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The article contains information on the specialized working collection of carotenogenic microalgae
maintained by the staff of the animal physiology and biochemistry department of A. O. Kovalevsky In-
stitute of Biology of the Southern Seas of RAS (IBSS). The collection was established within the frame-
work of IBSS scientific and applied research to study the mechanisms of stress tolerance in eurybiontic
and extremophilic single-celled phototrophs and to identify commercially significant sources of highly
valuable ketocarotenoids of astaxanthin group used for medicine and food production. The collection
contains 44 microalgal strains of various taxonomic and ecological specialization with a pronounced
ability to hypersynthesize secondary carotenoids and lipids under extreme conditions (drying, nutri-
ent starvation, high-intensity illumination, extreme temperature and salinity, effect of toxicants, ezc.).
The main ways to replenish the fund are direct exchange of carotenogenic species with leading Rus-
sian and foreign collections of microalgae and own field sampling in the Black Sea areas of Crimea
and Caucasus. The majority of strains in the collection represent two orders of the class Chlorophyceae:
Chlamydomonadales (25 strains) and Sphaeropleales (15 strains), since the phenomenon of secondary
carotenogenesis is widespread in these orders. Out of them, inhabitants of ephemeral freshwater ponds
predominate, as well as aerophilic and soil microalgae. All strains are maintained under controlled con-
ditions on agarized mineral media as pure cultures. Description of the collection accession includes
the following data: a) current taxonomic status of the species verified according to updated informa-
tion from corresponding collections and algological databases, namely AlgaeBase and NCBI Taxon-
omy Browser; b) species basionym and known synonyms; c) date and source of the strain deposi-
tion; d) author’s surname, geographic location, and biotope, from which the strain was isolated; e) ac-
cession number of sequences associated with the strain in NCBI (if any); and f) nutrient medium,
on which the strain is maintained in the IBSS collection. The significance of the collection for mor-
phological, biological, physiological, and biochemical studies of growth, secondary carotenogenesis,
and biotechnological potential in green microalgae is discussed.

Keywords: carotenogenic microalgae, collection storage, Chlorophyta, carotenoids, astaxanthin

The concept of carotenogenic microalgae implies a group of eukaryotic algae, taxonomically and eco-
logically heterogeneous ones, with a characteristic stress response — massive accumulation of specific
secondary (extraplastid) carotenoids, which are structurally and functionally unrelated to photosynthesis
and perform a protective function. In terms of chemical structure, such carotenoids in most microalgae
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are products of the enzymatic oxidation of 3-carotene to astaxanthin (3,3’-dihydroxy-f,[-carotene-
4,4’-dione) occurring on the surface of cytoplasmic lipid globules (oleosomes). The main functional
significance of this stress reaction — secondary carotenogenesis — is to reduce the intensity of oxidative
stress, which inevitably develops under acute negative effects, to a level adequate to possibility of forma-
tion of resting phases by vegetative cells, ensuring preservation of their viability under extreme conditions
for a long time (Shah et al., 2016 ; Solovchenko, 2015).

The discovery of extremely high antioxidant and regulatory activity in astaxanthin and its clos-
est precursors (Capelli et al., 2019 ; Han et al.,, 2013) caused a high interest in the late 1990s
in the problem of secondary carotenogenesis in microalgae and a boom in growth and metabolic re-
search of the most prominent astaxanthin producer — the planktonic green microalga Haematococcus plu-
vialis Flotow (Chlorophyceae, Chlamydomonadales) — which became a classic model object in cor-
responding investigations and the first species cultivated commercially as an algal astaxanthin source.
Over the last 20 years, numerous studies on various aspects of H. pluvialis viability and mass cul-
tivation were carried out in different countries; their main results are summarized in several widely
known reviews serving as a reference point in the continuously growing information flow on this prob-
lem (Lemoine & Schoefs, 2010 ; Li et al., 2011 ; Shah et al., 2016 ; Solovchenko, 2015 ; Zhang et al.,
2020).

The patterns of secondary carotenogenesis revealed on the example of H. pluvialis are extrapolated
by many authors to all groups of carotenogenic microalgae without considering their origin and features
of biology; this can be true only partially due to lack of reliable factual data on other species. In reviews,
the lists of carotenogenic microalgae usually contain no more than 10-15 names of single representatives
of 5-7 genera of the class Chlorophyceae (Chlorella, Coelastrella, Scenedesmus, Ankistrodesmus, Chloro-
coccum, etc.). Moreover, the experimental data on the specificity of secondary carotenogenesis in such
species and their potential as astaxanthin sources are still few and episodic (references can be found
in the reviews listed above).

In fact, the phenomenon of secondary carotenogenesis in microalgae is much more widespread in na-
ture and is characteristic of representatives of two algae phyla (Chlorophyta and Euglenophyta) and five
classes (Chlorophyceae, Trebouxiophyceae, Eustigmatophyceae, Ulvophyceae, and Euglenophyceae).
In the overwhelming majority of cases, these are aerophilic and soil species, phycobionts of epilithic
lichens, planktonic inhabitants of drying eutrophic ponds, cryophilic inhabitants of snow and ice, efc.,
which repeatedly experience during their annual life cycles acute-extreme conditions: starvation, de-
hydration, high UV exposure and temperature, and so on (Minyuk, 2020). In most of such species,
growth characteristics in culture and peculiarities of physiological, biochemical, and molecular genetic
mechanisms of induction and regulation of astaxanthin biosynthesis are still poorly studied, although,
considering high ecological plasticity of terrestrial species, among them there may be highly productive
and unpretentious in mass production sources of astaxanthin and ketocarotenoids similar in structure
and biological activity.

A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS (hereinafter IBSS) is one of the pi-
oneers of research on physiology and metabolism of astaxanthin producers in the post-Soviet space.
The basic condition and tool for the development of this direction was the establishment of the own
experimental fund of carotenogenic microalgae living cultures (the working collection). The main prin-
ciples are as follows: algae ought to represent the most abundant taxa and ecological groups of astax-
anthin producers, have a reliably established taxonomic status, and be stored under identical, strictly
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controlled conditions. The collection began to form in 2002: from the Komarov Botanical Institute
of RAS, the first strain of Haematococcus pluvialis Flotow (LABIK 927-1) was obtained (from V. M. An-
dreeva) and cultivated in the laboratory. To date, the collection includes 44 strains of carotenogenic
Chlorophyceae, is a structural part of the IBSS general collection of microalgae living cultures (acronym
is IBSS; registration number in the World Data Center for Microorganisms is 1201) (World Data
Centre for Microorganisms, 2021), and has an internal identifier IBSSca. Since 2017, the IBSS col-
lection is included in the national depository bank of living systems “Noah’s Ark” — Lomonosov
Moscow State University project aimed at creating a multifunctional network storage of biological
material. The collection ID in the “Noah’s Ark” database is IBSS-ALGAE (Mikroorganizmy i griby,
2020).

The main ways to replenish the IBSSca fund are direct exchange of carotenogenic species with lead-
ing Russian and foreign collections (their list is given in Material and Methods section) and own
field sampling in the Black Sea areas of Crimea and Caucasus (Dantsyuk et al., 2015 ; Chelebieva
et al., 2018). Most of the strains represent two orders of the class Chlorophyceae [Chlamydomon-
adales (25 strains) and Sphaeropleales (15 strains)], in which the phenomenon of secondary caroteno-
genesis is most widely represented. Out of them, inhabitants of ephemeral freshwater ponds pre-
vail, as well as aerophilic and soil species. The collection includes 4 strains of the halophilic mi-
croalga Dunaliella salina (Dunal) Teodoresco, 1905 isolated from Crimean hypersaline lakes by IBSS
staff. The species is distinguished by a unique form of secondary carotenogenesis: its final product
is B-carotene (Ben-Amotz & Avron, 1990).

The features of some strains obtained from Russian and Ukrainian collections are as follows: their
European and American origin, long-term collection storage (up to 100 years in some cases), and a multi-
stage path of transfer from depositing collections to the storages in the Commonwealth of Independent
States. Some strains were isolated in China and obtained directly from the Institute of Hydrobiology
of the Chinese Academy of Sciences; those are absent in other Russian collections. Several strains
were isolated by us from field samples.

Every strain has an electronic passport including the following information: a) current tax-
onomic status of the species verified according to updated data of the depositing collections
and algological databases — AlgaeBase (https://www.algaebase.org/) and NCBI Taxonomy Browser
(https://www.ncbi.nlm.nih.gov/Taxonomy/Browser/); b) basionym and known synonyms of the species;
c) date and source of the strain deposition into the IBSS collection; d) author’s surname, as well
as date, geographic location, and biotope, from which the natural sample was isolated; e) identifiers
(ID) of nucleotide sequences in the NCBI database (if any); and f) nutrient medium, on which the strain
is maintained in the IBSS collection.

It should be noted that in carotenogenic microalgae, astaxanthin biosynthesis is always associ-
ated with massive accumulation of neutral lipids suitable for obtaining high-quality biofuel; therefore,
the species can serve as sources of two products highly demanded by the market (Minyuk et al.,
2017, 2020 ; Solovchenko, 2015). This fact significantly expands the borders of research and practical
use of varieties of the IBSSca collection.

The aim of this work was to distribute information about IBSS freshwater and terrestrial strains of mi-
croalgae, which are active producers of astaxanthin and lipids, among specialists of the corresponding
profile to expand scientific contacts and cooperation in the sphere of fundamental and applied problems
of algology.
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MATERIAL AND METHODS

Data on the Collections, That Provided IBSS With Strains of Carotenogenic Microal-
gae. Acronym of every collection, its affiliation, registration number in the World Data Centre
for Microorganisms (WDCM), and link to a website or catalogue are given in Table 1.

Table 1. Data on the collections of living cultures, that provided strains of carotenogenic microalgae

Number
Collection Collection name, scientific organization, No. Website or collection of strains
acronym and country in WDCM catalogue transferred
to IBSS

The Algae Culture Collection https://biology.univ.kiev.ua/

ACKU at the Kyiv University, Ukraine 994 (Kostikov et al., 2009) 14
The Collection of the Living Cultures
of Cyanobacteria, Algae, and Algal Parasites https:/(researchpark.spbu.ru/

CALU . - . 461 collection-ccem-rus/1628- 5
at the Saint-Petersburg State University, .
Russia ccem-kollekciya-calu-rus
The Collection of Microalgae and Cyanobac-

IPPAS teria at the Timiryazev Institute 596 http://cellreg.org/catalog/ 4
of Plant Physiology of RAS, Russia
The Freshwater Algae Culture Collection http//aleac.ihb /

FACHB at the Institute of Hydrobiology, 873 ttp.. A'gac.Id.ac.cn 4
Wuhan, China english/Cultrues.aspx
The Culture Collection of Algae

UTEX at the University of Texas, Aistin, the USA 606 hitp://www.utex.org 2

PLY The Marine Biological Association 128 https://www.mba.ac.uk/ |

Culture Collection, Plymouth, the UK facilities/culture-collection

Field Sampling Areas. Own microalgae strains were isolated from field samples collected in three
local climatic zones of the Black Sea area (humid subtropics, marine temperate continental climate,
and highlands of the Central Caucasus), as well as in the Arctic climate zone (Svalbard archipelago).
Detailed information on biotopes and geographic locations of the spots, where the strains were isolated
from the natural environment, is given in Strain Systematic List section.

Obtaining Pure Cultures and Identification of Microalgae. Most of our own strains were iso-
lated from dry orange-red or yellow-brown deposits on stones or from the walls of various water tanks
and were mature resting stages of microalgae (aplanospores or cysts). This circumstance made it much
easier to obtain microalgae pure cultures since dry samples exposed to open solar irradiation practically
did not contain associated species. A particle of the sample was placed in a well of a glass slide and moist-
ened with a drop of distilled water; then, under an MBS-10 microscope or XS-6320 binocular (Ningbo
Shengheng, China), single cells were isolated with a dissecting needle and a micropipette into a glass
tube with 0.5-1.0 mL of 2-3-times diluted sterile BBM nutrient medium. The tube was closed with
a cotton-gauze plug and left for several days at room temperature and twilight light for spore germina-
tion and vegetative cell accumulation. Further sample purification was carried out by standard streaking
technique on agarized media (1.5-2.0 %) in Petri dishes (Temraleeva et al., 2014 ; Brand et al., 2013).

Algae taxonomic identification was carried out by morphometric and biological features using
the species guides (Andreeva, 1998 ; Anisimova & Gololobova, 2006 ; Dedusenko-Shchegoleva et al.,
1959), as well as the results of molecular genetic analysis of fragments of nucleotide sequences of the nu-
clear 18S rRNA gene and internal transcribed spacer ITS2. Genetic analysis included procedures

Mopckoii buosnornueckuii kypHan Marine Biological Journal 2021 vol. 6 no. 4
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for the isolation of total DNA; amplification of target fragments; their electrophoretic detection and pu-
rification followed by sequencing; preliminary analysis and search for homologues by the BLAST algo-
rithm in the GenBank database (NCBI); construction of multiple alignments; selection of an evolutionary
model; and building of a phylogenetic tree (Chelebieva et al., 2013, 2018 ; Minyuk et al., 2017).

Storage Conditions for Microalgae Cultures. Pure microalgae strains are maintained in the col-
lection in an active vegetative state by subculture method on slant agarized (1.5-2.0 %) nutrient me-
dia (Gaisina et al., 2008 ; Temraleeva et al., 2014 ; Brand et al., 2013 ; Lourenco, 2020), depending
on the biological peculiarities of the species (Ben-Amotz & Avron, 1990 ; Bischoff & Bold, 1963 ;
Fucikova & Lewis, 2012) (Table 2).

Table 2. Nutrient media composition for carotenogenic microalgae collection storage

Nutrient medium
Component OHM BBM Ben-Amotz
(Fabregas et al., 2000) (Bischoff & Bold, 1963) (Ben-Amotz & Avron, 1990)
KNO, 410 mg-mL™3 505 mg-mL~3
NaNO, 250 mg-mL~
CaCl,-2H,0 110.9 mg-mL™3 25 mg:-mL™3
Ca(Cl, 22.2 mg-mL™3
FeC4H50,-5H,0 2.62 mg-mL™?
FeCl, 0.325 mg-mL~
FeS0O,-7H,0 4.98 mg-mL~?
MgSO,-7H,0 246.5 mg-mL~ 75 mg-mL~3
MgSO, 600 mg-mL~3
Na,EDTA 1.86 mg-mL™
Na,HPO, 30 mg-mL™3
NaHCO; 4.2 mg-mL~?
K,HPO, 75 mg-mL~?
KH,PO, 175 mg-mL~3 27.2 mg-mL™3
MnSO,-H,0 0.85 mg-mL~3
MnCl, 0.882 mg-mL~>
ZnSO,-7H,0 8.82 mg-mL™3
ZnCl, 0.136 mg-mL™
Cu(Cl, 0.945 mg-mL™3
CuSO,-5H,0 0.012 mg-mL™3 1.57 mg-mL™?
Na,MoO,-2H,0 0.12 mg-mL™3
(NH,)-Mo;0,,4 1.164 mg-mL™3
MoO, 0.71 mg-mL™3
CoCl,-6H,0 0.011 mg-mL™3
Co(Cl, 0.130 mg-mL™3
Co(NO;),-6H,0 0.49 mg-mL™3
Cr,0; 0.076 mg-mL™3
SeO, 0.005 mg-mL~3
H;BO; 11.42 mg-mL™
KOH 31 mg-mL™3
NaCl 25 mg-mL~3 58.5 mg-mL™3
Biotin 25 ug-mL~3
Vitamin B, 17.5 ug-mL™3
Vitamin B, 15 ug-mL~3

Mopckoii 6uonornyeckuii kypHain Marine Biological Journal 2021 vol. 6 no. 4
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Agar stocks (two replicates for each strain) are stored under controlled conditions in a Snaige modi-
fied refrigerated display case, which is equipped with Feron DL 20W T4 6400K fluorescent lamps (Rus-
sia) and two additional thermostats (F/2000 type, FTWOF PRODIGY manufacturer), at a temperature
of +12...+14 °C and continuous illumination of 2000 Lx.

Culture reseedings are performed according to the schedule, every 2-3 months (depending on the al-
gae growth rate), observing all necessary aseptic techniques (Temraleeva et al., 2014 ; Brand et al.,
2013). Those include two steps: 1) transferring reddened palmelloid cells from agar stock into liquid cul-
ture medium to obtain actively dividing vegetative cells; 2) sowing young vegetative cells on agar stock.
The best algae growth on solid media was observed when using agar-agar for microbiological purposes
(manufactured by Laboratorios Conda, Spain).

Current control of functional state of liquid cultures at the subculture stage (purity, cell division rate,
cell shape and size, chlorophyll content, ratio of viable cells in culture, efc.) is carried out by the same
methods as in our experimental studies using a Goryaev chamber (MiniMed, Russia), light micro-
scope Leica DM 1000 (Germany), digital camera Leica Microsystem AG (Germany), computer program
ImagelJ, and flow cytometer Cytomics FC 500 Beckman Coulter (USA) (Chelebieva et al., 2013, 2018 ;
Chubchikova et al., 2011 ; Minyuk et al., 2014, 2016, 2017).

RESULTS AND DISCUSSION

Strain Systematic List and Description of the IBSS Working Collection of Carotenogenic

Microalgae.

Class Chlorophyceae.

1. Deasonia granata (Starr) Ettl & Komarek, 1982. Strain IBSS-11. Chlamydomonadales, Actinochlo-
ridaceae. Obtained from the Saint-Petersburg State University collection in 2006 as Chlorococ-
cum granatum CALU-859 = CCAP-213-1a. Isolated by E. G. Pringsheim in 1928 from soil
in the vicinity of Prague (Czech Republic). Basionym: Chlorococcum humicolum. Subcultures:
SAG 213-1a; UTEX 116 (as Neospongiococcum granatum Deason, 1971). GenBank nucleotide
sequence identifiers (GenBank IDs): KM020105; MK541716. Medium: BBM + agar.

2. Deasonia granata (Starr) Ettl & Komarek, 1982. Strain IBSS-94. Chlamydomonadales, Actinochlo-
ridaceae. Obtained from the Kyiv University collection in 2009 as strain ACKU 566-06. Isolated
by E. G. Pringsheim from soil in the vicinity of Prague, presumably before 1928. Heterotypic syn-
onyms: Chlorococcum multinucleatum Starr, 1955; Neospongiococcum granatum Deason, 1971. De-
posited into SAG (213-1a). Subcultures: CCAP 213/1A; UTEX 116 (as Neospongiococcum grana-
fum Deason, 1971). GenBank ID: KM020105. Medium: BBM + agar.

3. Tetracystis sp. / (Macrochloris sp.?). Strain IBSS-95. Chlamydomonadales, Chlorococ-
caceae/Actinochloridaceae. Obtained from the Kyiv University collection in 2009 as strain
ACKU 170-02. Isolated by I. Yu. Kostikov from soil of a coniferous forest in the Ardennes, Wiltz,
near the city of Kanndorf, Geisht (Luxembourg). Medium: BBM + agar.

4. Bracteacoccus giganteus Bischoff et Bold, 1963. Strain IBSS-96. Sphaeropleales, Bracteacoc-
caceae. Obtained from the Kyiv University collection in 2009 as strain ACKU 461-06. Isolated
by I. Yu. Kostikov (B-145) in 1996 from acid brown soil in Belgium (High Ardennes, Waroneu
experimental polygon, spruce forest). Deposited by I. Yu. Kostikov. Medium: BBM + agar.

5. Bracteacoccus minor (Chodat) Petrova, 1931. Strain IBSS-97. Sphaeropleales, Bracteacoccaceae.
Obtained from the Kyiv University collection in 2009 as strain ACKU 506-06. Deposited
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10.

11.

12.

into SAG (221-1). Isolated by R. Chodat in 1913 from soil. Subcultures: CCAP 221/1; UTEX 66. Ba-
sionym: Botrydiopsis anglica Fritsch et John, 1942; Botrydiopsis minor Schmidle ex Chodat, 1913;
Dictyococcus minor (Schmidle) Pascher, 1937. GenBank IDs: KF673367; KT199253.1. Medium:
BBM + agar.

. Bracteacoccus sp. Strain IBSS-104. Sphaeropleales, Bracteacoccaceae. Obtained from the Kyiv

University collection in 2011 as strain ACKU 65-02. Isolated by I. Yu. Kostikov in 1996 from soil
of an oak forest in Belgium (High Ardennes, Waroneu experimental polygon, sampling spot QL-120,
sample B-25). Deposited by I. Yu. Kostikov. Medium: BBM + agar.

Chromochloris zofingiensis (Donz) Fucikova & L. A. Lewis, 2012. Strain IBSS-20. Sphaeropleales,
Chromochloridaceae. Obtained from the Saint-Petersburg State University collection in 2006
as Chlorella zofingiensis Donz, 1933, strain CALU-190. Isolated from soil in the vicinity of Zofin-
gen (Switzerland). Taxonomic status was changed based on molecular genetic analysis (Fucikova
& Lewis, 2012). Subcultures: CCAP-211/14 = CAUP H 1905 = UTEX 32 = SAG 211-14 =
ATCC 30412. Homotypic synonyms: Chlorella zofingiensis Donz, 1934; Muriella zofingiensis (Donz)
Hinddk, 1982; Mychonastes zofingiensis (Donz) Kalina & Puncocharovd, 1987. GenBank IDs:
GU827478.1; HQ902940; KR904902; KP645230; HQ902932; HQ902929. Medium: BBM + agar.
Chlamydomonas cf. debaryana Goroschankin, 1981. Strain IBSS-105. Chlamydomonadales,
Chlamydomonadaceae. Obtained from the Kyiv University collection in 2011 as strain ACKU 45-02.
Isolated by E. N. Demchenko in the Cherkasy Region (Pekari village, Kaniv District, Ukraine)
from a puddle on a dirt road. Deposited by E. N. Demchenko. In AlgaeBase and NCBI Taxonomy
Browser, Chlamydomonas debaryana Goroschankin, 1891 is currently regarded as Edaphochlamys
debaryana (Goroschankin) Proschold & Darienko, 2018 (Proschold et al., 2018). Medium:
BBM + agar.

Chlamydomonas montana Romanenko, 1999. Strain IBSS-106. Chlamydomonadales, Chlamy-
domonadaceae. Obtained from the Kyiv University collection in 2011 as strain ACKU 167-03. Iso-
lated by E. N. Demchenko in 2002 from cracks of granite outcrops in the regional landscape park
Granite-steppe lands of Buh, Gard tract (Yuzhnoukrainsk, Mykolaiv Region, Ukraine). Deposited
by E. N. Demchenko. Medium: BBM + agar.

