D; extends beyond polygon D, then polygon D is rotated
by 90°. Actions (iii) and then (i) are repeated until condition (i) is satisfied. If after
three iterations condition (i7) is not met, further attempts to split polygon D
(both as a whole and its resulting parts D,, i = 1, 2,..., n) are stopped.

In the example of Fig. 5, section C of class 3 was divided into D, rectangles
(n=15). The coordinates of each length along parameter 1 and each width along
parameter 2 are the intervals of two parameters that are set in separate filters.
Thus, based on two parameters, five filters were created to identify objects of
class 3.

The described algorithm can be applied iteratively depending on the chosen
order of class tabs in the classifier window and the allowable error specified by
the user. For example, if the obtained set of filters allowed unambiguous identi-
fication of objects of a class(-es), it makes sense to repeat the filter search for
the remaining classes, excluding the recognised classes from the dataset. Obvi-
ously, tabs with such high filter efficiency should be placed first. Furthermore,
if the percentage of erroneous assignment of other classes’ objects or the percent-
age of unidentified objects of this class is small, it can be neglected in favour of
increasing the efficiency of the subsequent classifier tabs.

Results

Classifier creation and its performance. The first run of the VF search algo-
rithm was performed on the dataset including all seven classes (Table). As ex-
pected, the largest number of regions outside the boundaries of other classes
(Fig. 5) was found for garbage — 700. Due to the high density of garbage objects
in the pair-parameter space, the number for the remaining classes was significantly
smaller (mollusca — 112, noctiluca — 185, oikopleura — 7, nauplius — 8, calanoida —
223, cyclopoida — 0), which in some cases led to low or zero detectability (Table).
Since further identification efficiency increase (68.9%) of garbage objects proved
impossible, the garbage tab with the VFs obtained in the first run was placed first
in the classifier.

The second run of the algorithm was performed after removing all garbage ob-
jects from the dataset. The use of the obtained VF sets allowed increasing the pro-
portion of detected objects for all classes. The detectability of the mollusca and
noctiluca classes was 100%, so tabs for these classes with new VF sets were creat-
ed next.

The next algorithm run took place after removing the aforementioned classes
from the dataset. The new VF sets noticeably increased the proportion of detected
nauplius objects (71.2%), which is particularly important in the context of the dif-
ficulty of distinguishing naupliar and adult copepod stages. No improvement
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in detectability was noted for the oikopleura class. A small increase in detected
objects was achieved for calanoida — by 5.1% (to 51.9%). Despite a noticeable
increase in the number of identified cyclopoida, their proportion remained low
(Table).

For the final decision on creating the last three tabs of the classifier, the fourth
algorithm run was performed on the dataset without oikopleura. The new VFs
did not lead to a noticeable increase in classification efficiency, so the nauplius,
calanoida, and cyclopoida tabs were filled with the VF sets obtained after the pre-
vious run.

Since it was not possible to indicate cyclopoida objects at the level of other
classes, we made a separate attempt to search for VFs after combining calanoida
and cyclopoida into a single class copepoda (Table, run number I11.1).

Results of sequential application of filter sets in the VisualSpreadsheet classification
window

Algo- o Number of identified objects / total number
rithm | Yariations of class images (identification rate, %)
in classes
run o
composition
number garbage |mollusca|noctiluca|oikopleura|nauplius | calanoida |cyclopoida
2815/4081 19/26 376/539  5/45 4/383 111/1479  0/374
I All classes
68.9) (73.1) (69.8) (1.I) (1.04) (7.5) )
11 — garbage - (100) (100) (82) (56.9) (46.8) (3.5)
—noctiluca,
m mollusca - - - (82) (71.2) (51.9) (7.75)
v — oikopleura - - - - (71.2)  (55.9) 9.6)
+ oikopleura,
calanoida +
1.1 Seyclopoida = - - - (82) (69.5) 1301/1853 (70.2)
= copepoda
Note: “~” indicates that the class parameter data was not used during the subsequent run

of the filter search algorithm, and the result (% of identifications) for the class remains the same as
in the previous filter configuration; the order of classes corresponds to the order of tabs in the VS
classification window.
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A total of 1301 objects were identified; 1079 of them belonged to calanoida
and 222 to cyclopoida. Thus, the number of identified objects was increased
to 72.8% and 59.3%, respectively, but already within a single class.

Discussion

Most studies that mention zooplankton sample processing on FC are devoted
to comparing organism size characteristics obtained by light microscopy and
VS, and calculating biomass, biovolume, and other indicators based on them
[2, 14-16], determining community structure, identifying and counting rare species
[5, 17]. In some works, FC is appled to count particles whose number provides in-
direct information on zooplankton vital activity and its habitat [18, 19]. Literature
analysis revealed the absence of publications with a detailed description of parame-
ter selection for sorting zooplankton images or entirely devoted to the development
of a classifier in VS.