Chlamydomonas sp. Strain IBSS-88. Chlamydomonadales, Chlamydomonadaceae. Isolated
by I. N. Chubchikova and N. V. Dantsyuk in 2006 from a freshwater spring pond in the vicinity of Se-
vastopol (Sakharnaya Golovka village). Isolated into pure culture and identified by N. V. Dantsyuk.
Medium: BBM + agar.

Ettlia carotinosa Komarek, 1989. Strain IBSS-98. Chlamydomonadales, Chlamydomonadales in-
certae sedis. Obtained from the Kyiv University collection in 2009 as strain ACKU 573-06. Isolated
by F. Mainx, presumably before 1954, from soil in the Czech Republic. Deposited into SAG (213-4)
by E. G. Pringsheim in 1954. Heterotypic synonyms: Chlorococcum wimmeri Rabenhorst; Neochlo-
ris wimmeri (Hilse) P. A. Archibald & Bold; Protococcus wimmeri Hilse. Subcultures: CCAP 213/4;
UTEX 113. GenBank IDs: KR181935; KR181934; GU292342. Medium: BBM + agar.
Neospongiococcum gelatinosum (Archibald & Bold) Ettl & Gértner, 1987. Strain IBSS-99. Chlamy-
domonadales, Chlorococcaceae. Obtained from the Kyiv University collection in May 2009 as strain
ACKU 631-06 (15 K1A). Isolated by P. A. Archibald, presumably before 1970, from soil of a peat
bog in the Elkhart County (Indiana, the USA). Deposited into SAG (64.80) by P. A. Archibald,
presumably before 1980. According to molecular data of SAG and (Kawasaki et al., 2015),
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13.

14.

15.

16.

17.

18.

19.

20.

21.

it is identified as Chlorococcum oleofaciens Trainor & Bold, 1954. Basionym: Chlorococcum gelati-
nosum Archibald et Bold, 1970. Subculture: UTEX 1773. GenBank IDs: KX147356; KM020103;
JN968584; KX782323; AB983631; AB983613. Medium: BBM + agar.

Pseudospongiococcum protococcoides Gromov & Mamkaeva, 1974. Strain IBSS-10. Chlamy-
domonadales, Chlorococcaceae. Obtained from the Saint-Petersburg State University collection
in March 2006 as strain CALU-221. Isolated by B. V. Gromov in 1962 from surface soil layer
in the vicinity of Sevastopol. GenBank ID: KU057947. Medium: BBM + agar.

Spongiochloris spongiosa (Vischer) Starr, 1955. Strain IBSS-100. Chlamydomonadales, Chloro-
coccaceae. Basionym: Asterococcus spongiosus Vischer, 1945. Obtained from the Kyiv University
collection in 2009 as strain ACKU 649-06, Vischer 318. Isolated by W. Vischer in 1942 from soil
in Unterengadin (Switzerland). Deposited into SAG (280-2b) by E. G. Pringsheim in 1954. Subcul-
tures: CCAP 3/1; UTEX 1. GenBank IDs: KR607497; MK541715; AF395511;U34776.1. Medium:
BBM + agar.

Chlorosarcinopsis sf dissociata Herndon, 1958. Strain IBSS-107. Chlamydomonadales,
Chlorosarcinaceae. Obtained from the Kyiv University collection in 2011 as strain ACKU 309-04.
There is no information on the strain origin in the ACKU catalogues. Medium: BBM + agar.
Dunaliella salina (Dunal) Teodoresco, 1905. Strain IBSS-79. Chlamydomonadales, Dunaliellaceae.
Isolated by N. V. Shadrin in 2006 from a salt lake at Khersones Cape near Sevastopol. Isolated into
pure culture and identified by N. V. Dantsyuk. Medium: Ben-Amotz + agar.

Dunaliella salina (Dunal) Teodoresco, 1905. Strain IBSS-92. Chlamydomonadales, Dunaliellaceae.
Isolated by A. B. Borovkov in 2008 from the Donuzlav Salt Lake (Crimea, Russia). Isolated into pure
culture and identified by N. V. Dantsyuk. Medium: Ben-Amotz + agar.

Dunaliella salina (Dunal) Teodoresco, 1905. Strain IBSS-86. Chlamydomonadales, Dunaliel-
laceae. Isolated by N. V. Shadrin in 2008 from the Sivash Salt Lake (western shore) (Krasno-
perekopsky District, Crimea). Isolated into pure culture and identified by N. V. Dantsyuk. Medium:
Ben-Amotz + agar.

Dunaliella salina (Dunal) Teodoresco, 1905. Strain IBSS-78. Chlamydomonadales, Dunaliellaceae.
Isolated by T. A. Kukhareva in May 2017 from the Koyashskoye Salt Lake (southern Kerch Peninsula,
Crimea). Isolated into pure culture and identified by N. V. Dantsyuk. Medium: Ben-Amotz + agar.
Dunaliella tertiolecta Butcher, 1959. Strain IBSS-87. Chlamydomonadales, Dunaliellaceae. Ob-
tained in January 2003 from the collection of algae of the Turkish Institute of Marine Sciences
(Erdemli) as PLY-83. The authentic strain was deposited in the Marine Biological Association Cul-
ture Collection (Plymouth, the UK). Isolated by B. Fgyn in 1928 in the Oslofjord inlet (Atlantic
Ocean) off the coast of southeastern Norway. Subcultures: CCAP19/6B; UTEX LB999; CCMP364.
GenBank IDs: AY572957; HM243579; HQ828109; JF260981; KJ094612; KJ756820. Medium:
Ben-Amotz + agar.

Haematococcus pluvialis Flotow, 1844. Strain IBSS-16. Chlamydomonadales, Haematococcaceae.
Obtained from the collection of green algae cultures of the algology laboratory of the Komarov
Botanical Institute of RAS (from V. M. Andreeva) in 2002 as strain LABIK 92-1 (Mainx).
Isolated in the Czech Republic. The exact date and spot of isolation are unknown. Is identi-
cal to the strain CALU-79 Chlorococcum wimmeri Rabenhorst by Mainx = Haematococcus plu-
vialis Flotow emend. Wille; Coll. Pringsheim, Praha, A-93. Synonym: Haematococcus lacustris
(Girod-Chantrans) Rostafinski, 1875 (Nakada & Ota, 2016). Medium: OHM + agar.
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24.

25.

26.

27.

28.

29.

Haematococcus pluvialis Flotow, 1844. Strain IBSS-18. Chlamydomonadales, Haematococcaceae.
Isolated by G. S. Minyuk in 2003 in the vicinity of Adler from a reddish-brown deposit on the walls
of an empty pool for Arthrospira platensis cultivation at the AgroViktoriya enterprise (the Imereti
Lowlands, Veseloe-Psou village, Adler Region, Krasnodar Territory). Spot geographic coordi-
nates are 43°25°07”N, 40°00’09”E; height above sea level is 7 m. Isolated into pure culture
by O. A. Galatonova. Synonym: Haematococcus lacustris (Girod-Chantrans) Rostafinski, 1875.
GenBank ID: KU193764.1. Medium: OHM + agar.

Haematococcus pluvialis Flotow, 1844. Strain IBSS-17. Chlamydomonadales, Haematococcaceae.
Obtained from the Timiryazev Institute of Plant Physiology collection in 2004 as strain [PPAS H-239.
It was transferred to the IPPAS collection from the Czechoslovak Academy of Sciences collection
in 1958 as strain A-63, Prague, Prat. Isolated by W. Vischer in 1923 in Switzerland (Botanical Gar-
den of the University of Basel). Deposited into SAG (3-1d) by E. G. Pringsheim in 1954. Subcultures:
CCAP 34/1D = CALU-333 = JSBG BS-2. Synonym: Haematococcus lacustris (Girod-Chantrans)
Rostafinski, 1875. GenBank IDs: KC153467; MG022681. Medium: OHM + agar.

Haematococcus pluvialis Flotow, 1844. Strain IBSS-73. Chlamydomonadales, Haematococcaceae.
Obtained from the collection of the Institute of Hydrobiology of the Chinese Academy of Sci-
ences in 2007 as strain FACHB-712. Isolated in 2007 from the Donghu Lake (Wuhan, Hubei
Province, China). Synonym: Haematococcus lacustris (Girod-Chantrans) Rostafinski, 1875. Medium:
OHM + agar.

Haematococcus pluvialis Flotow, 1844. Strain IBSS-74. Chlamydomonadales, Haematococcaceae.
Isolated by N. V. Shadrin in 2008 in the Central Caucasus area from a puddle of melted snow
on the left glacial slope of the Bezengi Gorge (Misses-Kosh, Kabardino-Balkaria). Spot geographic
coordinates are 43°03"25”N, 43°05’49”E; height above sea level is 2200 m. Isolated into pure cul-
ture by N. V. Dantsyuk. Synonym: Haematococcus lacustris (Girod-Chantrans) Rostafinski, 1875.
GenBank ID: KU193763.1. Medium: OHM + agar.

Haematococcus pluvialis Flotow, 1844. Strain IBSS-75. Chlamydomonadales, Haematococcaceae.
Isolated by I. N. Drobetskaya in 2008 in Sevastopol from red-brown sediment at the bottom of a water
tank (balcony of a multi-storey residential building). Spot geographic coordinates are 44°36’00”N,
33°32’00”E; height above sea level is 232 m. Isolated into pure culture by N. V. Dantsyuk. Synonym:
Haematococcus lacustris (Girod-Chantrans) Rostafinski, 1875. GenBank ID: KU193762.1. Medium:
OHM + agar.

Haematococcus pluvialis Flotow, 1844. Strain IBSS-108. Chlamydomonadales, Haematococ-
caceae. Isolated by D. A. Davydov in 2011 on Nordaustlandet (Svalbard archipelago, Norway)
from a pond with red deposit on pebbles (0.1-m depth). The material was obtained in 2015. Isolated
into pure culture by N. V. Dantsyuk in 2017. Synonym: Haematococcus lacustris (Girod-Chantrans)
Rostafinski, 1875. Medium: OHM + agar.

Haematococcus pluvialis Flotow, 1844. Strain IBSS-111. Chlamydomonadales, Haematococ-
caceae. Isolated by I. N. Chubchikova in 2018 in Sevastopol (Maksimova dacha) from a red-brown
deposit on the walls of a plastic water tank. Isolated into pure culture by N. V. Dantsyuk. Synonym:
Haematococcus lacustris (Girod-Chantrans) Rostafinski, 1875. Medium: OHM + agar.

Neochloris oleoabundans S. Chantanachat & H. C. Bold, 1962. Strain IBSS-101. Sphaero-
pleales, Neochloridaceae. Obtained from Ikhlyas-Agro-Energiya enterprise (Saki, Crimea) in 2009
as a strain from the University of Texas collection; the number is unknown. Isolated
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31.

32.

33.

34.

35.

36.

37.

by S. Chantanachat in 1958-1962 in Saudi Arabia in sand dunes of the Rub’ al Khali desert.
Deposited into UTEX by H. C. Bold in 1962. Synonym: Eftlia oleoabundans (S. Chantanachat
& H. C. Bold) J. Komarek, 1989 (Chlorophyceae; Chlamydomonadales; Chlamydomonadales in-
certae sedis) (Komdrek, 1989). GenBank IDs: KX350066; JX978410. Genome and transcrip-
tome assembly data in GenBank: PRINA412701; PRINA354501; PRINA305197; PRINA297494;
PRINA79207. Medium: BBM + agar.

Coelastrella rubescens Kaufnerovd & Elids, 2013. Strain IBSS-12. Sphaeropleales, Scenedes-
maceae, Coelastroideae. Obtained from the Timiryazev Institute of Plant Physiology collec-
tion in 2006 as Scotiellopsis rubescens Vinatzer, 1975, strain IPPAS H-350. It was trans-
ferred to the IPPAS collection from the Institute of Botany at the University of Inns-
bruck (from J. Lukavsky) in 1988 as strain Vinatzer/Insbruck V195 (CCALA 475). Isolated
by G. Vinatzer in 1988 from soil in the Dolomites (South Tyrol, Italy). GenBank ID: KT962984.1.
Medium: BBM + agar.

Coelastrella sp. Strain IBSS-112. Sphaeropleales, Scenedesmaceae, Coelastroideae. Obtained
from the University of Tehran branch in 2020 as strain KNUAO37. Isolated on the Caspian Sea
coast (Nur-Sultan, Kazakhstan). GenBank ID: KT883911. Medium: BBM + agar.

sf Scotiellopsis sp. Strain IBSS-109. Sphaeropleales, Scenedesmaceae, Coelastroideae. Obtained
from the Kyiv University collection in 2011 as strain ACKU 14-02. There is no information
on the strain origin in the ACKU catalogues. Medium: BBM + agar.

Acutodesmus dimorphus (Turpin) P. M. Tsarenko, 2001. Strain IBSS-89. Sphaeropleales,
Scenedesmaceae. Isolated by N. V. Dantsyuk and I. N. Chubchikova in 2006 from a freshwa-
ter pond in the vicinity of Sevastopol (Sakharnaya Golovka village). Isolated into pure culture
by N. V. Dantsyuk. Identified by P. M. Tsarenko in 2008. Medium: BBM + agar.

Desmodesmus communis (E. Hegewald) E. Hegewald, 2000. Strain IBSS-82. Sphaeropleales,
Scenedesmaceae, Desmodesmoideae. Obtained from the Timiryazev Institute of Plant Physi-
ology collection in May 2007 as Scenedesmus quadricauda (Turpin) Brébisson, 1835, strain
IPPAS S-313, Greifswald/15. Isolated in the vicinity of Greifswald (Germany). Subcultures:
CAUP H-522 = CCALA-463. GenBank ID: MN178487. Medium: BBM + agar.

Scenedesmus obliquus (Turpin) Kiitzing, 1833. Strain IBSS-9. Sphaeropleales, Scenedesmaceae,
Scenedesmoideae. Obtained from the Saint-Petersburg State University collection in March 2006
as strain CALU-13. It was transferred to the CALU collection from the Czechoslovak Academy
of Sciences collection in 1960 as strain Pringsheim, Praha, A-125. Subcultures: CCALA 45;
IPPAS S-305. Synonyms: Tetradesmus obliquus (Turpin) M. J. Wynne, 2016; Acutodesmus obliquus
(Turpin) Hegewald & Hanagata, 2000 (Wynne & Hallan, 2015). Medium: BBM + agar.
Scenedesmus obliquus (Turpin) Kiitzing, 1833. Strain IBSS-81. Sphaeropleales, Scenedesmaceae,
Scenedesmoideae. Obtained from the collection of the Institute of Hydrobiology of the Chinese
Academy of Sciences in 2007 as strain FACHB-12. Isolated in Hebei Province (China) in 1960.
Medium: BBM + agar.

Scenedesmus rubescens (Dangeard) Kessler et al., 1997. Strain IBSS-91. Sphaeropleales, Scenedes-
maceae, Scenedesmoideae. Synonym: Halochlorella rubescens P. J. L. Dangeard, 1966. Obtained
from the Timiryazev Institute of Plant Physiology collection in 2007 as strain IPPAS D-292.
It was transferred to the IPPAS collection from the Institute of Botany of the Academy
of Sciences of the Uzbek SSR in 1989. Isolated on the Kamchatka Peninsula from a deposit

Mopckoii buonornueckuii kypHan Marine Biological Journal 2021 vol. 6 no. 4



Working collection of carotenogenic microalgae living cultures. .. 13

38.

39.

40.

41.

42.

43.

44.

on a lake shore. Subculture: CALU-449. Last identification: E. S. Chelebieva and S. V. Skre-
bovskaya in 2013 (Chelebieva et al., 2013). Currently regarded as Halochlorella rubescens (Wynne
& Furnari, 2014). GenBank ID: KU057946. Medium: BBM + agar.

Scenedesmus rubescens (Dangeard) Kessler et al., 1997. Strain IBSS-102. Sphaeropleales,
Scenedesmaceae, Scenedesmoideae. Obtained from the Kyiv University collection in 2009 as strain
ACKU 64-06. Isolated by F. Dangeard in 1965 near Bordeaux (France) from a culture of brown algae.
Deposited into SAG by E. Kessler. Subcultures: SAG 595 = CCAP 232/1. Synonyms: Halochlorella
rubescens P. J. L. Dangeard, 1966; Chlorella fusca var. rubescens Kessler et al., 1968. GenBank IDs:
X74002; MK975491; HG514422; HG514373; HG514402. Medium: BBM + agar.
Ankistrodesmus sp. Corda, 1838. Strain IBSS-85. Sphaeropleales, Selenastraceae. Obtained
from the collection of the Institute of Hydrobiology of the Chinese Academy of Sciences in 2007
as strain FACHB-49. Isolated by K. Lin in 1979 in Wuhan (China). Identified by L. Li. Medium:
BBM + agar.

Ankistrodesmus sp. Corda, 1838. Strain IBSS-93. Sphaeropleales, Selenastraceae. Isolated
by N. V. Dantsyuk in 2008 from a freshwater spring pond in the vicinity of Sevastopol (Sakharnaya
Golovka village). Isolated into pure culture and identified by N. V. Dantsyuk. Medium: BBM + agar.
Class Trebouxiophyceae.

Chlorella fusca Shihira et Krauss, 1965. Strain IBSS-110. Chlorellales, Chlorellaceae. Obtained
from the Kyiv University collection in 2011 as strain ACKU 38-04. Isolated by E. N. Dem-
chenko in 2009 in the regional landscape park Granite-steppe lands of Buh (Ukraine). Currently
regarded as Desmodesmus abundans (Kirchner) E. H. Hegewald, 2000 (AlgaeBase, 2021). Medium:
BBM + agar.

Chlorella sp. Strain IBSS-103. Chlorellales, Chlorellaceae. Obtained from Ikhlyas- Agro-Energiya
enterprise (Saki, Crimea) in 2009 as a strain from the University of Texas collection. There
is no detailed information on the strain. Medium: BBM + agar.

Botryococcus braunii Kiitzing, 1849. Strain IBSS-76. Trebouxiales, Botryococcaceae. Obtained
from the collection of the Institute of Hydrobiology of the Chinese Academy of Sciences in 2007
as strain FACHB-759. Isolated by C.-H. Xu from a lake in Kunming (Yunnan Province, China).
Isolated into pure culture by Q. Lin; identified by R. Li. Medium: BBM + agar.

Class Eustigmatophyceae.

Chlorobotrys neglectus Pascher & Geitler, 1925. Strain IBSS-90. Eustigmatales, Eustigmataceae.
Isolated by G. S. Minyuk in 2006 from a deposit on the walls of an empty freshwater tank (bal-
cony of a multi-storey building) in Sevastopol. Identified by P. M. Tsarenko. Synonym: Chloridella
neglecta (Pascher & Geitler) Pascher. Medium: BBM + agar.

Conclusion. The specialized working collection of microalgae IBSSca contains 44 strains of eury-

biontic and extremophilic Chlorophyceae species with a pronounced ability to hypersynthesize secondary
carotenoids and lipids under extreme external effects. The establishment and replenishment of the col-
lection is the basic condition for carrying out comparative research on the peculiarities of growth
and secondary carotenogenesis in microalgae of various taxonomic and ecological specialization, aimed
at identifying physiological and biochemical mechanisms of stress tolerance in extremophilic species

and searching for new commercially promising astaxanthin producers and technically valuable lipids.
Using the material of research carried out on the basis of the collection in 2005-2020, more than
30 articles were published in national and foreign scientific journals indexed in the RSCI, Scopus,
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and WoS (the key works are cited above), 23 reports were made at international and regional confer-
ences, and 3 patents were registered for the invention of methods for cultivating three microalgae species
to obtain carotenoids and lipids (Patent 2541455, 2015 ; Patent 2661086, 2018 ; Patent 2715039, 2020).

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

VWHCTUTYTA BHOJIOTUHU I0KHBIX MOPEN
NMEHMH A. O. KOBAJIEBCKOI'O

H. B. lanmiok, J. C. Yeaeouena, I'. C. MuHiok
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E-mail: nterent@mail.ru

B cratbe npuBeneHsl CBeIeHNS O CIIELMaIN3UPOBAHHON paboyueil KOJUIEKIMH KAPOTHUHOTEHHBIX MHK-
poBoaopocei otaeNa (U3NOIOTUH JKMBOTHBIX 1 OMOXMMUK PenepaabHOro CCIei0BaTeNbCKOTO IeH-
Tpa «MHCcTUTYT GMoNorNK 10XHBIX Moped umenu A. O. Kosanesckoro PAH» (®UL] UHBIOM), co-
30AaHHOW B paMKaxX HAyYHOW W TMPHUKJIAJHOW TEMAaTHK MHCTUTYTA VISl WCCIEIOBAaHUS MEXaHU3MOB
CTPECC-TOJIEPAHTHOCTH Y 9BPUOMOHTHBIX M SKCTPEMO(HIBHBIX OTHOKJIETOYHBIX (hOTOTPO(OB, a TaK-
e JJIS1 BBISIBICHUS] KOMMEPUYECKM 3HAYMMBIX MCTOYHUKOB BBICOKOLIEHHBIX B MEJULIMHCKOM U IHILIe-
BOM OTHOILIEHWHM KETOKApOTHHOWJIOB IPYMIIB acTakcaHTWHA. Kosnekiysi HacuuthiBaeT 44 mraMma
MHKPOBOJOPOCTIEH Pa3IMIHON TAKCOHOMHUYECKON M SKOJIOTMYECKOH CTIeNUaTn3aliy C BhIPAXEHHOM
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CMOCOOHOCTBIO K TMIIEPCUHTE3Y BTOPUYHBIX KAPOTHHOWJIOB U JIMIU/IOB MPU IKCTPEMATbHBIX BHEIII-
HUX BO3JEUCTBUSIX (BBICBIXaHHE, OCTPOE TOJIOAAHUE, BBICOKAsl OCBELIEHHOCTh, TEMIIEpaTypa U COJE-
HOCTb, NEWCTBUE TOKCHKAHTOB U 1p.). OCHOBHBIMM criocoOaMu ToOTojHeHus1 (hoHAa SIBJISIIOTCS Ha-
MpaBJIeHHbII OOMEH KapOTUHOTEHHBIMU BUJIAMM C BEIYIIUMU POCCHUMCKUMU UM 3apyOeKHBIMU KOJI-
JIEKIUSIMA MHUKPOBOJIOPOCIIE M COOCTBEHHBIE MMOJIEBble COOpPHl B MPUYEPHOMOPCKUX 30Hax Kpbi-
Ma 1 KaBkaza. BombIIMHCTBO IITAMMOB B KOJUIEKLIMM — TIPEACTABUTENN IBYX TOPSIKOB KJjacca
Chlorophyceae [Chlamydomonadales (25 mrammoB) u Sphaeropleales (15 mrtaMMoB)], Tak Kak UMeH-
HO B 9THX MOPS/IKAX SIBJIEHNE BTOPUYHOTO KAPOTHHOTEHE3a paclipocTpaHeHo HanboJee mmpoko. Cpe-
IV HUX TIpeo0JiaialoT oouTaTe i 3peMepHBIX TPECHOBOAHBIX BOJOEMOB, a3pO(HIIbHbIC U TIOUBEHHbIS
MUKPOBOJOpOCIU. Bee mTaMMpl MONAECPKUBAIOTCS B COCTOSIHUM QJIbIOJIOTUYECKU YUCTBIX KYJIBTYP
MIPU KOHTPOJIMPYEMBIX YCIOBHUSIX HA arapu3OBaHHBIX MUHEpaIbHBIX cpefax. OmucaHusl BapreTETOB
KOJUIEKLIMH BKJIIOYAIOT CJIEYIOIIEe CBEIECHH: a) COBPEMEHHbII TAKCOHOMUYECKHUII CTaTyC BUIA, Be-
PpUGUIMPOBAHHBIA ¢ YYETOM OOHOBJIEHHBIX JAHHBIX JCTIOHUPYIOIIUX KOJUISKIIUH U aJIbrOJIOTHUECKUX
6a3 AlgaeBase u NCBI Taxonomy Browser; 6) 6a3HOHMM ¥ U3BECTHbIE CHHOHUMBI BHJIA; B) BpeMsi
Y ICTOYHHMK TIOCTYTIJIEHUS [IITAMMa B KOJUIEKIIMIO; T) (haMHJIMIO aBTOpa, Teorpadpuieckoe MecTo u O1o-
TOIM, W3 KOTOPOro mTamMm ObUT M30JMpoBaH; 1) HoMep mramma B NCBI (ecmu ecTp); e) muraTeb-
HYIO cpefly, Ha KOTopoil mramMM noanep:xusaercs B kosuiekuun ULl MHBIOM. IIpoanamisuposa-
HO 3HaYeHHUE KOJUICKIIMH [JIs1 IpoBeieHrsT MOP(OOUOTIOTHUYECKUX M (PU3HOJIOTO-OHOXMMUYECKHX HC-
ClIeJOBaHUI 0COOEHHOCTEN POCTa, BTOPMYHOIO KAPOTHHOreHe3a U OMOTEXHOJIOTMYECKOro NMOTeHIMAa
3eJEHBIX MUK POBOJOPOCIEH.

KuaroueBbie cioBa: KapOTHHOTEHHBIE MUKPOBOJOPOCIH, KOJUIeKIMoHHOe xpaHeHue, Chlorophyta,
KapOTHHOWU/IbI, aCTAKCAHTUH
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The results are presented of studying the content of nitrogen compounds and mineral phosphorus,
as well as phytoplankton primary production (PPP). The research was carried out in 2017-2019
in the marine area of the specially protected natural area “Cape Martyan” located on the southern
coast of Crimea (Black Sea). As found, during summer in the surface seawater layer, PPP can be lim-
ited by both nitrogen and phosphorus. The dependence of PPP variation on the concentration of total
nitrogen in water is not significant, while the dependence on the concentration of phosphorus is signif-
icant. It is shown that during the entire annual cycle, concentrations of nitrites, nitrates, ammonium,
and mineral phosphorus vary but remain within the limits that do not lead to water hypereutrophica-
tion. A high ecological significance of precipitation was revealed: the related increase in PO4 concen-
tration caused a transition in PPP limitation mode from phosphorus to nitrogen one. Using theoreti-
cal concepts, it is substantiated that, under oligotrophic conditions, an increase in the concentration
of the substrate limiting PPP in water results in an increase in the rate of its uptake from the environ-
ment in accordance with the negative feedback of natural regulation of ecosystem homeostasis. Under
conditions of eutrophication, the effect of production processes on water conditioning by the factor
of nutrients decreases.

Keywords: Black Sea, Cape Martyan, nitrogen compounds, phosphates, precipitation, plankton,
primary production, limitation

The Crimean Black Sea coast is a zone of intensive natural resource management (The Current State
of the Crimean Coastal Zone, 2015). The complex anthropogenic load on it is determined by the influx
of a wide range of pollutants with wastewater and slope runoff, as well as urbanization and function-
ing of objects of transport infrastructure (inter alia intensive shipping), industrial centers, and recre-
ational and tourist centers. According to classification of the marine environment quality, the Crimean
coast is a critical zone (Zaitsev & Polikarpov, 2002), in which the content of pollutants can exceed
both natural levels and maximum permissible concentrations established based on sanitary and hygienic
requirements (Egorov et al., 2013). To date, one of the most urgent environmental issues is water hy-
pereutrophication (Vinogradov et al., 1992). It is caused by the influx of excessive amounts of nutri-
ents into the marine environment (Yunev et al., 2019) resulting in an increased phytoplankton primary
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productivity. This leads to changes in structural and functional organization of marine ecosys-
tems (Zaitsev, 1998) and to deterioration in seawater quality, that is both a habitat for hydrobionts
and a recreational resource.

In 1973, in Crimea, on the basis of the Nikitsky Botanical Gardens, a specially protected natural area
(hereinafter SPNA) was established: the “Cape Martyan” Nature Reserve (the Decree of the Council
of Ministers of the Ukrainian SSR dated 20.02.1973, No. 84). Currently, it has the status of a natural park
of regional significance (Ob utverzhdenii polozheniya, 2018). It is both a terrestrial and aquatic object
since half of its total area of 2.4 km? falls on the Black Sea coastal waters. Comprehensive study of this
object allows revealing ecological and biogeochemical peculiarities of the coastal water area, which
is an integral part of the whole nature protection and recreational complex functioning in the coast — sea
system.

The aim of this study was to assess the annual trends in the variation in primary production pro-
cesses and the content of nitrogen mineral forms (nitrites, nitrates, and ammonium) and mineral phos-
phorus in the surface water layer of the SPNA “Cape Martyan” coast considering precipitation intensity
and peculiarities of limitation of phytoplankton production by nutrients, as well as to give theoretical
interpretation of the survey data.

MATERIAL AND METHODS

Sampling was carried out in 2017-2019 in the surface water layer at a distance
of 60-70 m from the shoreline from a pier located within the boundaries of the economic zone
of the SPNA “Cape Martyan” water area (the sampling point coordinates are 44°30°19.1”N,
34°14’19.5”E) (Fig. 1).

Fig. 1. Studied area localization
and schematic map; 9 denotes
the sampling point

44° 31'0"N

Territory
of the SPNA
"Cape Martyan"

44° 30" 30" N

5 Water area
MJ’/ of the SPNA

10 “Cape Martyan" =

=5 0
20 ' L

44° 30'0"N

T T T
34°14'20"E 34°14'50"E 34°15'20"E

Tendencies in annual variation in the surface water temperature in the studied area are given ac-
cording to the material from the website (Temperature, 2020); the amount of precipitation, accord-
ing to the data provided by Nikitsky Botanical Gardens agrometeorological station. Hydrochemical
indicators of the water samples were determined in a certified hydrochemical laboratory of the IBSS
aquaculture and marine pharmacology department applying generally accepted methods (Rukovod-
stvo, 1977). The results of determining the concentrations of nutrients in water had ranges and mean
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relative errors as follows: nitrate ions, 5 to 500 ug-L’l, with an error of 2.7-7.39 %; nitrite ions, 0.5
to 1000 pg-L™!, with an error of 1.53-18.02 %; ammonium nitrogen, 15 to 1500 ug-L™!, with an error
of 1.69-11.4 %; and phosphate ions, 5 to 100 pug-L™!, with an error of 4.6 %. The data on phytoplank-
ton primary production (hereinafter PPP) obtained by the radiocarbon method (Egorov et al., 2018b)
were used, as well as the data on the concentration of nutrients in the SPNA “Cape Martyan” seawater
in 2017-2018 (Egorov et al., 2018a).

To determine the limiting nutrient factor, the Redfield stoichiometric ratio (R,) (Redfield, 1958)
was applied. With the dimension of included parameters in pg-L™!, the ratio had the following form:

R,,(N/P) =153 (1.35NO, + NO4 + 3.44NH,) /PO, , (1)

where NO,, NOs;, NH,, and PO, are the concentrations (ptg-L'l) of nitrogen (in nitrites, nitrates,
and ammonium) and mineral phosphorus PO, in the surface water, respectively.

According to the methodology of applying the Redfield ratio, at R, > 16, PPP was limited
by phosphorus, and at R, < 16, by nitrogen (Zilov, 2009).

RESULTS

The results of determining the concentration of nutrients in seawater, measuring of PPP,
and calculating the Redfield ratio are given in Table 1.

Table 1. Results of measuring the concentration of nutrients and phytoplankton primary production
and assessment of the Redfield ratio in the SPNA “Cape Martyan” water area

Concentration .
Date | NH,%SD, [ NO,%SD, [ NO;%SD, [ EN, [ PO,%SD, PPP, | Redficld
Mg,L—l ug_L_l g-L" ug-L_l Mg~L_l mgC-m~.day~!*| ratio (R)

2017
19.04.2017 | 15.00+£0.70 | 0.50£0.10 | 17.00 £ 0.50 32.5 0.50+£0.10 3.4 211.98
30.06.2017 | 30.00+1.00 | 0.80£0.10 | 7.60+0.20 38.4 14.40 £ 0.20 112.8 11.28
14.12.2017 | 21.00+1.00 | 0.40£0.10 | 6.50+0.20 26.9 3.00 £0.20 23.3 40.43

2018
09.01.2018 5.00£250 | 1.40+£0.10 | 11.80£0.30 18.2 3.00+1.10 10.2 15.75
20.04.2018 | 18.00 £0.86 | 0.40+£0.01 | 29.20 £ 0.87 47.6 1.40 £0.10 22.7 100.17
29.07.2018 | 30.00 £ 1.40 | 1.60£0.02 | 20.00 £ 0.60 51.6 8.50£0.10 n. d. 22.56
29.10.2018 | 15.00+£0.72 | 0.60£0.01 | 12.20+0.36 27.8 2.90 £ 0.04 n. d. 34.08
26.11.2018 | 50.00 £2.40 | 1.40+£0.02 | 14.00 £ 0.42 65.4 30.30 £ 0.45 n. d. 9.48
18.12.2018 | 40.00+1.92 | 2.20+£0.03 | 10.20 £ 0.31 52.4 6.80 £ 1.00 n. d. 33.92

2019
30.01.2019 | 28.50+£0.23 | 4.80£0.07 | 12.00 £ 0.36 45.3 6.50 £ 1.00 n. d. 27.43
04.04.2019 8.00+£0.40 | 0.80+£0.01 | 34.00 £ 1.00 42.8 1.50 £ 0.02 n. d. 63.85
29.04.2019 | 10.00+0.48 | 1.00£0.02 | 34.80+ 1.44 45.2 1.50 £ 0.02 n. d. 71.96
26.06.2019 | 12.00+£0.58 | 1.00+£0.02 | 7.90+0.24 20.9 10.00 £ 0.15 n. d. 7.73
10.10.2019 | 5.00+£0.24 | 1.60+£0.02 | 7.00%0.21 13.6 3.40 £ 0.05 n. d. 11.86
28.11.2019 | 4.00+0.20 | 2.00+£0.03 | 10.20 £ 0.30 16.2 10.20 £ 0.20 n. d. 4.00
23.12.2019 | 2.50+0.12 | 1.80+£0.03 | 28.00 £ 3.00 32.3 3.40+0.05 n. d. 17.56

Note: SD denotes standard deviation; * denotes data given according to (Egorov et
no data available.
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The results obtained show as follows: during the survey period, the concentration of nitrogen in water
in the form of ammonium varied 2.5 to 50.0 ug-L™'; in the form of nitrites, 0.4 to 4.8 ug-L™'; in the form
of nitrates, 6.5 to 34.8 ug-L™". The total concentration of mineral nitrogen compounds varied 13.6
to 65.4 pug-L™!; the concentration of phosphates was 0.5 to 30.3 pg-L™". In different seasons of the year,
PPP varied within 3.4-112.8 mg C-m™-day". The value of the Redfield ratio varied 7.73 to 211.98,
and this indicated PPP limitation by both nitrogen compounds and mineral phosphorus.

DISCUSSION

From 19.04.2017 to 20.04.2018, in the SPNA “Cape Martyan” water area, minimum PPP was
recorded during the winter season, when the daylight duration was less than 10 hours, and the surface
water temperature did not exceed +10 °C (Fig. 2a—2d). At the same time, R, = 16, which indicated
the absence of primary production processes limitation by nutrients (Fig. 2e).

Daylight duration (hour) a) Fig. 2. Annual dynamics
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Spring began under conditions of production processes limitation by phosphorus; PPP maximum
level (112.8 mg C-m~.day™!) exceeding the lower limit of water eutrophicity (100 mg C-m™-day™)
was reached in summer under conditions of microalgae growth limitation by nitrogen. In general,
in the water area studied, PPP variations were characterized by a statistically significant depen-
dence (R? = 0.960) on phosphorus concentration (Fig. 3a) and a dependence with a lower signif-
icance (R? = 0.134) on nitrogen concentration (Fig. 3b). The recorded effects can be explained

by the following fact: in 80 % of cases, during the survey period, PPP was limited by phosphorus
concentration (Fig. 3¢c) at R, = 16.

Fig. 3. Dependence of phytoplankton primary production in the surface seawater layer of the SPNA “Cape
Martyan” marine area on the concentration of mineral phosphorus compounds (a) and the sum of nitrogen
compounds (b), as well as on the value of the Redfield ratio (c)

The survey results showed as follows: in the spring of 2018 in the SPNA “Cape Martyan” water
area, multidirectional simultaneous processes were observed: an increase in the concentration of ni-
trogen in the form of ammonium and nitrates and a decrease in the content of nitrites and mineral
phosphorus (Fig. 4a, b).

During that period, the dilution of NO, and PO, concentration was likely to be due to inten-
sive precipitation (Fig. 4b). In late spring and in summer, the concentration of the sum of nitrogen
mineral forms (SumN) in water stabilized (Fig. 4a); this was probably caused by a relatively high
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consumption of nitrates by phytoplankton under conditions of production processes limitation by phos-
phorus (Fig. 4c) against the backdrop of an increase in nitrites and ammonium content. No significant
effect of precipitation on hydrochemical indicators of the surveyed water area (Fig. 4b) was revealed.
In the autumn of 2018, an increase in precipitation intensity was recorded (see Fig. 4b). It resulted
in a slight rise in the concentration of all forms of mineral nitrogen and a significant increase in the con-
tent of mineral phosphorus in seawater, causing a transition in PPP limitation mode from phosphorus

to nitrogen one (Fig. 4c).

1000 5 "ot
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1.0
] Spa~ S Ty e e T ey
0 1 2 3 4 5 6 7 8 9 10 11 12
Lt Precipitation (mm-month-')
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Fig. 4. Dynamics of environmental indicators in the SPNA “Cape Martyan” and content of nutrients in its
marine area in 2018: a) concentration of nitrogen compounds in the surface water layer; b) concentration
of mineral phosphorus compounds (@) in the surface water layer and precipitation volume (+) in the studied
area; c) the Redfield ratio

In the spring of 2019, against the backdrop of a decrease in precipitation intensity in the SPNA “Cape
Martyan” water area, an increase in ammonium concentration was recorded (Fig. 5b), with a simulta-
neous decrease in the content of nitrates, nitrites, and mineral phosphorus (Fig. 5a, b) under conditions
of PPP limitation by phosphorus (Fig. 5c¢).

An increase in precipitation intensity [it peaked in late spring and early summer (see Fig. Sb)], al-
most did not change the content of nitrates and ammonium (see Fig. 5a) but resulted in a significant
rise in the concentration of mineral phosphorus in the surveyed water area (see Fig. 5b). This caused
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transition in phytoplankton mineral nutrition mechanism from limitation by phosphorus to limitation
by nitrogen (Fig. 5c), accompanied by intense absorption of nitrates (see Fig. 5a) from aquatic environ-
ment. The autumn peak of precipitation (see Fig. 5b) coincided with a slight increase in the ammonium
concentration and a significant rise in PO, concentration in seawater, which resulted in an increase
in the level of PPP limitation by nitrogen.

100.0

10.0
a)

1.0

0.1 557 T T T T T T T T T T T ]
0 1 2 3 4 5 6 7 8 9 10 11 12

_ PO, (ML) Precipitation (mm-month™") 8
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'

0 1 2 3 4 5 6 7 8 9 10 11 12

Serial number of the month

Fig. 5. Dynamics of environmental indicators in the SPNA “Cape Martyan” and content of nutrients in its
marine area in 2019: a) concentration of nitrogen compounds in the surface seawater layer; b) concen-
tration of mineral phosphorus compounds (@) in the surface seawater layer and precipitation volume (+)
in the studied area; c) the Redfield ratio

In general, the survey carried out in 2017-2019 in the SPNA “Cape Martyan” coastal and marine
area showed as follows: in summer, PPP can be limited by both nitrogen compounds and mineral phos-
phorus compounds. The observed phenomena set the task of theoretical interpretation and assessment
of practical significance of the biochemical processes of PPP limiting factors’ transition.

For the first time, the dependence of the specific growth rate indicator of a microorganism culture
(u, with the dimension inverse to time: 1 per time unit) on a weight concentration of the limiting sub-
strate in the medium (C,, concentration units per medium volume unit) was described by the Monod

function (Monod, 1942):

ILL max C’U

— Lmaz v 2
=K +C. 2)
where Unax 1s an indicator of the maximum physiologically possible specific growth rate of a cell culture

(1 per time unit);
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K., is an indicator (concentration units per medium volume unit), that characterizes the intensity
of catalytic processes; it is numerically equal to C, value, at which p = 0.5-um,x, and is usually called
the Michaelis—Menten constant.

When using the Monod function to assess the level of PPP limitation, it seems reasonable to consider
two biochemical situations with extreme values: C, << K., and C, >> K,,.. In the first case (C, << K,),
C, value in denominator of the expression (2) can be neglected. Therefore, the equation (2) turns into
a linear function u = (Umax / Kin) - Cy, in which pp,, / Ky, = const. That is, at C, << K,,,, which corresponds
to oligotrophic conditions, the specific productivity of microalgae rises with increasing concentration
of the limiting substrate in the environment. In the second case (C, >>K,,), K}, value in the expression (2)
can be neglected. Then, U & pmax. So, at C, >> K, which corresponds to eutrophic conditions, PPP
is maximum and does not depend on the concentration of the limiting substrate in the environment.

Importantly, the results of many ex sifu and in situ observations have shown that all living matter,
including phytoplankton, can absorb different specific amounts of substrates depending on their content
in the environment. For each substrate (C¢) potentially limiting PPP, there is a minimum intracellu-
lar concentration q,;,, Which ensures microalgae viability. During the growing season, phytoplankton
can accumulate limiting substrates up to Cy levels significantly exceeding qumin. As the stored substrates
become depleted in the environment, they can be used by microalgae to continue cell division, which
is accompanied by an increase in the level of limitation of the growth rate until their intracellular con-
centration (Cy) decreases down to C¢ = g, level. For these conditions, the dependence of the indicator
of the specific growth rate of a microorganism culture (u) is described by the Droop equation (Droop,
1974):

n= :umam(l - qmzn/Cf) . (3)

In the formula (3), q.,;in/Cs ratio refers to the substrate limiting PPP at present. When shifting limiting
factors (see Figs 4 and 5), the expression (3) should take into account q,;,/Cs ratio for the factor con-
trolling the production process. In the equation (3), it is permissible to use not quin/Ct, but an indicator
limiting cell division by the effect of ecotoxicological factors. Therefore, to solve the problems of PPP
processes limitation, it is necessary to assess the dependence of Cr on C, considering modern concepts
of sorption and metabolic interactions of phytoplankton with chemical elements, inter alia nutrients,
of the marine environment (Polikarpov & Egorov, 1986).

In experimental studies with a **P radioactive label, a differential equation was obtained for the ki-
netics of phosphorus metabolism in unicellular algae in time (t), which had the following form (Egorov
et al., 1982):

aCy  V,_..C
f — max v _ . ‘
i K, +c, T Hmar(l = dmin/CpICs )

where 1 is an indicator of the rate of phosphorus metabolism in unicellular algae (1/t);
Vmax 18 the maximum physiologically possible specific rate of the substrate intracellular absorption
(concentration units per microalgae mass unit per time unit).

In (4), the first term on the right-hand side is the ratio proposed by Dugdale (1967) to determine
the rate of nutrient absorption by algae in accordance with the Michaelis—Menten equation. The term
r considers the metabolic peculiarities of intracellular phosphorus metabolism, and the second term
in parentheses on the right reflects production processes limitation by a substrate Cy in accordance with
the Droop equation (3).
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Application of the equation (3) for oligotrophic stationary conditions, when C, << K,,,, showed that
the dependence of C; on the change in C, value has the following form:

v

max - Amintmaz (5)

Km<T+Hmam> N T+Mmax .

It can be seen in the formula (5) that its parameters Vax, K, Ty Umax, and qumin are constant within
the limits of the theoretical concepts used and at C, << K,,. Hence, under oligotrophic conditions,
the relationship between C, and Cs is linear. Therefore, substitution into the equation (3) of C, values

Cf:

from the expression (5) instead of C; will not change the hyperbolic increase in the rate of microalgae
cell division (u) with an increase in the concentration of the primary production-limiting substrate (Cy)
in the environment.

At C, >> K, which corresponds to the conditions of water eutrophication, in the first term
of the right-hand side of the equation (4), K, value can be neglected. Considering this, under stationary
conditions, the dependence of C, on the indicators of (4) will have the following form:

Hmaz9mi
C — Mmazdman ) 6
! T+ /’Lmax ( )

When substituting C; value from the formula (6) into the equation (3), u value will not depend
on the change in the concentration of the limiting substrate in the environment (C,). This indicates
as follows: under conditions of water eutrophication, the specific growth rate of microalgae (u) reaches
its maximum values, but with an increase in the concentration of the limiting substrate in the environment
(C,), the relative rate of its extraction from water decreases.