We see the causes for the absence of such works in the difficulties that accom-
pany work with this material. The most common FC models have insufficient
capillary width of flow cells, which limits the ability to work with the lower
boundary of the mesozooplankton size spectrum [15, 20]. In the case of the Black
Sea, the FlowCam 8400 cannot process samples containing large specimens
(over 1-1.5 mm) of calanoid copepods and sagittae. The length of sagittae reaches
3 mm or more. An additional obstacle in operation can be created by detritus par-
ticles and copepod aggregates, which tend to clog the flow capillary of the cell.
If the goal is to process a sample with all zooplankton in it (from naupliar stages
to adult copepods), an additional FlowCam model Macro or ZOOSCAN is required
[21-23]. Given these difficulties and the fact that zooplankton images are poorly
handled by the VS toolkit, it is more appropriate to use predominantly manual
classification or ML libraries ¥ [24, 25]. It is worth noting that the increase in classi-
fication efficiency of calanoid and cyclopoid copepods (classes calanoida
and cyclopoida) after merging into a single class copepoda is probably due to
the morphological similarity of organisms of these groups.

In the previously mentioned work [12] the authors describe an approach to
creating SFs for identifying microalgae cell images. They managed to achieve good
results (filter accuracy criterion approached the maximum value of unity) for nine
phytoplankton classes. At the same time, the classes were identified with much
greater taxonomic depth (to genus and in some cases to species) compared to our
study. However, the authors do not mention foreign particles, which undoubtedly
must have been present in the samples, given the net sampling method. It should be
noted that the filter accuracy decreased as the cell shape became morphologically

3) Grosjean, P., Denis, K. and Wacquet, G., 2018. ZooImage: Analysis of Numerical Plankton Images.
R package version. Available at: https://cran.r-project.org/web/packages/zooimage/zooimage.pdf
[Accessed: 31 May 2026].
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more complex. These results allow us to conclude that the use of SFs for the tasks
of our study is limited. The heterogeneity of samples (see Fig. 3) leads to incorrect
calculation of the sample mean and standard deviation, which apparently entails
a large number of errors.

In study [10], when solving the problem of identifying genera and species of
colonial cyanobacteria and other microalgae, the authors, on the contrary, focused
on selecting VFs. The minimum number of the most useful parameters for two fil-
ters was selected by manual adjustment based on 25 and 50 characteristic images
of object classes. To improve classification accuracy, a third filter with the same
parameters was created, but with value ranges formed by the intersections of
the parameter ranges of the original filters. In [10] the authors report that the pro-
posed approach allowed achieving almost 100% (99.8%) accuracy of object identi-
fication by genus; the accuracy when separating morphospecies varied from 42.6
to 93.7%. As in [12], the authors do not address the issue of foreign particles and
do not describe the preprocessing of the image dataset.

Unlike [10, 12], where filters were created intuitively manually, in our study
we attempted to automate filter selection and formalise the arrangement of class
tabs in the VS classification window.

In version 6 of VS, an Al tool for working with protein aggregates appeared
for the first time. However, until VS incorporates functionality allowing users to
customise and train neural networks independently, the proposed algorithm may
become an alternative to manual parameter selection. Presumably, the algorithm
may be more effective when working with phytoplankton samples, and its efficien-
cy can be improved by moving from pairs of parameters to triples, etc. In other
words, increasing the dimensionality of the considered parameter spaces should
lead to the identification of a larger number of filters with class-unique value inter-
vals and an increase in the detectability of the corresponding objects.

Conclusions

In this work, a methodology for classifying zooplankton images obtained using
a FlowCam system with the VisualSpreadsheet software tools has been developed
for the first time. Within the framework of the proposed approach, an algorithm
for the automatic generation of value filters was implemented; under certain condi-
tions, it ensured 100% identification for the mollusca and noctiluca classes, 82%
for oikopleura, 71.2% for nauplius, and 70.2% for copepoda (after merging cyclo-
poida and calanoida).

Since the algorithm does not require preliminary analysis of parameter distri-
butions, the methodology can be applied to the study of a wide range of objects
recorded by FlowCam. It is most advisable to use the developed methodology
when working with objects that have complex morphology, in particular zooplank-
ton. In the future, it is planned to implement a value filter search algorithm in pa-
rameter spaces of higher dimensionality and test it both on zooplankton objects and
on other components of marine plankton, including phytoplankton.
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