As shown by the analysis, various theoretical approaches used to assess the limiting role of nutrients
in PPP processes reveal the same physiological regularities. Both the Monod function (Monod, 1942)
and Droop equation (Droop, 1974) show as follows: under oligotrophic conditions, a rise in the concen-
tration of the limiting substrate in water results in an increase in the rate of its extraction from the envi-
ronment. Thus, natural regulation of ecosystem homeostasis is carried out in accordance with the prin-
ciple of negative feedback (Egorov, 2019). Under conditions of eutrophication, with an increase in C,,
the effect of production processes on water conditioning by the factor of nutrients decreases.

Conclusion. Research carried out in 2017-2019 in the SPNA “Cape Martyan” showed that in sum-
mer, phytoplankton primary production in its coastal and marine area can be limited by both nitrogen
compounds and mineral phosphorus. As found, in the surface seawater, the dependence of PPP change
on nitrogen concentration in water is less significant than the dependence on phosphorus concentration,
which indicates the linear nature of the functional relationship. At the same time, during the entire an-
nual cycle, the concentrations of nitrites, nitrates, ammonium, and phosphates vary but remain within
the limits that do not lead to water hypereutrophication related to PPP. It was revealed that the variation
in the concentration of nutrients in seawater correlates with precipitation volume. The influx of nutri-
ents can occur directly with precipitation or with an increased slope runoff during precipitation. Survey
shows that it is the slope runoff that has the greatest effect on the water composition of the studied wa-
ter area in terms of nutrients. As found, summer and autumn peaks of precipitation to a greater extent
increase the influx of mineral phosphorus into the water area than nitrogen compounds. The resulting
increase in the concentration of mineral phosphorus in seawater leads to a transition in PPP limitation
mode from phosphorus to nitrogen one. It was shown that, under oligotrophic conditions, an increase
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in the concentration of the substrate limiting PPP in water results in a rise in the rate of its uptake
from the environment in accordance with the principle of negative feedback regulating the natural home-
ostasis of the ecosystem. Under conditions of eutrophication, the effect of the production processes
of microalgae on water conditioning by the factor of nutrients decreases.

This work was carried out within the framework of IBSS state research assignment “Molismological
and biogeochemical fundamentals of marine ecosystems homeostasis” (No. 121031500515-8) and NBG — NSC
state research assignment “Monitoring research and determination of the current biota state of the State Nature
Reserve ‘Cape Martyan™ (No. AAAA-A20-120110690010-4).
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COJAEPKAHUE BUOT'EHHbBIX 9JIEMEHTOB
1 IMMUTUPOBAHME IIEPBUYHOM NPOAYKIIMN ®PUTOILIAHKTOHA
B AKBATOPUHU OOIT «MbIC MAPTHAH» (UEPHOE MOPE)

B. H. Eropos'?, H. 1. Bo6ko!, IO. I'. Mapuenko!, C. E. Cagorypckmii

'®Ir'BYH ®ULI «UucTuTyT 6ronoruu 0xHeX Mopeil uvenn A. O. Kosanesckoro PAH»,

CesacromnoJb, Poccuiickas Penepanus

2OI'BYH «HuKUTCKMI OOTaHUYECK Ui cajl — HaloHa b bl HayuHblil neHTp PAH»,

Snra, Poccmiickaa ®enepanus

E-mail: egorov.ibss@yandex.ru

IIpencraBneHs! pe3ysibTaThl U3y4eHHUs COAEpKaHUSA COCOMHEHMH a30Ta M MHUHepajbHOro ¢ocdopa,
a Takxke nepBUYHOHN mponykuuu ¢putortankroHa (I1IP) B 2017-2019 rr. B MOpPCKOR akBaTOpUHU
OOIIT «Msic MapTtbsin», pacnionoxenHoi Ha IOxnom Gepery Kpeima (Ué€pHoe mope). YcraHOBIE-
HO, YTO B JIETHUI TEPHOJ B MOBEPXHOCTHOM cJioe MOPCKON Boabl III1®P MoOXeT JTMMHUTHPOBATHCS
Kak 1o a30Ty, Tak ¥ 1o ¢docdopy. 3aBrcumocTb n3MeneHust [P ot kKOHNEHTpaluK 00IIero a3ora
B BOJIE 00J1a/laeT MaJIOi 3HAUMMOCTbIO, @ 3aBUCUMOCTb OT KOHLIEHTpaLuu (pocpopa — Bbicokoid. IToka-
3aHO, YTO B TEYEHHE BCEro IOJJ0BOTO LIMKJIA KOHLEHTPALM HUTPUTOB, HUTPATOB M aMMOHMUS, a TaKXke
MUHEpaJIbHOTO (pochopa N3MEHSAIOTCS, HO OCTAIOTCA B ITpefenax, He IPUBOAAIIMX K TUIIEPIBTPOUKa-
LM BOA. BeIsIB/IeHa BBICOKas 9KOJIOTMYecKast 3HAYMMOCTh aTMOC(PEpHBIX OCa/IKOB: CBSI3aHHOE C HUMH
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THOBBIIIeHNe KoHIeHTpauy PO, oOycioBmiBano nsmeHeHue pexknuma mumutrposanus [P ¢ doc-
(poproro Ha azorHb. C UCTIONH30BAHINEM TEOPETUIECKUX TPENICTABIEHUH 0OOCHOBAHO, YTO B OJIUTO-
TPO(HBIX YCIOBUSX yBeJIMUeHUE KOHIIeHTpanuK JumuTupytorero [P cyberpaTta B BoJe NpUBOIUT
K BO3PACTaHUIO CKOPOCTH €TO U3BJICUSHHUSI U3 CPE/Ibl B COOTBETCTBUU C OTPHUILIATEILHON OOPaTHOM CBSI-
3bI0 IPUPOJHOTO PETYIUPOBAHMS TOMEOCTa3a IKocucTeM. B yc10BuUsX 3BTpohupoBaHUS BIUSHUE MTPO-
JYKIIMOHHBIX IPOIIECCOB HA KOHAUIIMOHUPOBaHUE BOJ 1O (haKTOPY OMOTeHHBIX SJIEMEHTOB CHHKAETCS.

KiroueBble cioBa: UYépHoe mMope, Mbic MapThsiH, coenHeHUs a3oTta, ¢ocdatsl, aTMochepHble
0Ca/IKM, TUTAaHKTOH, NEPBUYHAS NTPOLYKIIUs, JUMUTHPOBAHUE
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The possibility is shown experimentally of using sodium bicarbonate in a nutrient medium to pro-
vide C. closterium culture with carbon under conditions of intensive cultivation without supplying
CO, to the suspension. After C. closterium adaptation to a nutrient medium with sodium bicar-
bonate with a concentration of 1.2 g-L™!, active growth is observed, with a maximum productivity
of 0.6-0.7 g-(L-day)™! of dry weight. Carbon penetrates into diatom cells both in the form of car-
bon dioxide and bicarbonate ions. However, all nutrient media for artificial cultivation of diatoms still
require using CO, from the atmosphere or from a gas cylinder. The aim of this work is to assess the pos-
sibility of using sodium bicarbonate to provide C. closterium with carbon under conditions of intensive
cultivation without supplying CO, to the suspension. The culture was grown in the mode of accumula-
tive cultivation in a 1-L flask on the RS nutrient medium prepared with sterile Black Sea water; its com-
position was as follows (g~L'1): NaNOs - 0.775; NaH,PO4-2H,0 — 0.0641; Na,Si05-9H,0 — 0.386;
Na,EDTA — 0.0872; FeSO47H,0 — 0.045; CuSO45H,0 — 0.2-107%; ZnSO,47H,0 — 0.44-1073;
CoCl,-6H,0 —0.2-1073; MnCl,-4H,0 — 0.36-107%; and NaMoO,-H,0 — 0.12-1073, Previously, 1.2 gL
of sodium bicarbonate was dissolved there. Cell suspension was stirred with a magnetic stirrer
(250 rpm). On the 4™ day of the experiment, 1 g of NaHCO; and 2 mL of 0.1 N hydrochloric acid
were added to the culture in order to lower the medium pH down to 8.6. From the 2" day of the ex-
periment, active growth was observed, with a maximum productivity of 0.6 g-(L-day)™'. After adding
1 g-L7! of sodium bicarbonate to the actively growing culture and lowering pH down to 8.6, the growth
rate approached almost zero, but considering the increase rate of the medium pH during adapta-
tion, the culture actively absorbed bicarbonate ions. The possibility of cultivating the benthic diatom
C. closterium on a nutrient medium with a high sodium bicarbonate content is experimentally shown.
As found, on the RS nutrient medium with 1.2 g-L™! of sodium bicarbonate added under conditions
of intensive cultivation, C. closterium maximum productivity reaches 0.7 g-(L-day)™!, with a signifi-
cant increase in the medium pH. According to our data, optimal medium pH for C. closterium growth
is in the range of 8.4-9.4. At higher values (pH > 9.4), the growth of diatoms slows down; at pH = 9.9,
the culture enters the dying phase.

Keywords: nutrient medium, cultivation, diatoms, sodium bicarbonate

Diatoms have a rather efficient carbon-concentrating mechanism (Lebeau & Robert, 2003 ; Matsuda
et al., 2017 ; Matsuda & Kroth, 2014). In terms of quantitative and qualitative composition of car-
bonic anhydrases, diatoms are superior to other algae species; therefore, they inhabit various water
bodies with different CO, and HCO3™ concentrations (Lebeau & Robert, 2003 ; Roberts et al., 2007).
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Being representatives of secondary endosymbiosis (Keeling, 2010), diatoms have inherited the ability
to synthesize ten unique carbonic anhydrases of a-, 3-, y-, and 0-class; those are located along the entire
pathway of inorganic carbon transport from the environment to the chloroplast (Berges et al., 2002 ;
Jensen et al., 2019 ; Matsuda & Kroth, 2014). This structure, combined with the urea cycle and the abil-
ity of diatoms to C,4 carbon fixation, significantly reduces CO; loss by a cell and allows diatoms to survive
under unfavorable conditions (Horne, 1972 ; Obata et al., 2013 ; Reinfelder et al., 2004).

Inorganic carbon is known to penetrate into cells mainly in the form of CO,, by free diffusion, as well
as by active HCOj™ transport due to ATP energy (Lebeau & Robert, 2003 ; Matsuda et al., 2017). De-
spite the fact that the ability of diatoms to use hydrocarbons has been known for a long time (Matsuda
& Kroth, 2014 ; Matsumoto et al., 2017 ; Obata et al., 2013), all nutrient media for artificial cultivation
of diatoms still require using CO, from the atmosphere or from a gas cylinder, inter alia for industrial
growth of high-density cultures (Lebeau & Robert, 2003 ; Matsumoto et al., 2017 ; Reinfelder et al.,
2004). In the literature, there is no information on the adaptive ability of diatoms to a medium with high
concentration of hydrocarbons and high pH values; there is also no data on the use of nutrient media
with hydrocarbons for intensive cultivation of high-density cultures.

Out of variety of marine diatoms, C. closterium is one of the most convenient study objects. More-
over, C. closterium is a promising object for industrial cultivation. Therefore, the aim of this work
was to assess the possibility of using sodium bicarbonate to provide C. closterium with carbon under
conditions of intensive cultivation without supplying CO; to the suspension.

MATERIAL AND METHODS

C. closterium from IBSS culture collection was adapted to the conditions of intensive cultivation
on a luminostat for two weeks. The culture was grown in the storage cultivation mode in a 1-L flask,
on the RS nutrient medium prepared with sterile Black Sea water. The composition was as follows (g-L™):
NaNO; - 0.775; NaH,PO4-2H,0 - 0.0641; Na,Si03-9H,0 — 0.386; Na,EDTA - 0.0872; FeSO,4-7H,0 —
0.045; CuSO45H,0 - 0.2:107%; ZnSO47H,0 — 0.44:107%; CoCl-6H,0 — 0.2-107%; MnCl,-4H,0 —
0.36:107%; and NaMoO4-H,0 — 0.12:107 (Zheleznova et al., 2015). The algae were grown at a con-
stant temperature of (20 + 1) °C and 24-hour illumination with LB 40 lamps with a mean illumina-
tion of the working surface of 27 W-m™ (12 klx). During adaptation, the culture was bubbled with air
by a compressor unit (0.5 L of air per 1 L of culture per minute).

The first stage of the experiment. Upon reaching a culture density of 1 g-L ™! of dry weight, the part
of the culture volume was centrifuged (3 minutes at 1450 g). After removing supernatant, fresh RS nutri-
ent medium was added to a raw biomass, where 1.2 g-L™! of sodium bicarbonate was previously dissolved.
The resulting suspension with a volume of 1 L and a density of 1.2 g-L.™! was placed in a flask mounted
on a magnetic stirrer. The suspension surface area (phase separation) was of 50 cm?. Throughout the ex-
periment, the culture was grown in the storage cultivation mode at a constant stirring speed of 250 rpm.
The experimental setup is shown in Fig. 1.

The culture density was determined daily by the method of iodate oxidation (Gevorgiz et al., 2015),
and pH value was measured with an accuracy of 0.01 by the Aqua Medic pH Controller equipped
with a combined electrode.

The second stage of the experiment. On the 4™ day of the experiment, 1 g of NaHCO; and 2 mL
of 0.1 N hydrochloric acid were added to the culture to lower pH down to 8.6.
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Fig. 1. C. closterium cultivation on a nutrient medium with sodium bicarbonate as the sole carbon source

RESULTS AND DISCUSSION

The dynamics of the culture density and the nutrient medium pH are shown in Fig. 2. At the first
stage of the experiment, the culture was adapted to the nutrient medium with sodium bicarbonate
within a day; some cells died, as evidenced by decreases in the culture density down to 0.9 gL
and in the medium pH down to 8.77. From the 2™ day of the experiment, an active culture growth
was observed, with a maximum productivity of 0.6 g-(L-day)™!. This growth was accompanied by a sig-
nificant increase in the medium pH: cells actively assimilated carbon in the form of HCOj3™. After adding
1 g-L™! of sodium bicarbonate to actively growing culture and lowering pH down to 8.6 at the second stage
of the experiment, the culture growth rate decreased to almost zero, but considering the medium pH in-
crease during adaptation period, the culture actively absorbed bicarbonate ions (Fig. 2). After adaptation,
there was an active culture growth, with a maximum productivity of 0.7 g-(L-day)!, which was accom-
panied by a high rate of the medium alkalization as well. When the medium pH reached 9.4, the cul-
ture growth slowed down; at pH = 9.9, the growth stopped completely. A day later, the culture entered
the dying phase.

Based on the results obtained and considering the fact that dissolved carbon dioxide is practically
absent in the nutrient medium with pH > 8.4 (Kratkaya khimicheskaya entsiklopediya, 1961 ; Sonnenfeld,
1988 ; Horne, 1972), it can be argued as follows: C. closterium culture grew actively, absorbing HCO3~
ions from the nutrient medium (Kupriyanova & Samylina, 2015). Thus, in nutrient media for intensive
cultivation of marine diatoms, it is quite possible to use NaHCOs (1 g-L™! or more) as the sole carbon
source.
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Fig. 2. Dynamics of the culture density when using sodium bicarbonate as the sole source of carbon (A)
and pH dynamics during cultivation (B). The dotted line indicates the moment of adding 1 g of NaHCO;
to the culture and lowering pH down to 8.6

Let us estimate limit values for an algal yield obtained on the nutrient medium with sodium bicar-
bonate. In general, when a nutrient from a dissolved inorganic salt is completely transformed into or-
ganic mass (without losses), and there are no losses related to the synthesis of extracellular metabolites,
the maximum possible yield (Byax) is:

M(S)

Bryax = m -m(SX), (D

where Y is nutrient content in the biomass;

M(S) and M(SX) are molar masses of a nutrient and salt containing a nutrient, respectively, g-mol™;

m(SX) is the mass of salt dissolved in the nutrient medium, g-L™%.

Carbon content in biomass of many microalgae species is about 50 % (Horne, 1972 ; Allen et al.,
2011). However, due to high ash residue content in biomass of benthic diatoms, this value varies consid-
erably (Anderson, 1995 ; Brown & Jeffrey, 1995). According to the literature, in the active growth phase,
Cylindrotheca sp. microalgae biomass includes as follows: total proteins — 41 % of dry weight (Brown
& Jeffrey, 1995 ; Brown et al., 1997); carbohydrates — 25 % (Giigi et al., 2015 ; Nesara & Bedi, 2019);
and lipids — 1 % (Ying & Kangsen, 2005). Considering that carbon content in proteins averages 52 %;
in carbohydrates, 40 %; and in lipids, 75 % (Kratkaya khimicheskaya entsiklopediya, 1961), we can
assume that carbon content in the organic part of C. closterium biomass is 48 %.

Considering ash residue content in microalgae, the expression (1) takes the form:

B M(C)
MAX ™ (1 —2) - YIRS . M(NaHCO,)

-m(NaHCO,) , )

where z is ash residue content in the biomass;

Y OR6 is carbon content in the organic part of the biomass;
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M(C) and M(NaHCO3) are molar masses of carbon and sodium bicarbonate, respectively, g-mol'l;

m(NaHCOQO:s) is the mass of sodium bicarbonate dissolved in the nutrient medium, g'L_l.

According to our data, the ash residue content in C. closterium biomass is 33 % (Gevorgiz
et al., 2015); in the experiment, the weighed portion of NaHCO; dissolved in the nutrient medium
is 1.2 g-L'l. Therefore, substituting these values into (2), the maximum biomass increase (yield, Byax)
is 0.53 g~L_1. Considering carbon (total carbon in the form of HCO; and CO3?) in Black Sea wa-
ter, the concentration of which reaches 0.007 g-L™' (Kratkaya khimicheskaya entsiklopediya, 1961),
Byax i 0.575 g L7\,

For 4 days in the experiment, the yield was 1.2 g-L”! (see Fig. 2A), which is more than double the lim-
iting estimate. On the other hand, 1.2 g of NaHCO; was added to the nutrient medium. In the experiment,
the increase was 1.2 g-L™! of algal dry mass; then, taking into account carbon in Black Sea water, at least
2.66 g of NaHCO3 should be consumed. This results from the fact as follows: in 1.2 g of biomass, the or-
ganic partis 1.2 x (1 —0.33) =0.8 g; carbon content in the organic part is 0.8 x 0.48 =0.384 g; and carbon
content in NaHCO3 1s 14.3 %. It has to be considered that in a nutrient medium at pH > 8.4, due to the hy-
drolysis of bicarbonate ions (Skopintsev, 1975 ; Sonnenfeld, 1988 ; Horne, 1972), the equilibrium in

HCO; +HO™ + H" 2 H;0" + CO3~ (3)

is shifted to the right, towards CO5* formation; so, in the nutrient medium at high pH values, some car-
bon is in the form inaccessible to photosynthesis (Kupriyanova & Samylina, 2015 ; Jansson & Northen,
2010). Consequently, obviously, not all carbon from NaHCOj; salt, which is dissolved in the nutri-
ent medium, is absorbed by cells for photosynthesis; some carbon in the carbonate form remains
in the nutrient medium.

Let us estimate the amount of NaHCOj to be used to increase biomass by 1.2 g at pH > 8.4. Pho-
totrophic cells are known to release 1 mole of OH™ hydroxide ions into the nutrient medium (Jans-
son & Northen, 2010) when absorbing 1 mole of HCO3 hydrogen carbonate ions for photosyn-
thesis. As a result, the equilibrium in (3) is shifted to the right, and 1 mole of COs> carbonate
ions is formed. Thus, a decrease in HCOj5™ in the nutrient medium is associated both with the re-
moval of bicarbonate ions by cells for photosynthesis and with the formation of carbonate ions
in the nutrient medium. Therefore, in order to obtain 1.2 g of biomass, it is necessary to use at least
1.2x (1 -0.33) x0.48/0.143 x 2 = 5.4 g of NaHCO3, which is more than 4 times a weighed portion
of sodium bicarbonate dissolved in the nutrient medium in the experiment.

Such an obvious discrepancy is likely to be due to the fact that atmospheric CO, was actively dis-
solved in the culture medium. Even though the interface-specific phase in the experiment was small,
the dissolution rate of carbon dioxide in the nutrient medium was sufficiently high for C. closterium
intensive growth. The 2™ to the 4™ day of the experiment, the biomass increase was estimated
at 1.2 g L™! (see Fig. 2A); 1.2 g of C. closterium dry biomass contained 0.387 g of organic carbon.
Thus, 0.171 g-L™! of inorganic carbon was added to the nutrient medium. Within two days of the experi-
ment, at least 0.387 —0.171 =0.216 g of carbon was dissolved in the nutrient medium, or 0.4 g-(L-day)™"
of CO,. Importantly, the estimate is approximate; to calculate the absorption rate of atmospheric CO,
by C. closterium culture, further special research is required.

Conclusion. The possibility of cultivating the marine benthic diatom C. closterium on a nutrient
medium with high sodium bicarbonate content has been experimentally shown. As found, on the RS nu-
trient medium with 1.2 g.L™! of sodium bicarbonate added under conditions of intensive cultivation,

Mopckoii 6uonornyeckuii KypHaia Marine Biological Journal 2021 vol. 6 no. 4



36 S. N. Zheleznova and R. G. Gevorgiz

C. closterium productivity reaches 0.7 g-(L-day)™, with a significant increase in the medium pH.
According to our data, optimal medium pH for C. closterium growth is in the range of 8.4-9.4.
At higher values (pH > 9.4), the growth of diatoms slows down; at pH = 9.9, the culture enters
the dying phase.

The development of nutrient media with sodium bicarbonate for intensive diatom cultivation
is a promising task, since it greatly facilitates the supplying of culture with carbon, especially on an indus-
trial scale. Adding bicarbonates to a culture medium increases the system buffer capacity and excludes
sharp changes in pH, as well as the loss of carbon in the form of CO,. Moreover, the use of culture
media with hydrocarbons does not exclude the processes of CO, absorption from the atmosphere, even
with a small interface area. According to the experimental data, during active growth, the culture received
at least 50 % of atmospheric carbon.

This work was carried out within the framework of IBSS state research assignment “Investigation of mechanisms
of controlling production processes in biotechnological complexes with the aim of developing scientific foundations
for production of biologically active substances and technical products of marine genesis” (No. 121030300149-0)
and with the financial support of RFBR grant No. 18-34-00672.
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CYLINDROTHECA CLOSTERIUM (EHRENBERG) REIMANN ET LEWIN
HA IIATATEJIBHOM CPE/JIE C TUIPOKAPBOHATOM HATPUS

C. H. ZKeae3noBa, P. I'. 'eBopruz

®I'BYH PULL «MucTuTyT GMosiorun 10xkHbIX Mopeid umMenn A. O. Kosanesckoro PAH»,
Cesacronoss, Poccuiickas ®enepanys
E-mail: zheleznovasveta@yandex.ru

SKCIEPUMEHTAIBHO TTOKa3aHa BO3MOXHOCTh HCIIOJIb30BaHUsI TMAPOKApPOOHATA HATPUS B MUTATEIb-
HOW cpenie s obecrieueHust KynbTyphl C. closterium yriaepoJioM B YCIOBHSX MHTEHCUBHOTO KYJib-
TuBMpoBanus 6e3 nogaun CO, B cycnensuio. [locne agantanum C. closterium K TMTATENBHON Cpe-
Jie ¢ THAPOKApOOHATOM HATPHUsA C KOHIeHTparmei 1,2 r-m' Habmoganca akTUBHBIA POCT C MaKCH-
MasbHO# mpoayKTuBHOCTBIO 0,6-0,7 1-(1-cyT)™! cyxoii Macchl. B KIeTKM IMAaTOMOBBIX BOAOpOCeii
yIJepojl MPOHUKAET Kak B (pOpMe YIVIEKUCIIOro ra3a, Tak u B hopMe ruapokapOoHaT-uoHoB. OjHa-
KO BCE MUTATEJbHBIE CPEdbl AJIs1 NCKYCCTBEHHOTO KYJIbTMBUPOBAHMS JUATOMEN MO-TIPeKHEMY Tpell-
nosaraioT npumeHeHne CO, n3 atMocdepsl Wi O6antoHa. Lleab paboTsl — OLEHUTh BO3MOKHOCTb
WCTIONIb30BaHMS THIpOKapOoHaTa HaTpus st obecrieuenus: C. closterium yrnepoaom B yCIOBHSIX
HMHTEHCHBHOIO KyJbTHBUpOBaHUs 0e3 nonaun CO, B cycnensuio. KyabTypy BeIpallMBaid B pexu-
Me HaKOITUTEILHOTO KYJbTHBUPOBaHMS B KOJIOe 00bEMOM | 11 Ha murtaTenbHOW cpede RS, mpwuro-
TOBJICHHO! Ha CTEpWJILHOM YepHOMOPCKOii Bojie, ciieyiomero coctapa (r-1-'): NaNO; — 0,775;
NaH,PO,-2H,0 — 0,0641; Na,SiO5-9H,0 — 0,386; Na,EDTA — 0,0872; FeSO,-7H,0 — 0,045;
CuS0,4-5H,0 — 0,2:107; ZnSO,-7H,0 — 0,44-10~%; CoCl,-6H,0 — 0,2-107%; MnCl,-4H,0 —
0,36-1073; NaMoO,-H,O — 0,12-1073. TIpexpaputensHo B Heil pactBopuau 1,2 -1~ ruapokap6o-
Hara Harpus. CyCIeH3UI0 KJIETOK TepeMeNIMBaIN MOCPEACTBOM MAarHUTHON Memanku (250 ob6opo-
TOB B MHMHYTY). Ha 4-ii nenp sxcnepumenTa B KyabTypy nodasmwm 1 r NaHCO; u 2 mi 0,1 H co-
JITHOW KUCNOTHI, 4ToObl cHU3UTh pH 10 8,6. Co 2-T0 OHS IKCIIEpUMEHTa 3aperucTpUpPOBaH aKTHB-
HBIl POCT ¢ MaKCHMaJIbHOI mpoaykTuBHOCTBIO 0,6 -(11-cyT)™!. Tloce n06aBneHus B aKTHBHO pac-
Tymylo Kyastypy 1 r-n7!' ruapokap6onata HaTpus u cHikenns pH mo 8,6 HaGmomanu cHUKeHHE
CKOPOCTH POCTa MPAKTUYECKH JI0 HYJIs, OHAKO, Cy/s TIO0 CKOPOCTH MoBbiieHus: pH cpensl 3a Bpe-
MsI a[iafTanyy, KyJIbTypa aKTHBHO TOTJIONIAIa TMIPOKapOOHAT-UOHBL. DKCIePUMEHTATBHO MTOKa3aHa
BO3MOXXHOCTb KYJIbTUBHPOBAaHUSI OEHTOCHOH AnatoMoBoi Bogopociu C. closterium Ha NUATATENbHOMR
cpelie ¢ BHICOKUM COJep:KaHNUeM THIpoKapOOHaTa HATpUs. YCTaHOBJIEHO, UTO HA MMUTATEJILHON cpefe
RS ¢ no6asnennem 1,2 r-17! ruspoxapGoHaTa HATPHSA B YCIOBUAX MHTEHCUBHOTO KyJIbTUBMPOBAHMUS
MakcUMasbHas nponyktusHocTs C. closterium pocturaer 0,7 r-(1-cyT)”!, mpu 3T0M OTMEUeHO cyie-
ctBerHoe moBbiieHre pH cpenfl. [lo HammM qaHHBIM, onTUMasTbHOE 3HauYeHWe pH cpemsl st po-
cta C. closterium Haxomutcs B muanaszone 8,4-9,4. I[Ipu pH > 9,4 pocT mMaTOMOBHIX BOIOpOCTIEH 3a-
MeJIsieTCs, a P JOCTWKEHUM B TIUTATeNIbHON cpene 3HaueHus pH 9,9 kynpTypa nepexonut B a3y
OTMUpAHHUS.

KiloueBble cjoBa: nuraTesnbHas —Cpefa, KyJbTUBUPOBAHUE, JAUATOMOBBIE  BOJIOPOCIIH,
TUAPOKapOOHAT HATPUS
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Assessment of the interaction of marine farms with the environment in the industrial cultivation
of the mussel Mytilus galloprovincialis is very important. In the mussel farm — environment system,
biotic fluxes of chemical compounds through gonads, gametes (sperm and eggs), and larvae make a con-
siderable contribution to this interaction. Since gonads play a key role in the mussel reproduction, it is in-
teresting to study the budget of materials, that are directly involved in this process. Out of these materi-
als, testosterone, estradiol, fatty acids, and some trace minerals, such as Se and Zn, are known to affect
spawning, growth, and development. The molluscs absorb these materials from food and water. These
materials are partly metabolically assimilated by mussels and partly excreted into the environment with
gametes. The aim of this study was to estimate the components of the budget of steroid hormones, fatty
acids, and two essential trace elements (Zn and Se) in mussel gonads, gametes, and larvae. The total
testosterone and estradiol in gonads and gametes were quantified by enzyme-linked immunosorbent
assay. The contents of the trace elements were found using inductively coupled plasma mass spectrom-
etry. The fatty acid composition was determined by means of gas chromatography—mass spectrom-
etry. The contents of Se and Zn in mussel gonads and gametes were found to depend on the stage
of the reproductive cycle. In female gonads, Se and Zn concentrations were higher than in male ones.
The highest concentration of Se was recorded in eggs: (14.7 = 2.9) ug-g”! dry weight (d. w.). In sperm,
it was (14.4 + 1.8) ug-g”' d. w. Zn content in gonads before spawning was higher than in gametes.
In male gonads and in sperm, its values were (27.5 + 3.7) and (19.3 + 6.4) ug-g™' d. w., respectively.
In female gonads and eggs, the contents of zinc were (53.6 + 10.9) and (49.3 + 8.2) ug-g”! d. w., re-
spectively. In spring, the mean values of Se and Zn assimilation degree (q) in gonads of the mussel
were within 0.1-0.6. The limit values of the alimentary accumulation coefficient (Ky;,,) of Se and Zn
ranged 0.6 to 1.4. While spawning, mussels excrete polyunsaturated fatty acids (PUFA), which are prob-
ably used by other marine organisms. Up to 56.2 % of PUFA are excreted with sperm, and 48.1 %,
with eggs, whereas in larvae this fraction does not exceed 10.2 %. The data obtained indicate that
the molluscs assimilate sex hormones, fatty acids, selenium, and zinc to maintain vital processes:
prostaglandins are synthesized from PUFA in the body, and testosterone esters are formed from testos-
terone. Se and Zn, when coupled with proteins, play a key role in the reproduction and formation
of larval shells.

Keywords: mussel Myfilus galloprovincialis, gametes, larvae, selenium, zinc, testosterone, estradiol,
fatty acids, Black Sea

Testosterone, estradiol, polyunsaturated fatty acids (hereinafter PUFA), and trace elements possess
high biological activity (Kapranova et al., 2019 ; Nikonova et al., 2017). Selenium protects an organism,
as well as sperm vitality, against reactive oxygen species. Its absence during spermatogenesis affects
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the sperm quality and fertility of animals (Ahsan et al., 2014). Zinc is known to be used to maintain
the functions of the reproductive system, as well as to activate enzymes, DNA synthesis, and proteins
in the body. Therefore, the studies that allow assessing the content of steroids, fatty acids (hereinatter FA),
Se, and Zn in the reproductive system of hydrobionts are of particular relevance.

Marine mussel farms are an important component of coastal marine ecosystems. In the mussel
farm — environment interaction, a key role is played by biotic fluxes of chemical compounds and energy
in the matter — gonads — gametes (sperm and eggs) — larvae system. The balance approach allows
estimating the fluxes of the compounds through these components. The energy balance of the Black Sea
mussel settlements in natural populations has been studied in most detail (Finenko et al., 1990). For ma-
rine farms, a similar approach was implemented in the investigation of the flux of carotenoids in the en-
vironment — mussel (Myfilus galloprovincialis) — mussel biodeposition system determining the qualita-
tive and quantitative composition of carotenoids in various organs of M. galloprovincialis, depending
on the season and assessment of the pigment assimilation by the mollusc (Pospelova & Nekhoroshev,
2003). As a result of the study of individual carotenoids’ transformation in the process of metabolism
and quantitative assessment of their assimilation, the number of carotenoids assimilated and excreted
by molluscs was determined.

However, the data on the element balance of other biologically active substances involved
in the metabolism, such as steroid hormones, FA, and biogenic trace elements, in mollusc gonads
and gametes are very limited. It determined the aim of this work.

MATERIAL AND METHODS

The material for the research was the bivalve Myfilus galloprovincialis Lamarck, 1819, grown
in the mollusc farms of Sevastopol: in Laspi Bay (44°24.56'N, 33°42.19E) and Karantinnaya Bay
(44.61°N, 33.49°E). Mussels were collected by diving from a depth of 2—3 m in April and May 2020.
The water temperature range was +7...+21 °C. A total of about 600 uniform-size mussels with a shell
length of 50-60 mm was processed. Before the experiment, the molluscs were kept in filtered seawa-
ter for 3—6 hours to clear the digestive tracts. Mussel sex and sexual maturation stage were determined
on gonadal smears under a microscope, basing on the analysis of histological preparations of the go-
nads (Pirkova et al., 2019). Mussel sperm and eggs were obtained by the method previously described
by Nikonova et al. (2017). The dry weight (hereinafter d. w.) of gametes was determined after drying
1 mL of the suspension of homogenized sperm and eggs at +105 °C. At the same temperature, the dry
weight of gonads was determined.

The total concentration of testosterone and estradiol in gonads and gametes was quantified by enzyme-
linked immunosorbent assay (Nikonova et al., 2017). The trace element concentration was determined
by inductively coupled plasma mass spectrometry using multielement standard IV-ICPMS-71A (Inor-
ganic Ventures, the USA). The relative composition of FA was determined according to the method
developed by Kapranova ez al. (2019). The larvae were obtained and their FA composition was de-
termined using the method described in (Kapranova et al., 2020). Measurements of trace elements
and FA composition were carried out at the “Spectrometry and Chromatography” core facility at IBSS.

RESULTS AND DISCUSSION

The results of the analysis of steroid hormones, Se, and Zn concentration in gonads, eggs, and sperm
of the mussel M. galloprovincialis at different ripening stages are given in Table 1.
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Table 1. Concentration of steroid hormones, selenium, and zinc in gonads, eggs, and sperm of the mussel
M. galloprovincialis

Concentration of steroid hormones, Concentrations of trace elements,
C?onafial x 10 ug-g™' d. w. ug-g™' d. w.
fipening Total testosterone Estradiol Selenium Zinc
stages
(gametes) o4 Q d Q d Q d Q
+ + + +
| 7757.8+ | 2154.5+ 90.1% 512.5+ 0 d. o d. 0 d 0 d
2315.2 643.1 28.6 33.1
+ + + +
2 2453.1% 59214 120.9% 623.0% 120+ 1.5 n. d. 333+£6.6 n. d.
1409.8 112.8 27.8 40.8
+ + + +
3 781.1% 210.3% 104.7% 747.0% 8.7x0.7 | 10.8+1.7 | 246+3.6 | 35.6x11.8
60.1 30.0 30.1 30.0
+ + + +
4 979.0% 352.0% 19.5% 636.7% 9319 9025 | 16319 | 455+£31.2
83.9 192.0 26.3 22.0
+ + + +
5A o751+ 839.0+ 132.2% 529.0% 10.7£28 | 97+£33 | 229+57 | 563179
464.3 116.1 34.3 26.1
+ + + +
5B 692.2% 144.2% 110.6+ S01.8+ 88x14 | 13.7£19 | 275+3.7 | 53.6x10.9
115.4 14.4 20.4 34.4
+ +
Eggs n. f. 10.1+ n. f. 339.5% n. f. 147£29 n. f. 49.3£8.2
4.8 122.8
+ +
Sperm 14284.8% n. f. 194.4% n. f. 144+1.8 n. f. 19.3+64 n. f.
259.2 59.2

Note: n. f. denotes not found; n. d., no data; SA and 5B, gonads before and after spawning.

Selenium concentrations in gonads and gametes of female and male mussels (Table 1, Fig. 1) change
similarly to the concentrations of steroid hormones (Nikonova et al., 2017) and depend on the mol-
lusc reproductive cycle (Goede et al., 1993). Se concentration in male gonads is positively correlated
with testosterone concentration. The Pearson correlation coefficient is 0.89 (p = 0.045).

The maximum concentration of selenium is determined in the gametes: in eggs,
(147 £ 29) ngg! d. w., and in sperm, (14.4 * 1.8) ug-g! d. w. The decrease in Se content
in mussel gonads after spawning is due to the beginning of the post-spawning restructuring phase.

Selenium is an essential element for mussels. The percentages of its entry into the body are 90 % with
food and 10 % with water (Ahsan et al., 2014). All this Se is in a bivalent organic form, with selenocys-
teine (SeCys) predominating in animal products and selenomethionine (SeMet) predominating in plant
products. Selenium enters the animal body mainly in the form of selenomethionine. Se is transported
and deposited by selenoproteins containing selenocysteine. Selenoproteins are selenocysteine-containing
redox proteins involved in the antioxidant reaction. Se is an integral part of selenoproteins, which protect
sperm during maturation against oxidative damage and also serve as structural components of mature
sperm. Thus, selenium and selenoproteins provide sperm viability, as well as protection against reactive
oxygen species. Genetic studies of selenoproteins have shown that their absence during spermatogenesis
results in abnormal sperm development, which in turn affects sperm quality, fertility, and libido (Ahsan
et al., 2014).

In the study of selenoprotein from the pearl mussel Cristaria plicata, it was possible to express messen-
ger ribonucleic acid (mRNA) from tissues of the mantle, gills, hemocytes, muscles, and hepatopancreas.
The highest expression occurred from hepatopancreas tissues (Hu et al., 2014 ; Kopp et al., 2018).
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Fig. 1. Concentration of selenium in gonads of the mussel M. galloprovincialis: 5A and 5B denote gonads
before and after spawning

Zinc is used by the animal body to activate enzymes, synthesize DNA and proteins, and maintain
the functions of the reproductive system. It also acts as antioxidant inhibiting the ability of free rad-
icals to damage cell tissue and genetic material. Zn excretion from the soft tissues of mussels seems
to occur through eggs during spawning (Lowe & Moore, 1979). In M. galloprovincialis collected in sev-
eral seaports of Western Algeria, zinc concentration varied within 87.1-731.5 pg-g™' d. w. (Hadj et al.,
2012). In the Black Sea mussel sperm, Zn concentration was (30.4 * 6.4) ug-g”! d. w.; in eggs, it was
(115.4 £+ 24.2) ug-g”" d. w. (Karavantseva et al., 2012). In the present work, the higher Zn content
was recorded in gonads before spawning than in gametes, which indicates a partial excretion of zinc with
sperm and eggs. In male gonads before spawning, Zn content was (27.5 + 3.7) ug-g d. w., and in sperm,
it was (19.3 + 6.4) ug-g”! d. w. In female gonads, the concentration was (53.6 * 10.9) ug-g”' d. w.,
and in eggs, it was (49.3+82) ugg' d. w.

Zinc assimilated with food is related mainly to the mussel soft tissues, while Zn from seawater is de-
posited mostly in shells (Fisher et al., 1996). Changes in the mass of soft tissues and shells in M. gal-
loprovincialis are likely to result from different levels of Zn accumulation. Specifically, the weight
of zinc-contaminated mussel shells increased after a 51-day cleaning period (Soto et al., 2000).

In our studies, a negative correlation between zinc content and estradiol concentration in female go-
nads at different ripening stages was revealed. The Pearson correlation coefficient was —0.98 (p = 0.024).
Estradiol is recognized as an important regulator of both food intake and energy consumption (Mauvais-
Jarvis et al., 2013). Estradiol regulates body weight, contributing to its increase (Mauvais-Jarvis et al.,
2013).

As shown in (Soto et al., 2000), Zn was accumulated in the soft tissues proportionally to its concentra-
tion in seawater, while its content in hemolymph was slightly higher than in the environment. Zinc assimi-
lation was through intestines, mantle, and gills. Zn was transported to the kidneys from gills and intestines
(ty, = 8 days) through the hemolymph either as a high-molecular complex or as granular amoebocytes.
Most of zinc was in granular amoebocytes, which were found either in all body tissues or in intestines
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and kidneys. Thus, in the mussel Myfilus edulis, the kidney is an organ for the storage of many trace
elements; it contains 30 % (about 1000 ug-g™' d. w.) of total zinc concentration in the body. In this
case, Zn is localized in the form of insoluble granules in some intracellular organelles, which occupy
about 20 % of the cell volume. Zinc is excreted by defecation, exocytosis of renal granules to the urine,
and diapedesis of amoebocytes (George & Pirie, 1980).

To assess the assimilation degree of Se and Zn with food by hydrobionts, a mathematical model
was applied based on the equation of G. G. Polikarpov and V. N. Egorov (1986):

dc,

rdn;ssels et R(qu - CmUSselsqf) - Cmusselsp s (1)

where Cussers and Cf are concentrations of a chemical element in the hydrobiont and its food, ug-g‘l;
R is the relative food intake rate, day™';
q is the degree of an element assimilation from food;
gr 1s the degree of food assimilation for growth (= Kj);
p is the element exchange rate of the hydrobiont, day ™.

The equation proposed by G. G. Polikarpov and V. N. Egorov (1986) for describing the kinetics
of trace element exchange in hydrobionts during element assimilation with food can be applied for mus-
sels if the concentration of trace elements in their gonads and gametes is measured given the known coef-
ficient K,. The degree of trace element assimilation from food is estimated from the coefficient q, which
may be an important characteristic determining the need of marine organisms for the trace elements
in question.

By transforming this equation (Pospelova et al., 2018), a formula was obtained for estimating the as-
similation degree of selenium (zinc) q from the measurement data of element concentrations in mussel

tissues and gametes:
Cgon, q f

q g
Cgon.qf + C’gametes(1 - qf>

where q is the degree of element assimilation from food;

, 2)

. . . . _1'
Cgon. 18 the concentration of a chemical element in gonads, ug-g™;

Cametes 18 1ts concentration in mussel sperm or eggs, ug: gl
gr 1s the degree of food assimilation for growth (= Kj).

It should be noted that this approach did not take into account Se and Zn fractions that could be
excreted through biodeposition.

Previously, a study of the kinetics of trace element content in M. galloprovincialis showed as follows:
the concentration and exchange of a trace element in mussels could be considered as an integral process
in ontogenesis (Polikarpov & Egorov, 1986). In the first approximation, the mean annual value of the food
assimilation for growth — g¢ (K;) (Finenko et al., 1990) — can be used to assess the element assimilation
by molluscs. For g limits (0.14 and 0.42), q values were determined for Se (Zn) in spring (Table 2).

In mussel gonads in spring, the mean annual q values for selenium fluctuate in the range 0.1 to 0.4,
which is lower than the degree of food assimilation for growth (K5). It is known that if the efficiency
of trace element assimilation from food is lower than the degree of food assimilation for growth,
the transfer of matter along the trophic chain proceeds with a decrease in the rate of contamination
in the subsequent link (Polikarpov & Egorov, 1986). Mean annual q values for zinc are 0.1-0.6.
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Table 2. Assimilation of selenium and zinc with food (q) by the mussel Mytilus galloprovincialis

Gonadal ripening stages qSe (g; =0.14) 42n(q =0.14)
g 0 7 0
1 n. d. n. d. n. d. n. d.
2 0.12+£0.03 n. d. 0.22£0.08 n. d.
3 0.09 £0.03 0.11 £0.07 0.17 £0.01 0.11 £0.01
4 0.10 £ 0.04 0.09 £ 0.07 0.12£0.05 0.13 £0.02
5A 0.11 £0.06 0.10 £ 0.08 0.16 £ 0.01 0.16 £ 0.01
5B 0.09 £ 0.04 0.13 £ 0.08 0.19 £ 0.01 0.15+0.01
Gonadal ripening stages qSe (g =042) qZn (g =042)
g 0 g 0
1 n. d. n. d. n. d. n. d.
2 0.38 £0.09 n. d. 0.55 +0.07 n. d.
3 0.30 £ 0.06 0.35+0.02 0.48 £ 0.01 0.34 £ 0.03
4 0.32£0.01 0.31 £0.01 0.38 £ 0.08 0.40 £ 0.06
5A 0.35+£0.02 0.32+0.02 0.46 £ 0.02 0.45 +£0.03
5B 0.31x£0.11 0.40 £ 0.20 0.51 £0.07 0.44 £0.20

Note: n. d. denotes no data; 5A and 5B, gonads before and after spawning.

With known values of the degree of an element assimilation from food (q) and the degree of food
assimilation for growth (qs), it is possible to determine the limiting coefficient of food accumulation
of a trace element according to the equation Kj;;, = Rq/ (Rq¢ + p) (Polikarpov & Egorov, 1986). From this
equation (at p = 0, where p is the element exchange rate in the hydrobiont, day™), Ky = q / g¢. That is, Ky,
is equal to the ratio of the degree of Se or Zn assimilation from food to the degree of food assimilation

for growth (Table 3).

Table 3.
M. galloprovincialis

Maximum coefficient of food accumulation of trace element (Kj,) by the mussel

Gonadal ripening stages Kiim Se (¢ =0.14) Kiim Zn (g = 0.14)
g 0 7 0
1 n.d. n. d. n. d. n. d.
2 0.86 £0.21 n.d. 1.57+£0.59 n. d.
3 0.64£0.23 0.79+£0.52 1.21£0.07 0.79 £0.07
4 0.71 £0.31 0.64 +0.53 0.86 £ 0.35 0.93£0.12
5A 0.79 £ 0.42 0.71 £0.62 1.14 £0.07 1.14 £0.07
5B 0.64 £0.74 0.93 +0.61 1.36 £ 0.07 1.07 £0.07
Gonadal ripening stages Kiim Se (¢ = 0.42) Kiim Zn (g = 0.42)
g 0 g 0
1 n. d. n. d. n. d. n. d.
2 0.90 £0.20 n. d. 1.31£0.2 n. d.
3 0.71£0.12 0.83 £0.05 1.14 £0.02 0.81 £0.07
4 0.76 £ 0.02 0.74 £0.02 0.90 £0.23 0.95+0.14
5A 0.83 £0.05 0.76 £0.05 1.10 £ 0.05 1.07 £0.07
5B 0.74 £0.23 0.95+0.54 1.21£0.22 1.05£0.54

Note: n. d. denotes no data; SA and 5B, gonads before and after spawning.
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Kjim values for selenium and zinc in mussel gonads in spring are 0.64 to 1.36, and those are higher
than the degree of assimilation and involvement in biochemical processes (q) of the considered trace
elements. This fact shows that Se and Zn are excreted with gametes into the environment.

Since we used mussels grown on marine farms, we calculated the concentration of steroid hor-
mones, selenium, and zinc in gametes of one ton of molluscs — 71,124 specimens with 51-60 mm
in size (Kholodov et al., 2017) (Table 4).

Table 4. Concentration of testosterone, estradiol, selenium, and zinc per one ton of the mussel
M. galloprovincialis

Content of steroid hormones, Content of trace elements,
x 1070 gt7! d. w. gt™hd. w.
Stages Total testosterone Estradiol Selenium Zinc
of ? d ? of ? d ?
+ + + +
5A o751+ 839.0% 132.2% 529.0% 10.7£28 | 97+£33 | 22957 | 563179
464.3 116.1 34.3 26.1
692.2 144.2 110.6 £ 501.8%
B Bx14 | 13.7£1. 27.5+3. .6 £10.
> 115.4 14.4 20.4 34.4 8.8 37 ? 75£37 | 536£109
+ +
Eggs n. f. 10.1% n. f. 339.5% n. f. 14729 n. f. 49.3+8.2
4.8 122.8
14284.8 £ 194.4 %
S f. f. 144+ 1.8 f. 19.3+64 f.
per 259.2 § 59.2 . § 8

Note: n. f. denotes not found; SA and 5B, gonads before and after spawning.

According to Table 4 and literature data (Kapranova, 2020 ; Scott, 2018), steroids and trace elements
are excreted by molluscs into the aquatic environment with gametes. In spring, during mass spawning,
testosterone, estradiol, and selenium are largely transferred to gametes. Zinc is only partly excreted,
which is most likely due to the portioned mussel spawning. Mass mussel spawning in the Black Sea is re-
peated twice a year: in spring and autumn. The maximum number of spawning mussels is recorded
in mid-April. Mass spawning in autumn begins in September — October and continues in Novem-
ber — December (Kholodov et al., 2017). The peak of mussel spawning in the southeastern Crimean
coast of the Black Sea is recorded in December — January, and the lesser one is registered in May — June.
Thus, the seasonal duration of the mass spawning averages 4 months per year.

The work of A. V. Pirkova et al. (2019) shows the dynamics of gonad maturation and sex ratio of mus-
sels depending on the season. The maximum number of males spawn in July, and the ratio of females
to males in the sample (%) is 25.0 : 75.0.

The elements of FA balance in the mussel M. galloprovincialis can be represented in the gonads —
gametes — trochophores conditional system as shown in Table 5.

Changes in FA profile in mussel gonads and gametes depending on the maturation stage have already
been discussed in (Kapranova et al., 2019). The content of SFA in mussel trochophores is approximately
equal to the total content of SFA in eggs and sperm (Kapranova et al., 2020) (Table 5). This dependence
can be explained by the fact that before the formation of organs and tissues, mussel trochophores are pas-
sively fed; SFA seem to perform mainly a protective function, forming the shells of cell membranes (Fok-
ina et al., 2010). Moreover, at the initial maturation stages, FA are probably involved in the esterification
of steroid hormones since this process involves predominantly C16 and C18 SFA (Scott, 2018).
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Table 5. Fatty acid content (% of total lipids) in gonads, reproductive products, and trochophores
of the mussel M. galloprovincialis

Gonadal Saturated fatty acids Monounsaturated fatty acids Polyunsaturated fatty acids
ripening stages (SFA) (MUFA) (PUFA)
(gametes) d Q Larvae R Q Larvae d Q Larvae
1 100 100 n. f. n. f. n. f. n. f.
2 48.2 100 15.8 n. f. 36.0 n. f.
3 35.1 100 11.3 n. f. 53.6 n. f.
4 42.5 81.1 58.2 359 3.7 31.6 21.6 15.2 10.2
5 100 444 n. f. 22.1 n. f. 33.5
Eggs n. f. 46.7 n. f. 5.2 n. f. 48.1
Sperm 34.0 n. f. 9.8 n. f. 56.2 n. f.

Note: n. f. denotes not found.

MUFA content in both female and male gametes of mussels is almost two times lower than in go-
nads. This fact shows that both saturated and unsaturated FA enter the mussel body with food and water
and then are used in processes maintaining their vital activity (Pospelova et al., 2018 ; Orban et al.,
2002). Similar to MUFA content, PUFA content in larvae is an order of magnitude lower than the total
PUFA content in female and male gametes since most of FA enter the mussel tissues from microalgae
and are accumulated throughout the life cycle. PUFA are necessary for adaptation to environmental con-
ditions (temperature, salinity, etc.) (Fokina et al., 2010 ; Orban et al., 2002). In addition, in molluscs,
PUFA are probably predecessors of prostaglandins (Rowley et al., 2005). Total prostaglandin content
in molluscs is low (Tadasi & Hiroshi, 1976); nevertheless, prostaglandins and related eicosanoids, being
oxygen-containing metabolites of C20 PUFA, have a physiological effect on bivalve spawning (Stanley-
Samuelson, 1994). Excessive amounts of PUFA are possibly released into the aquatic environment
and then absorbed by other hydrobionts.

Conclusion. The data obtained indicate that the mussels are most likely unable to synthesize
testosterone, estradiol, and fatty acids. Molluscs assimilate selenium, zinc, sex steroids, and fatty
acids with food and water to maintain vital functions. In the process of biochemical transformations,
prostaglandins are synthesized from PUFA in the body, and testosterone esters are formed from testos-
terone. Se and Zn play a key role in mollusc reproduction. Selenium content in male gonads is positively
correlated with testosterone content. Zinc affects the weight of mussel gonads. Zn concentration in fe-
male gonads is negatively correlated with estradiol content. By the example of selenium and zinc in spring,
the values of the assimilation degree of these elements by mussel gonads from food (q) were quantified
along with the limiting coefficient of food accumulation of these trace elements (Kj;;,). For the considered
trace elements, q values are lower than the degree of food assimilation for growth (K,), which indicates
an active interaction of mussels with the environment. Excessive amounts of free forms of testosterone,
estradiol, fatty acids, Se, and Zn are excreted with gametes in order to maintain a balance between
free and bound forms of these substances. Together with gametes, the necessary amounts of steroids
and trace elements are transferred to the nascent larvae, which are endogenously fed during the first
few days. During spawning, one ton of mussels is capable of excreting into the environment with sperm
up to 14.28-107 mg of testosterone, 0.19-107 mg of estradiol, 14.4 g of zinc, and 19.3 g of selenium.
With eggs of one ton of mussels, 0.54-107 mg of estradiol, 14.7 g of Se, and 49.3 g of Zn are ex-
creted. Mussels serve as a source of PUFA, which are probably used by other hydrobionts. With sperm,
up to 56.2 % and with eggs, up to 48.1 % of PUFA is excreted; in larvae, this value does not exceed
10.2 %.
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OrieHKa B3auMOENCTBHUS MOPCKHX XO3SIHCTB C OKPY>KaloIel Cpeaoi Mpy MPOMBIIIUIEHHOM BbIpaIly-
Banum munuu Mytilus galloprovincialis BecbMa akTyanbHa. B cucteme munmitHas dpepma — cpena
BaXXHYIO POJIb MI'PAlOT OMOTHYECKHE MOTOKM BEUIeCTB Yepe3 TOHAJIbl, TIOJIOBbIE MPOMYKTHI (criepMa
U SAANEKJIETKN) U JTMYMHKA. [10CKOJIbKY TOHAbl BBHIMOMHSIOT KIIOYEBYIO POJIb B Pa3MHOKEHUHM MU-
JIVIA, TIPE/ICTABIISIETCS] UHTEPECHBIM PACCMOTPETh JIEMEHTHI OaiaHca BellleCTB, TPUHUMAIOIIUX HETO-
CPE/ICTBEHHOE YYacThe B 3TOM Ipoliecce. TecToCTepOoH, 3CTPaanoI, KUPHBIE KUCIOTHI, a TaKxke ce-
JIeH ¥ LIMHK, noTpebisieMble MOJUTIOCKAMU BMECTe C IMUILEH W BOJAOMW, Mpekae BCero HeoOXOAUMBI
UM Ui OCYIIECTBIICHUS] HEPECTa, a Takke JUIs pocTa ¥ pa3BuTHsi. YacTh moTpedisieMblX BEIeCTB
3a/IefiCTBYETCS OPraHU3MOM MUJIMI B Ipollecce MeTaboJIM3Ma, a YacTh SKCKPETUPYETCs B BOJHYIO
cpemy BMecCTe C MOJIOBBIMU MPOAyKTaMu. Llens maHHO# cTaTh — TMIPOBECTH KOJMUYECTBEHHOE OIlpe-
JieJIeHUe JIEMEeHTOB OaJlaHCa CTEPOMIHBIX TOPMOHOB, KUPHBIX KHUCJIOT M OMOT€HHBIX MUKPO3JIEeMEH-
TOB B TOHA/IaX, MOJIOBBIX MPOAYKTaX W JIMYMHKAX MOJUIIOCKOB, UTPAIOIIMX BaXKHYIO POJib B METa0O-
JIM3ME UX OpraHu3Ma. KOHHCHTpaHI/IIO O6I_HCF O TECTOCTEPOHA U ICTPaArOjia B TOHAJAX U IMOJIOBBIX
MPOAYKTAX ONpeAesisuii METOA0M TBEPIo(ha3HOro MMMyHodepMeHTHOro aHanu3a. CoaepkaHue MUK-
PO3JIEMEHTOB U3MEPSITTA METOJIOM MAcC-CIIEKTPOMETPHUHU C MHIYKTHBHO-CBA3aHHOM Ta3Moi. OTHO-
CHUTEJIbHBIN COCTaB KMPHBIX KHCIOT TOHA/, MOJIOBBIX MIPOAYKTOB U JTMYNHOK MU OTIpeessia Me-
TOJOM XpOMAaTO-Macc-CrieKTpoMeTpun. KoHIleHTpaly cefieHa W IIMHKA B TOHA/aX ¥ TMOJIOBBIX IPO-
OYKTaX MUV 3aBUCST OT CTaJWU PENpPOMYKTUBHOIO IUKJA. B *keHCKHMX roHamax coaepikaHue ce-
JIeHa U IIMHKA BHIIIE, YeM B MYyXcKux. HauOosbinass KOHIIEHTpaIMsl cejieHa oOHapykeHa B siiiie-
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ConepxaHve IIMHKA B TOHAJaX J0 HepecTa BbIIe, YeM B TOJIOBHIX MPOAyKTax. B ronagax cam-
LIOB JI0 HEepecTa KOHIIEHTpalus LuHKa coctaBiser (27,5 + 3,7) MKF-F_lcyx, B CIIEPMATO30MAAX —

(19,3 = 6,4) MKFT_leX. B ronamax camox — (53,6 £ 10,9) MKFT_lch, B SHLEKJIETKaX —
(49,3 £ 8,2) MKF-F_lcyx. B BeceHHuii nepro]] 3HaYEHUs CTENIEHU YCBOCHHUS CEJIeHA W LIMHKA U3 IH-
my (q) B roHaJax MU KoseOumoTes B quanasone ot 0,1 1o 0,6. 3HaueHus npenenbHoro Koaggu-
LMEHTa MIIEBOro HaKoIUIeHus ceeHa U muHka (K,) cocrapmawor ot 0,6 1o 1,4. Muauu ciyxat uc-
TOYHHUKOM TTOJIMHEHACHINIEHHBIX XUpHBIX KucinoT (ITHXKK), koTopsie, BeposATHO, HCHONB3YIOTCS APY-
rumu TuzpoduonTamu. Co criepmoii Beigensiercss 1o 56,2 % IMHXKK, c sitneknerkamu — 48,1 %,
TOrJa Kak B IMUMHKAX STOT MoKazatelsb He npesbiiaeT 10,2 %. [lonydyeHHble JaHHbIE CBUIETEIbCTBY-
I0T O TOM, YTO MOJUTIOCKH MOTPEOJISIOT TOPMOHBI, JKUPHBIE KUCJIOTHI, CEJICH U IIMHK U3 THIIA U BOJIbI
JUIsl TIOJiepKaHusl sxku3HeHHbIX npoueccos: u3 [THKK B opranusme oOpasyTcst mpocTariaHauHbl,
U3 TECTOCTEPOHA — CJIOXKHBIE 3(puphl TecTocTepoHa. CelieH U IIMHK, COEAUHSSICh ¢ OeJIKaMM, UrPaloT
KJIIOUEBYIO POJIb B Pa3MHOKEHUH ¥ (POPMHUPOBAHUY 000JIOUEK JIMIYMHOK.

KuaroueBrnie caoBa: mumus Mytilus galloprovincialis, TOOBbIe TIPOAYKTHI, JIAIMHKY, CEJIeH, IUHK,
TECTOCTEPOH, ICTPAINOI, KUPHBIE KUCIOTH, YEpHOE MOpe
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This publication is a continuation of research on the quantitation of the heavy metal contamina-
tion level (Fe, Mn, Zn, Cu, Cd, Pb, and Ni) in the ecosystem components of the estuarine area
of the Northern Dvina River. To assess the contamination level with these metals in the ecosys-
tem of the Northern Dvina estuarine area in the spot of the highest anthropogenic load (the area
of Novodvinsk — Arkhangelsk — Severodvinsk urban agglomeration), we use the method of compar-
ative analysis of the study object with the background plot — the river section above urban develop-
ment. Using spatial mapping of the enrichment factor values for the aquatic ecosystem components,
areas with abnormal excess of metal content in mollusc tissues, bottom sediments, and bottom wa-
ter layer were determined. As established, the area adjacent to the city center and to an industrial
zone on the left bank is subject to the highest anthropogenic load in the water area of the river
delta top. The most likely sources of contamination with the considered heavy metals are the inflow
of surface wastewater (meltwater and rain storm runoff), untreated municipal wastewater, and direct
short-range atmospheric transport. The analysis of mollusc tissues proved to be a more informative
and indicative approach to the assessment of the heavy metal contamination in water areas with com-
plex hydrological and hydrochemical environmental gradients than the analysis of bottom water layer
and bottom sediments.

Keywords: estuarine area of the Northern Dvina River, background concentrations, heavy metals,
enrichment factor, bivalves

Rivers draining huge basins are the main source of inflow from land to sea of dissolved and suspended
matter, inter alia organic matter, trace elements, and biogenic substances. The bulk of these substances,
inputted from drainage basins, are deposited in estuarine areas of rivers — in the zone of freshwater
and saltwater mixing; hence, the information on the state of the estuarine areas of rivers can help in char-
acterizing both the marine environment and drainage basin area (Kotova et al., 2020). Moreover, coastal
cities and manufacturing enterprises are mostly concentrated in the estuarine areas of rivers since there
is a need for a constant source of freshwater. The works carried out to assess the heavy metal con-
tent in the ecosystem components of the estuarine area of the Northern Dvina River (Neverova et al.,
2014, 2016) using threshold limit values (hereinafter TLVs) revealed the need to apply an approach
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with the calculation of conditional background concentrations typical for the research area. Mosaicity
and high variability of the metal content in abiotic and biotic components of the aquatic ecosystem
of the estuarine area of the Northern Dvina were recorded as well. The highest values of the heavy metal
concentrations in water, bottom sediments, and hydrobiont tissues were observed (with no regularities)
in local areas and for certain metals.

At the first stage of the work (Neverova et al., 2014), to quantify the heavy metal content in bot-
tom water, bottom sediments, and tissues of macrobenthic species in the Northern Dvina delta, we
compared the results obtained with the generally accepted state standards — TLVs. Importantly, con-
centrations of all metals in the entire studied section exceeded the standard. The results of obser-
vations carried out by the Northern Directorate for Hydrometeorology and Environmental Monitor-
ing (Obzory zagryazneniya okruzhayushchei sredy, 2021) also annually show increased concentrations
(up to 2-6 TLV) of Mn, Fe, Zn, and Cu. In various documents issued by environmental organiza-
tions, such excess is associated with the consequences of economic activities. However, in the es-
tuarine area of the Northern Dvina River, there are no enterprises with high heavy metal content
in technological processes. This fact demonstrates as follows: the existing state standards (TLVs)
cannot be unified for all the types of aquatic ecosystems and for different climatic, geographic,
and geochemical conditions. To date, most researchers dealing with this problem (Venitsianov et al.,
2015 ; Wozniak & Lepikhin, 2018 ; Khorudzhaya, 2002) agree that it is unacceptable to apply uni-
form TLV norms to all regions; technogenic loads on ecosystems have to be standardized based
on regional geochemical peculiarities. Moreover, the TLVs themselves have not been established
for the vast majority of the aquatic ecosystem components, in particular for bottom sediments and tissues
of benthic species.

To quantify the contamination level of the ecosystem components when having no TLVs, several
models are usually applied to compare heavy metal concentrations obtained with metal natural content
in the ecosystem (background values). The values of the indicator, which were established for the area
not under direct anthropogenic load, can be used as the background ones. However, almost all the types
of aquatic ecosystems are now affected by human activities (for example, resulting from long-range
atmospheric transport or agricultural work in the depths of the drainage basins), and we can only talk
about conditional background values. In this work, we chose as a background plot the river section above
the spot of the highest anthropogenic load (above the area of Novodvinsk — Arkhangelsk — Severodvinsk
urban agglomeration). To assess the background values of the heavy metal concentrations in water, bot-
tom sediments, and mollusc tissues, we use the median and mean absolute deviation (MAD) obtained
for a set of sampling points in the background plot. This method is recognized as the most sensitive one
for calculating metal background levels in the analysis of contamination of components of the environ-
ment (Lukashev, 2007 ; Reimann et al., 2005).

The aim of this work is to quantify the level of heavy metal contamination in the Northern
Dvina River in the spot of the highest anthropogenic load, applying the method of comparative anal-
ysis with conditional background values and calculating the mean metal concentrations in the tissues
of hydrobionts and in their habitat by nonparametric statistics methods; based on the spatial distribu-
tion of the enrichment factor values, to draw a conclusion about the main sources of contamination
in the studied river section (household wastewater of Arkhangelsk and Novodvinsk, industrial enterprises
in these cities, efc.).
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MATERIAL AND METHODS

The Northern Dvina River and its tributaries in the northern Russian Plain belong to the White Sea
basin. In the Northern Dvina basin, the main part of the region’s industrial potential is concentrated.
The estuarine area of the river can be attributed to the most developed territories from the standpoint
of industry and transport in the north of the Russian Federation; the area is under significant anthro-
pogenic load. The estuarine area of the Northern Dvina includes a vast section of the lower river reach
from the Pinega confluence to the delta sea edge and the southeastern Dvina Bay of the White Sea (Fig. 1).
“The upper boundary of the estuarine area is at the Pinega River estuary, where tidal level fluctuations
are no longer observed. The sea boundary runs along the slope of depths in the Dvina Bay, approxi-
mately along the 8-meter isobath. The river section in the estuarine area has a length of 135 km along

the navigable fairway” (Gidrologiya ust’evoi oblasti Severnoi Dviny, 1965).
K/ rY
-

‘ (
25,

1 :l v
16,192
14,) l .
a O Uemsky
DN
abdnegovo

R\

)

@,\ &‘ } st-F\’i'rTe,ga
e 2

Fig. 1. Schematic map of the estuarine area of the Northern Dvina River with sampling points of bottom
water layer, bottom sediments, and bivalves (points 1-7, the background plot; points 10-25, Arkhangelsk)
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On the Northern Dvina, about 50 km from its confluence into the White Sea, Arkhangelsk is located;
city quarters stretch for about 40 km along the right river bank. On the left bank, within the boundaries
of Arkhangelsk, there are numerous industrial sites and low-rise residential areas, wooden buildings
mostly, which stretch all the way to Novodvinsk.

To compare the heavy metal content, we chose the river section from Koskovo village to the up-
per boundary of the estuarine area (Ust-Pinega village) as the background plot (see Fig. 1, sampling
points 1-7). Bivalve molluscs were sampled from their habitats simultaneously with bottom sediments
and water in the estuarine area of the Northern Dvina at late July — August in 2009-2018. Molluscs
were sampled by standard methods (Rukovodstvo po metodam, 1983) manually with a hydrological
landing net or, at depths exceeding 1.5 m, with diving equipment. For the analysis, molluscs of the same
age and size were selected from the sample and placed in vessels with water to cleanse their intestines;
after this procedure, soft tissues were separated from shells and subjected to mineralization with concen-
trated nitric acid when heated. The preparation of biological samples for analysis is described in detail
in the State Standard 26929-94 (2010).

The dominant benthic species in the studied river section, depending on biotope, are as fol-
lows: for solid substrate, bivalves Dreissena polymorpha (Pallas, 1771); for silted sand, Anodonta
anatina (Linnaeus, 1758), Unio pictorum (Linnaeus, 1758), and Pisidium sp.; and for silt, Oligochaeta
and Ghironomidae. To identify bivalve species, molecular genetic analysis was carried out accord-
ing to the method (Bolotov et al., 2015). It showed that we have selected the most typical repre-
sentatives of large bivalves for our area as objects for studying the heavy metal accumulation in tis-
sues: Anodonta anatina (hereinafter duck mussel) and Unio pictorum (hereinafter painter’s mussel).
For Dreissena, no genetic analysis was performed: according to (Makhnovich, 2016), the mussels of this
genus in the Northern Dvina belong to the species Dreissena polymorpha (Pallas, 1771). The analy-
sis carried out earlier (Neverova et al., 2014, 2016) revealed that oligochaetes accumulate the max-
imum amount of metals; at the same time, due to technical difficulties in their sampling (primarily
because of their small size), large bivalves are a more convenient object for studying the heavy metal
accumulation.

Bottom water layer was sampled in accordance with the State Standard R 51592-2000 (2008),
fixed with nitric acid, and, when transferred to a laboratory, subjected to mineralization when heated
for analysis according to the Federal Environmental Regulatory Document 14.1:2.214-06 (2006). Af-
ter preliminary drying to an air-dry state, bottom sediment samples were subjected to water bath—
assisted extraction with 5 M nitric acid solution according to the Guidance Document 52.18.191-
89 (Metodika vypolneniya izmerenii, 1990). All the solutions obtained (extracted tissues and bottom
sediments; water) were analyzed by atomic absorption spectrometry on a novAA 315 spectrometer
(Analytik Jena AG); in them, total content of Fe, Mn, Zn, Cu, Cd, Pb, and Ni was determined.
The analysis was carried out at “Critical technologies of the Russian Federation in the field of en-
vironmental safety in the Arctic” core facility at the Federal Center for Integrated Arctic Research
(Arkhangelsk).

All the empirical data obtained were preliminary assessed for compliance with the law of normal
distribution using the Shapiro—Wilk test (Subbotina & Grzhibovskii, 2014). It showed that the distribu-
tion of most of the values obtained on the metal content in mollusc tissues, bottom water, and bottom
sediments differs from the normal one. Therefore, to estimate the mean heavy metal content in mollusc
tissues and in mollusc habitat at the background plot, we used the criteria of nonparametric statistics:
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the median and MAD, defined as the median of absolute deviations from the median of all data (Luka-
shev, 2007 ; Reimann et al., 2005 ; Tukey, 2008). In this case, the background values were calculated
by the formula:

C’f:Mefj:ZMAD, (D)

where Cs is the background value of the studied indicator;
Mey is the median value of a set of measured values (Xy) for the background plot;
MAD is the median of a set of absolute values of the differences between the measured X; value
and the median of a set of measured values for the background plot (IX¢ — Me/l).
To quantify the contamination level in certain areas of the riverbed, the metal content at a sep-
arate point was compared with the value of the upper limit of the background concentration using
their ratio — the enrichment factor:

X,;/(Me; +2MAD) , )

where X; is the measured concentration value at the i-th sampling point.

If the ratio of the obtained metal concentration at a sampling point to the value of the upper limit
of the background concentration is < 1, the metal concentration at this point will be considered within
the background fluctuation; if >1, the concentration will be considered increased.

Within the framework of the statistical analysis, to check the homogeneity of the sets of the heavy
metal concentrations obtained for the background plot and for the area under direct anthropogenic load,
an analysis was performed using the nonparametric Mann—Whitney U test.

To assess the spatial distribution of the enrichment factor values in heavy metals of the ecosystem
components according to the data obtained at the sampling points, we used isoline schematic maps.
Those were built in the Surfer software package; a data grid was created by the radial basis function
interpolation. Since it is not an accurate interpolation method, the limits of maximum and minimum
values were set manually.

RESULTS AND DISCUSSION

Bottom water layer. After processing the data obtained with the criteria of nonparametric statistics
(the median and MAD), the following heavy metal concentrations were obtained in the bottom water layer
for the background plot (points 1-7): Ni — (0.005 + 0.003) mg-dm™; Cd — (0.0038 * 0.0026) mg-dm™>;
Zn - (0.015 £ 0.011) mg-dm™; Cu - (0.006 £ 0.001) mg-dm™; Mn — (0.087 #+ 0.023) mg-dm™;
and Fe — (0.420 + 0.060) mg-dm™. Pb content was below the detection limit. When testing the hy-
pothesis that two compared sets (for the background plot and the river area within the city limit) belong
to the same general population using the Mann—Whitney U test, we obtained statistically significant
differences at p < 0.05 for Ni concentration alone.

Bottom sediments. Background concentrations for upper layer of bottom sediments had the val-
ues as follows (points 1-7): Ni — (3.64 * 1.10) mgkg™; Pb — (1.02 + 0.68) mgkg™;
Cd - (0.14 + 0.05 mgkg!; Zn — (991 + 6.44) mgkg; Cu — (4.65 + 6.94) mgkg™;
Mn - (86.85 + 43.30) mg-kg™'; and Fe — (422.53 * 298.60) mg-kg™!. When testing the hypothesis
that two compared sets belong to the same general population, we obtained statistically significant dif-
ferences at p < 0.05 for Cd and Pb content in bottom sediments for areas above and below the city limit.
At the same time, the median of Cd concentration in the section of points 1-7 (see Fig. 1) was higher
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than in the river section adjacent to the city quarters. We associate this result with the noted increased
Cd content in sediments in the drainage basin of the Northern Dvina in the background plot (Zimovets
& Fedorov, 2013) and Cd behavior at the chemical boundary of the Pinega and Northern Dvina rivers
mixing, when Cd can be displaced from compounds with organic ligands and deposit in bottom sediments
in the form of a poorly soluble hydroxide (Dinu & Shkinev, 2020).

Bivalve molluscs. To assess the differences in the heavy metal accumulation in the tissues of two
bivalve species, we used the Mann—Whitney U test for the entire set of samples of the estuarine area
of the river. This test revealed no differences in the processes of the heavy metal accumulation in the tis-
sues of painter’s and duck mussels at p < 0.05 for all metals studied. In addition to analysis of the main
pair of species, Anodonta and Unio, a pairwise comparison of the sets with another bivalve, Dreissena
polymorpha, was carried out. For this species, the difference was shown in accumulation of all metals.
However, in the present work, we do not use this species, though it is promising for ecotoxicological
research, since we did not obtain sufficient field material in the studied section of the Northern Dvina.
Due to the unfavorable effect of abiotic factors on molluscs of this species (lack of substrates for attach-
ment, high reach velocities, rather low summer water temperatures, efc.) (Makhnovich, 2016), the density
of Dreissena settlements does not provide enough material for monitoring. Perhaps, we will carry out
a similar work based on Dreissena polymorpha analysis later.

For painter’s mussel samples for areas above and below the city limit, the test did not reveal signif-
icant differences at p < 0.05 for all metals studied. For duck mussel, statistically significant differences
at p < 0.05 were recorded for Zn, Cu, and Ni. For painter’s mussel, background concentrations calculated
by the formula (1) had the values as follows: Ni — (0.13 + 0.04) mg-kg™'; Pb — (0.10 + 0.09) mg-kg™";
Cd - (0.09 *+ 0.03) mgkg'; Zn — (1846 + 893) mgkg™; Cu - (1.0l * 0.33) mgkg™;
Mn — (308.91 + 128.21) mg-kg™'; and Fe — (91.38 * 93.93) mg-kg™". For duck mussel, the values were
the following: Ni — (0.06 + 0.08) mg-kg™!; Pb — (0.12 + 0.01) mg-kg™!; Cd — (0.06 % 0.03) mg-kg™;
Zn — (11.61 + 5.37) mgkg™; Cu — (0.59 + 0.11) mgkg™; Mn — (252.33 + 182.83) mgkg™;
and Fe — (86.06 + 86.06) mg-kg™!. We published the data on the background heavy metal content
in the bivalves in the estuarine area of the Northern Dvina River earlier in (Neverova & Chupakov,
2018).

Thus, a comparative analysis of the sets of metal concentrations for the background plot (B)
and the city area (C) using the Mann—Whitney U test revealed several differences between them. The fol-
lowing significant relationships were established: for bottom water layer, B(Ni) < C(Ni); for bottom
sediments, B(Pb) < C(Pb) and B(Cd) > C(Cd); and for Anodonta, B(Ni) < C(Ni), B(Zn) < C(Zn),
and B(Cu) < C(Cu). These results characterize the effect of household activity on Ni, Pb, Zn, and Cu
content in the ecosystem components of the estuarine area of the river. However, analyzing the data
obtained, we note a high mosaicity in the metal concentration in the river water area (Neverova et al.,
2014, 2016), which indicates a key role of local peculiarities of the sampling point (presence of a lo-
cal source of contamination and spots with different hydrodynamic characteristics of waters and other
granulometric composition of bottom sediments, as well as many other local factors — up to the predom-
inant macrophytic species). Therefore, along with the “classical” scheme for the analysis of the results
obtained (comparison of the sets), in order to quantify the differences in the metal content in mol-
lusc tissues between the background plot and the river area within the boundaries of Arkhangelsk,
we compared metal content at separate points with the value of the upper limit of the background
concentration (formula (2), Table 1).
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Table 1. Values of X; / (Me; + 2MAD) enrichment factor in the study objects

Sampling point Object Ni Pb cd Zn Cu Mn Fe
No.
Bottom water layer 0.56 - 0.25 1.00 1.07 0.27 0.41
10 Bottom sediments 0.81 0.65 0.47 0.46 0.20 0.39 1.37
Anodonta - - - - - - -
Unio - - - - - - -
Bottom water layer 0.78 - 0.26 0.67 1.21 0.36 0.45
1 Bottom sediments 1.24 1.05 0.37 0.79 0.61 1.13 1.90
Anodonta 0.95 1.12 0.77 0.96 0.97 0.88 0.4
Unio - - - - - - -
Bottom water layer 1.05 - 0.65 0.38 0.52 0.21 0.16
1 Bottom sediments 0.74 0.05 0.03 0.29 0.31 0.35 0.33
Anodonta 0.8 0.41 1.08 0.87 1.21 0.16 0.19
Unio - - - - - - -
Bottom water layer 3.44 - 0.45 2.00 0.52 0.23 0.23
13 Bottom sediments 0.60 0.40 0.07 0.32 0.29 0.41 0.33
Anodonta - - - - - - -
Unio - - - - - - -
Bottom water layer 1.00 - - 0.39 0.50 0.37 0.42
14 Bottom sediments 1.27 0.47 0.08 0.51 0.28 0.76 0.31
Anodonta 0.6 - 1.58 1.37 1.63 0.44 0.71
Unio - - - - - - -
Bottom water layer 2.13 - - 0.95 0.52 0.29 0.33
5 Bottom sediments 145 0.54 0.14 0.63 0.31 0.93 0.36
Anodonta - - - - - - -
Unio 0.22 0.07 0.96 0.34 0.8 0.44 1.18
Bottom water layer - - 0.43 0.50 0.36 0.42 0.67
16 Bottom sediments 3.12 2.03 0.63 1.48 3.44 2.01 1.71
Anodonta 1.46 1.06 0.95 1.38 1.56 0.92 1.79
Unio - - 1.84 1.53 0.08 0.13 0.53
Bottom water layer 0.56 - 0.32 1.23 0.36 0.17 0.24
17 Bottom sediments 1.16 0.14 0.56 0.52 0.36 0.48 0.38
Anodonta - - - - - - -
Unio - - - - - - -
Bottom water layer 0.56 - 0.02 0.67 0.71 0.49 0.62
18 Bottom sediments 0.94 0.90 0.14 0.84 0.26 0.28 0.32
Anodonta 2.07 - 54.15 1.05 1.44 0.42 1.31
Unio 0.31 0.16 0.73 0.59 0.55 0.22 0.54
Bottom water layer 1.34 - 0.04 1.70 0.50 0.47 0.22
19 Bottom sediments 0.83 6.42 0.04 0.39 0.27 0.49 0.33
Anodonta 0.91 0.58 0.69 1.72 1.08 0.92 0.83
Unio - - - - - - -
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Sampling point Object Ni Pb cd Zn Cu Mn Fe
No.
Bottom water layer 1.89 - 0.08 0.90 0.50 0.25 0.13
20 Bottom sediments 0.83 0.28 0.10 0.31 0.25 0.75 0.34
Anodonta 0.8 0.12 0.83 1.15 0.99 0.4 0.61
Unio - - - - - - -
Bottom water layer 0.11 - 0.11 1.00 0.50 0.31 0.54
21 Bottom sediments 0.54 0.38 0.33 0.26 0.31 0.36 0.96
Anodonta 1.09 1.55 0.85 1.15 1.27 0.44 0.96
Unio - - - - - - -
Bottom water layer 0.44 - 0.16 0.10 0.71 0.09 0.23
2 Bottom sediments 2.77 1.25 0.63 1.45 1.08 1.47 0.66
Anodonta 0.56 0.42 0.68 0.48 0.71 0.45 0.14
Unio - - - - - - -
Bottom water layer 0.67 - - 0.47 0.52 0.33 0.50
23 Bottom sediments 0.83 0.13 0.05 0.31 0.21 0.28 0.36
Anodonta 2.02 - 1.19 1.07 1.41 0.15 0.52
Unio - - - - - - -
Bottom water layer 191 - - 0.41 0.51 0.15 0.13
o Bottom sediments 0.58 0.17 0.09 0.20 0.20 0.44 0.30
Anodonta 0.53 - 2.29 1.62 0.67 0.45 0.35
Unio 0.4 1.09 0.61 0.26 0.20 0.16 0.17
Bottom water layer - - 0.18 1.00 0.71 1.34 1.41
)5 Bottom sediments 0.95 0.38 0.12 0.68 0.33 0.44 2.37
Anodonta - - - - - - -
Unio 0.60 0.62 0.69 0.77 0.66 0.58 0.98

Note: a dash (—) denotes either no molluscs found or metal concentrations being below the detection limit; in bold,
the values corresponding to excess of the calculated background level are highlighted.

Visualizing the results obtained (see Table 1), we built schematic maps of the contamination
in the river water area with heavy metals (Figs 2—-5). The Mann—Whitney U test did not show differ-
ences in the accumulation processes between two mollusc species; therefore, when building the maps
and when having data for duck mussel and painter’s mussel, we used the arithmetic mean of the coef-
ficient values in their tissues. As mentioned above, we did not apply an accurate interpolation method.
For calculating the data grid for isoline maps, we used radial basis function interpolation: the location
of sampling points is heterogeneous, and the use of accurate interpolation methods, e. g. triangular
linear interpolation, is difficult. On the schematic maps 2-5, colored fields of values of enrichment fac-
tors > 1 may slightly deviate from sampling points, overlap land areas, efc.; these are common errors
in the building of isoline maps. However, the general trends in the data distribution undoubtedly persist,
and the clarity of the information presentation covers minor inaccuracies.

At all sampling points located in the area, where the river flows through the city center, there
is (see Table 1) an excess of the calculated background concentrations in terms of Ni content in bot-
tom water layer (Fig. 2A) and in bottom sediments (Fig. 2C), as well as in Zn content in mollusc
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soft tissues (Fig. 2F). At local sampling points in the city center, concentrations higher than the cal-
culated background ones were recorded for two heavy metals: for Zn, in upper layer of bottom
sediments (Fig. 2D); for Ni, in bivalve tissues (Fig. 2E).

Fe and Mn content in bottom water layer mostly does not exceed the background values calculated
by us throughout the entire area (Fig. 3A, B). In upper layer of bottom sediments, Mn concentrations
were higher than the background ones in the entire area of the Northern Dvina River adjacent to the city
center; Fe concentrations (Fig. 3C), in local areas upstream and downstream of the city center. It needs
to be highlighted that it is Fe and Mn compounds in water that are considered the main contaminants
throughout the Northern Dvina watercourse — from the headwaters to the estuarine area (Gosudarstven-
nyi doklad, 2013 ; Kharakteristika zagryazneniya, 2021). In mollusc tissues, Fe concentrations higher
than the calculated background ones were recorded at all points in the city center; Mn concentrations
were lower than the background ones at all sampling points (Fig. 3E).

Cd content in the studied river section did not exceed the calculated background concentrations
in bottom water layer and bottom sediments (Fig. 4A, C). As mentioned above, the median of Cd
content was higher in the background plot than in the area of the river adjacent to the city quarters.
In mollusc tissues, Cd concentration was higher than calculated for the entire water area in the city cen-
ter (Fig. 4E). In 2014, in this area, the maximum absolute value of Cd concentration (5.12 mgkg™
wet weight) in duck mussel tissues was recorded; it exceeded the calculated background concentrations
by more than 50 times (Table 1), wherein mollusc tissues were dark in color. This indicator was excluded
from the set when building the maps due to its extreme value.

Cu content in bottom water layer above the calculated background concentration was registered
in local areas of the watercourse along the right bank adjacent to the center of Arkhangelsk (Fig. 4B,
D). When comparing this indicator with the TLV for the fishery industry, we saw as follows: in these
areas, Cu content was ten times higher than the standardized one (Neverova et al., 2016). Cu con-
centration in bottom sediments above the calculated background one was recorded at points down-
stream of the central city quarters, in spots, where reaches slow down due to morphological features
of the riverbed (Fig. 4D).

Pb content in bottom water layer throughout the studied section was below the detection limit
of the method; in upper layer of bottom sediments, it exceeded the background values calculated
by us at all sampling points in the area, where the river flows through the central city quarters (Fig. SA).
In mollusc tissues, Pb concentrations exceeded the background ones in sampling points above and below
the city center (Fig. 5B).

As for bottom sediments, two areas are distinguished, where background concentrations are ex-
ceeded for all metals. These are sampling points 16 (the area at the Nikolsky branch mouth)
and 22 (near Molodezhny Island) (see Fig. 1). Point 16 is located downstream of numerous industrial
areas on the left bank of the Northern Dvina, in spots, where reaches slow down, which is associated
with morphological features of the riverbed. Point 22 is located in the zone of macrophyte thickets,
which is also the spot, where the reach slows down. As a result of these peculiarities, in these areas,
bottom sediments deposit and accumulate, which are carried by reaches with metals sorbed on them.

In contrast to concentrations in bottom water layer and bottom sediments, in mollusc tissues, there
is an excess of content of most of the metals studied: values above the calculated upper background
ones are recorded at all sampling points along the riverbed in the city center — both on the right and left
banks (Figs 2E, F; 3E; 4E, F; 5E, F).
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Fig. 2. Excess of the background level of Ni content (A, in bottom water layer; C, in bottom sediments;
E, in mollusc tissues) and Zn content (B, in bottom water layer; D, in bottom sediments; F, in mollusc
tissues). The gradation scale is shown in Fig. 5
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Fig. 3. Excess of the background level of Fe content (A, in bottom water layer; C, in bottom sediments;
E, in mollusc tissues) and Mn content (B, in bottom water layer; D, in bottom sediments; F, in mollusc
tissues). The gradation scale is shown in Fig. 5
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Fig. 4. Excess of the background level of Cd content (A, in bottom water layer; C, in bottom sediments;
E, in mollusc tissues) and Cu content (B, in bottom water layer; D, in bottom sediments; F, in mollusc
tissues). The gradation scale is shown in Fig. 5
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Fig. 5. Excess of the background level of Pb content (A, in bottom sediments; B, in mollusc tissues)

Analyzing the data obtained, it can be concluded as follows: Ni and Zn are inputted into bot-
tom water layer from a single source (there is a significant positive Ni/Zn correlation; R = 0.55;
p < 0.05; N = 16), with drains of drainage and storm sewers into the river water area on the right
bank. There are local inflows of metals from an industrial hub located along the left bank of the North-
ern Dvina, where, along the river, insufficiently treated drains of domestic and drainage and storm sewers
from the southern Arkhangelsk are inputted. The inflow of untreated domestic wastewater into the area
of the city beach (points 18-20, Fig. 1) of the Northern Dvina is mentioned already in the publication
of the 1920s (Lopato, 1927). Bottom sediments of the river section studied are enriched in Pb [> 6 back-
ground concentrations (b. c.)] and Ni (> 3 b. c.) throughout the entire area, where the river flows
through the city center, both on the right and left banks. Local areas of the river in the city center
and above and below central quarters are enriched in Fe (> 1 b. c.), Mn (> 1 b. c.), Cu (>3 b. c.),
and Zn (> 1 b. c.). In mollusc tissues, the calculated background values were exceeded for all metals,
except for Mn.

Conclusions:

1. The excess of the heavy metal content over conditional background concentrations in the section
of the Northern Dvina River adjacent to the central city quarters was revealed, which is associated
with the inflow of rainwater and meltwater into the water area with insufficiently treated drains of do-
mestic and drainage and storm sewers. For Cd and Pb, short-range atmospheric transport can be an-
other major source of input. As shown in the study of the White Sea drainage basin contamination
with the heavy metals from the atmosphere (Shevchenko et al., 2020), the proximity to a motorway
significantly affects the enrichment of the snow cover with these two elements.

2. The analysis of the heavy metal content in mollusc tissues is more informative and indicative than
the analysis of bottom water layer and bottom sediments. Sedentary benthic species, in particular
bivalves, can serve as indicators of this contamination in the aquatic ecosystems: being filter feeders,
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they accumulate relatively higher heavy metal concentrations in their tissues during feeding and res-
piration than in the habitat. Moreover, being less mobile than bottom sediments and water, molluscs
can concentrate contaminants in a spatial aspect.

This work was carried out within the framework of the state research assignment “Comprehensive studies of biotic

and abiotic components of the aquatic ecosystems in the drainage basin of the White Sea and southeastern Barents
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OIIEHKA 3ATPA3HEHUA YCTBEBOMU OBJIACTH PEKU CEBEPHOI JABUHBbI
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JanHas myOavKanysi sIBASETCS MPOJOKEHUEM paboT MO KOJMUYECTBEHHOM OLICHKE YPOBHS 3arpsi3He-
HUs TsokEpiMu Metayuiamu (Fe, Mn, Zn, Cu, Cd, Pb, Ni) KOMIIOHEHTOB KOCUCTEMBI YCTheBOM 00J1a-
ctu pexku CeBepHoit [IBUHBI. 17151 OLIEHKHM YPOBHEH 3arps3HEHNS] YKa3aHHBIMU METAJJIaMHU 9KOCHCTEMBI
ycTheBol obacti CeBepHo¥ [IBUHBI B paiioHe HAaMOOJIBIIETO aHTPOIIOTEHHOTO BO3JEHCTBUSA (paiioH
ropojckoil amoMmepauu HoBonsuHck — ApxaHrenbck — CeBEpOIBUHCK) Mbl UCIIOJIb3YEM METON
CPaBHUTEJILHOTO aHAIM3a OOBEKTA MCCIAEAOBAHUS C YCIOBHO-(POHOBBIM YYaCTKOM, IPHUHSB 32 HEro
Y4YacTOK PEKH, paclosIOKEeHHbIH BbIIIEe TOPOJACKON 3acTpoiiku. C MpUMEHEeHHEM IPOCTPAHCTBEHHOTO
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KapTHpPOBaHUs 3HAYEHNI KO3 (PUIMEHTOB OOOTaIeH I 17151 KOMIIOHEHTOB BOJHON KOCHCTEMBI ObLITH
BBIJIEJIEHBI PAaliOHbl C AaHOMAJIbHBIM TPEBBILLIEHUEM COIEPKaHUs METAIOB B TKAHSAX MOJUIIOCKOB, JOH-
HBIX OTJIOKEHUSIX U IPUJIOHHOM CJIO€ BOABL. YCTaHOBJIEHO, YTO HAMOOJIBbIIEN aHTPOIIOTeHHOM HATpy3Ke
B QKBAaTOPHUHU BEPILMHBI JEJIbThl PEKU MOJBEPKEH paiioH, MPUMBIKAIOIIMI K HEHTPaJIbHON YacTH Topo-
Jla ¥ K TIPOMBILIUICHHOH 30He Ha JieBoM Oepery. Hanbomnee BepOSITHHIMU UCTOUHMKAMHU 3arpsi3HEHUS
PaCCMOTPEHHBIMH TSIKENBIMU METAIJIAMU MOKHO Ha3BaTh IMOMAJaHNe TTOBEPXHOCTHBIX CTOYHBIX BOJ
(Tasble ¥ DO IEBbIE IMBHEBBIE CTOKH), HEOUHIIIEHHbIE KOMMYHAJIbHO-OBITOBBIE CTOKH ¥ ITPSIMOM OJIVIK-
HUI aTMOcepHBIA MepeHoc. AHAIN3 TKaHeW MOJUTIOCKOB MPOSIBIII ce0s1 Kak Ooiee MHOPMATUBHBIN
1 TIOKa3aTeIbHbIM MOAXO/ K OLIEHKE 3arps3HEHUs TSKEIBIMA METAIaMH aKBaTOPUU CO CJIOKHBIMU
TU/IPOJIOTUYECKUMH Y THAPOXUMUYECKIMH I'PaJUEHTAMH CPEJIbl, YeM aHAIU3 IPUAOHHOTO CJI0S BOJbI
U JOHHBIX OTJIOXKEHUM.

KuroueBbie caoBa: ycrtbeBas obmactb pexn CeBepHoit [IBuHBI, (pOHOBBIE COAEpKaHWS, TSKEIbIE
MeTaJlTbl, KO3((DUIMEHT 0OOoTaIlleHHs], JBYCTBOPUYAThIE MOJUTIOCKU
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A lack of systemic and environmentally efficient approach to exploitation of the Kruglaya and Kazachya
bays (Sevastopol) resulted in their severe pollution. The conjunction of natural and anthropogenic fac-
tors led to deterioration of habitat conditions of benthic communities. The aim of this work was to carry
out complex research of Kruglaya and Kazachya bays’ ecosystems to study peculiarities of formation
of redox conditions in bottom sediments and bottom water layer, as well as their effect on macro-
zoobenthos characteristics. Bottom sediments were sampled by diver in plexiglass tubes hermetically
sealed at the top and bottom; it helped in preserving a fine structure of bottom sediments and bottom
water layer. To study benthic communities, samples were taken in the same spot with a manual sam-
pler. To obtain chemical composition of pore waters with high vertical resolution, the voltammetry
analysis was carried out. Calculation of an oxygen flux at the boundary and in the upper layer of bot-
tom sediments was performed according to the vertical profile of oxygen concentration in pore waters
and geochemical analysis with applying the equation for the Fick’s first law and considering concen-
tration gradient and molecular diffusion of oxygen in pore waters. Standard hydrobiological methods
were applied for the analysis of benthic material. When calculating the values of the Shannon diversity
index (H’), the binary logarithm was used. The data analysis showed as follows: a high level of anthro-
pogenic load and restricted water dynamics resulted in siltation of bottom sediments in the studied water
areas, which obstructed oxygen penetration; the accumulation of organic carbon contributed to its ac-
tive consumption. Stratification of a water column due to limited water exchange, high temperature
of bottom water, accompanied by a decrease in oxygen solubility, and finely dispersed nature of bot-
tom sediments contributed to the fact that the rate of oxygen input was lower than the rate of oxygen
consumption for organic matter oxidation. This was followed by the development of oxygen deficiency
zones and emergence of reduced compounds, in particular hydrogen sulfide. Importantly, suboxic con-
ditions prevailed in the upper sediment layer, and anaerobic conditions prevailed below. Due to this,
the main forms of macrozoobenthos were species tolerant to oxygen deficiency and organic pollution.
Specifically, in some spots of the Kazachya Bay, polychaetes alone were recorded. At the same time,
in the Kruglaya Bay mouth area, intense water dynamics and morphological peculiarities of bottom sedi-
ments contribute to saturation of the upper sediment layer with oxygen. Based on oxygen concentration
data for the surface (0-5 mm) sediment layer (pore waters) and on geochemical peculiarities of bottom
sediments (moisture and porosity), the oxygen flux at st. 4 (the Solenaya Bay) was calculated; the value
was 0.73 M-m2year !. Considering oxygen concentration in bottom water layer (259 uM), the time
for complete depletion of oxygen or its renewal is about 5 months if taking into account biogeochemi-
cal processes alone. Hence, it can be assumed that the ecosystems of the Kruglaya and Kazachya bays
are in the stage of degradation. Their further exploitation without a developed systemic and rational
approach will result in a critical deterioration of the ecosystems — the emergence and spread of envi-
ronmental risk zones. It will reduce the recreational and socioeconomic attractiveness of these areas.
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Marine coastal ecosystems play an important role in human life (Harley et al., 2006). Those are in-
volved in all spheres of economic activity and are largely subject to anthropogenic load, which affects
their physicochemical and biological characteristics, as well as ecological state of the ecosystem in gen-
eral (Cabral et al., 2019 ; Ducrotoy, 2021 ; Rabalais et al., 2009). Any external effects have a fairly quick
response. Under favorable conditions, ecosystems are capable of recovering; however, under prolonged
anthropogenic load and exposure to certain natural physical and physicochemical factors, natural balance
is disrupted, and the system degrades (Rabalais et al., 2009). Out of coastal marine ecosystems, those
with limited water exchange are the most susceptible to destruction. There, under certain conditions,
water stratification occurs, sediments are silted, and pollutants and organic carbon accumulate in bottom
sediments, which affects the state of benthic communities and results in formation of zones of ecological
risk (Ovsyanyi & Orekhova, 2019 ; Orekhova et al., 2019a).

The bays of the Sevastopol region belong to the type of ecosystems, in which the accumulation of or-
ganic matter in bottom sediments prevails over destruction (Ignat’yeva et al., 2008 ; Orekhova & Kono-
valov, 2018b ; Orekhova et al., 2019b ; Osadchaya et al., 2003). Depletion of oxygen for the oxidation
of organic matter and other reduced compounds leads to a shift in the processes, which occur due to anaer-
obic oxidation of organic matter, closer to the surface of bottom sediments (Orekhova & Konovalov,
2009, 2018a, 2018b). Thus, in the upper sediment layer, reduced forms of nitrogen, metals, and sulfur
predominate, and anoxic zones with anaerobic conditions are formed. An increase in the content of re-
duced compounds, in particular the concentration of sulfides, results in a rise in their flux into bottom
water layer (Orekhova & Konovalov, 2018b). In this case, anaerobic conditions are formed not only
in bottom sediments, but also in water column (Berlinsky et al., 2003 ; Meysman et al., 2003). Such
changes in physicochemical characteristics of ecosystems are reflected in their ecological status and,
as a result, in the socioeconomic attractiveness of the region.

To study the ecological state of Sevastopol coastal waters, the Kazachya and Kruglaya bays
were chosen, which have high social and recreational significance for the region.

Earlier studies of these bays (Zaika et al., 2011 ; Mironov et al., 2002, 2003 ; Mironova & Pan-
keeva, 2019 ; Sanitary and Biological Studies, 2018 ; Soloveva et al., 2019) showed as follows: over
the last 10-15 years, their ecosystems have undergone certain changes due to an increase in anthro-
pogenic load. However, there was no comprehensive study of the accumulation of organic matter
in bottom sediments, as well as of redox conditions of the environment (including oxygen deficiency)
in them and their effect on a benthic community. These investigations are relevant for the region
due to an increase in the number of sources and flux of organic matter inputted into the water area
of the bays.

MATERIAL AND METHODS

We used the data on the analysis of bottom water layer, pore waters, and bottom sediments sampled
in two bays in September 2019.

The Kazachya Bay is located in the southwestern Heracles Peninsula (Fig. 1) (Mironov et al., 2002 ;
Ovsyanyi & Orekhova, 2019). This water area is characterized by free water exchange with the deep sea
and is one of the objects of the nature reserve fund of the Sevastopol region (Mironov et al., 2003). Until
recently, it was considered one of the cleanest Sevastopol bays (Mironov et al., 2003). To date, its coast
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is actively used as a recreational area: sandy and pebble beaches are located in the top of the bay. However,
active construction on the bay coast and development of a new residential zone with the appropriate
infrastructure, with year-to-year rising area and population, led to a significant increase in anthropogenic
load on its ecosystem (Soloveva et al., 2019).
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Fig. 1. Scheme of sampling stations in the bays of the Sevastopol region: I, the Kruglaya Bay;
I, the Kazachya Bay

The Kruglaya Bay, the shallow one, is located in the northern Heracles Peninsula between Dvoinaya
and Streletskaya bays (Fig. 1); it is of the semi-enclosed type (Mironova & Pankeeva, 2019), with lim-
ited water exchange (Zaika et al., 2011). During cold season, the bay waters are well aerated due to their
dynamics and vertical convective mixing. During warm period, because of a seasonal thermocline de-
termining the two-layer structure of waters, vertical water stratification and weak ventilation of bottom
layer at a relatively high temperature are characteristic (Zaika et al., 2011). An increase in tempera-
ture promotes intensive oxygen consumption when it is involved in various biological and chemical
processes (Zaika et al., 2011). The Kruglaya Bay is a recreational area as well, with resting places, city
beach, and entertainment centers. At the same time, there is an emergency runoff of sewage water; there-
fore, during summer, sanitary and epidemiological indicators often do not meet the standards (Sanitary
and Biological Studies, 2018). Intensive construction of the microdistrict, arrangement of the beach area,
and a rise in the number of small boats on the eastern coast resulted in an increase in anthropogenic load
on the bay ecosystem (Sanitary and Biological Studies, 2018). All this negatively affects its ecological
state. There can be an additional source of organic matter and pollutant input into the bay due to water
exchange with the adjacent area: contiguous semi-enclosed bays with numerous permanent, local, emer-
gency, and unauthorized wastewater discharges (Kuftarkova et al., 1999). The maximum load on the bay
waters falls on summer.
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The samples were taken by diver in plexiglass tubes hermetically sealed at the top and bottom. Depth
of the tube immersion was limited by the nature of the sediments. The columns sampled were transferred
in a strictly vertical position to preserve a fine structure of bottom sediments and bottom water layer.
At each point, bottom sediment columns were sampled in one replication. To study benthic communities,
samples were taken in the same spot in duplicate, with a manual sampler with an area of 0.025 m?
Water temperature in the samples was of +22...4+24 °C.

In the Kruglaya Bay, bottom sediment columns were sampled in the apex (st. 1; N44.597°, E33.448°;
Fig. 1) and in the mouth area (st. 2; N44.602°, E33.442°; Fig. 1). The sampling points were cho-
sen considering different sedimentation conditions and sources of organic matter input. The shallow
(sampling depth of 0.5 m) bay apex is most exposed to anthropogenic load, and due to the remoteness
from the bay mouth, water stagnation often occurs there. Moreover, in the bay apex, there are sources
of pollution: runoff from storm sewers and permanent outlets of untreated domestic wastewater (Kuf-
tarkova et al., 2008). This contributes to organic matter accumulation and oxygen consumption in bot-
tom sediments and bottom water layer. In the bay mouth area (st. 2), the depth is of 10 m; an un-
derwater coastal abrasion slope is located there (Mironova & Pankeeva, 2019). In this area, active
hydrodynamic effect, peculiarities of bottom topography, and absence of significant and permanent
sources of organic matter contribute to the saturation of bottom water layer and sediment surface
with oxygen.

In the Kazachya Bay, samples were taken in the central areas of the eastern branch (st. 3; N44.570°,
E33.413°; Fig. 1) and of the western one — in the Solenaya Bay (st. 4; N44.579°, E33.407°; Fig. 1).
Sampling depths were of 3.5 and 13.6 m for st. 3 and st. 4, respectively. The water exchange is not
limited (Mironov et al., 2003), but these areas are under significant anthropogenic load due to dense
settlement of the shores and location of infrastructure facilities (Ovsyanyi & Orekhova, 2019).

The voltammetry analysis with the use of a glass Au/Hg microelectrode was carried out to obtain
a chemical profile of pore waters with high vertical resolution (1-5 mm) (Brendel & Luther, 1995 ;
Orekhova & Konovalov, 2009). This method allows to quantify electrochemically active compounds
in pore waters, primarily oxygen, sulfides and other reduced forms of sulfur, and reduced forms of iron
and manganese; the method error does not exceed 10 % (Orekhova & Konovalov, 2018b).

Organic carbon content (Cyg; % dry weight) in bottom sediments was determined by coulometry
on an AN-7529 express analyzer according to a technique adapted for marine sediments (Ljutsarev,
1986). The method error does not exceed 10 % (about £ 0.2 % dry weight).

The calculation of an oxygen flux at the boundary and in the upper layer of bottom sediments was
carried out according to the data of voltammetry and geochemical analyses with applying the equation
for the Fick’s first law considering concentration gradient and molecular diffusion of oxygen in pore
waters (Hyacinthe et al., 2001):

J =—pD,dC/dZ , (1)

where J is the flux, mol-(year -m™2);
(p is porosity;
D; is the coefficient of molecular oxygen diffusion taking into account the viscosity, m>year™!;
dC/dZ is the concentration gradient, mol-m™,
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Molecular oxygen diffusion coefficients in pore waters were taken from (Meysman et al., 2003).
When calculating these coeflicients, temperature of bottom water layer, which was measured immediately
at the time of sampling, was taken into account.

Considering the high rate of sedimentation processes in the coastal zone, short time for diagenetic
processes of bottom sediments compaction, high intensity of intra-annual dynamics of bottom sedi-
ments, and high rate of redox biogeochemical processes, the effect of advective currents was not taken
into account.

Benthic samples were washed through a sieve with a 1-mm mesh and fixed in ethanol. Further process-
ing of the fixed material was carried out under laboratory conditions. Species were identified according
to the guides (Opredelitel’, 1968, 1969, 1972). Bivalves were weighted after their dissection and remov-
ing the fixative solution from the mantle cavity. At each station, biomass (g-m'z) and abundance (ind.-m™?)
of a separate species were calculated from the total benthic sample. The values of the Shannon diversity
index (H’) (the binary logarithm was used) and Pielou evenness index were calculated in the Diverse
application of the PRIMER-5 package.

RESULTS

The height of the column sampled in the Kruglaya Bay apex (st. 1) was of 25 cm. Sediment is rep-
resented by gray and dark gray silted sand. The sediment surface in the sampling area was covered with
a layer of vegetation. Based on the works of Mironova and Pankeeva et al. (Mironova & Pankeeva, 2019 ;
Pankeeva et al., 2019), it can be assumed that this is a community of seagrasses and green algae, mainly
Cladophora species on silty sediments.

The finely dispersed nature of sediment
and the organic matter content of about 1.97 %
contributed to active oxygen consumption.

Thus, in bottom water layer, oxygen saturation

of 56 % was observed; directly above the sur-

face of seagrasses and on the sediment surface,

it dropped down to 19 %, which corresponds

to hypoxia (Zaika et al., 2011). In the layer down

to 7 mm, no voltammetrically active compounds

were detected (Brendel & Luther, 1995 ; Orekhova

& Konovalov, 2009), which may indicate the occur-

rence of processes with oxidized forms of nitrogen

in this depth interval (Orekhova & Konovalov,

2009). Below, hydrogen sulfide appears, with

non-uniform distribution (Fig. 2). In the depth

interval of 8-30 mm, hydrogen sulfide concen-

tration varies within 9-31 uM. This is followed

by the interval of 3240 mm, in which hydrogen Fig. 2. Vertical profile of hydrogen sulfide
. . e in pore waters of bottom sediments sampled

sulfide concentration is below the detection limit in the Kruglaya Bay (st. 1)

(3 uM) or there is no hydrogen sulfide. In the layer

Mopckoii buosnorrueckuii kypHan Marine Biological Journal 2021 vol. 6 no. 4



Redox conditions of bottom sediments and macrozoobenthos characteristics. .. 73

of 42—-140 mm, hydrogen sulfide concentration increases with depth, reaching a maximum of 207 uM
at 120 mm, and then decreases. In the depth interval of 150-180 mm, hydrogen sulfide concentration
is constant and amounts to 9 uM; it sharply increases from 190 mm, reaching 175 pM at 200 mm.
Further profiling was not performed.

At st. 2 (see Fig. 1), sediment is represented by sand; the height of the column sampled is of 9 cm.
Free water exchange, bottom peculiarities (Mironova & Pankeeva, 2019), and absence of organic matter
sources contribute to oxygenation of bottom water layer. In bottom water layer and in upper sediment
layer, oxygen saturation of 100 % was recorded.

In the central area of the eastern Kazachya Bay (st. 3, Fig. 1), a significant predominance of silty ma-
terial contributed to organic carbon accumulation (to date, its content reaches ~ 7 %). High content of or-
ganic matter leads to oxygen consumption in bottom water layer and on the sediment surface for its ox-
idation (Orekhova & Konovalov, 2009). Oxygen concentration in bottom water layer (10 cm above
the sediment surface) corresponded to saturation of 65 %. Such oxygen concentration at a sampling
depth of 3.5 m indicates the development of oxygen deficiency.

On the sediment surface, oxygen concentration decreases down to 100 uM (saturation of 40 %);
below, all oxygen is depleted (Fig. 3a). No voltammetrically active compounds were found in the depth
interval of 1-20 mm (Orekhova & Konovalov, 2009, 2018b), which allows to suggest the occurrence
of biogeochemical processes of organic matter mineralization mainly with nitrates/nitrites involved. Mo-
saic signals corresponding to reduced iron and manganese with concentrations of about 2 and 3 uM,
respectively (Fig. 3a), may indicate the occurrence of processes with these compounds involved. Below,
hydrogen sulfide appeared (Fig. 3a). With depth, concentration of sulfides varied within 36-346 uM;

other components were not detected.

concentration, pM concentration, uM

O, HS, Fe (IN), Mn(Il
1000 2000 3000 4000

Oy, 1S, Fe (II), Mn(Il)
200 400 600 800 1000

L [l [l 1 ] [ ] 2 [ 2 [] ' L 2 []
A
(e = = = = = = = OFpst = = = = — =
A A A AA g“ }:*A
20 A Aa, 20_ ST 09 %OO ‘
E 2 E J % o%(
€ 40 -i% € 40 - ?(;
= ° o
ﬁ -O E 1 OQ
260 .60 S,
o 1° Lo} [o)
2 804 2 80 By
= i = 5
Q Q Q o
10042 100 - o
g -8“ § OOO
'§120- 8120 - S
<40 (6]
gmo-o £140 4 o
B160 - §160 .
- = (@]
O i s o 4 o
180 180 - o
40 - o
200 - 200 -
T v rrrrr1 L E e p e e e e
a 0 002 0,04 0,06 0,08 0,1 b
Fe(1II), pA

Fig. 3. Vertical profile of the chemical composition of pore waters of bottom sediments sampled at stations
3 (a) and 4 (b) in the Kazachya Bay
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A sampling depth in the Solenaya Bay (st. 4, Fig. 1) located in the western Kazachya Bay,
was of 13.6 m. The column height was of 34 cm; sediment was mainly represented by a finely dispersed
fraction. However, the appearance of sampled sediment differed from the previous ones: in the upper
2-mm layer, a fluff layer was recorded; in the depth interval of 2-20 mm, gray-brown sand was found;
and below, homogeneous dark gray silted sand was registered.

In bottom water layer, oxygen concentration corresponded to saturation of 97 %. On the sediment
surface, oxygen concentration decreases down to 200 uM (saturation of 80 %). It penetrated into the sed-
iment down to 4 mm (Fig. 3b). From 5 mm, Fe(IIl) appears; its intensity [due to the formation of col-
loidal solutions, Fe(III) concentration cannot be determined analytically (Brendel & Luther, 1995)] in-
creases with depth, reaching a maximum at 9 mm, and then decreases; from 14 mm, its signal disappears.
In the layer of 5—11 mm, signals are recorded corresponding to reduced forms of iron and manganese.
Iron and manganese concentrations averaged 230 and 365 uM, respectively (Fig. 3b). From 11 mm, hy-
drogen sulfide appears; its concentration is 82 uM; it increases up to 942 uM with depth. In hydrogen sul-
fide distribution, two “depth intervals” can be distinguished: 12—110 mm (there, concentration of sulfides
first increases, reaching a maximum value (942 uM) at 70 mm, and then decreases) and 120-200 mm
(it is a layer of insignificant increase and decrease in sulfide concentration, but the value varies within
767-852 uM).

Based on the data on oxygen concentration in the surface (0-5 mm) sediment layer (pore wa-
ters), as well as on material on geochemical composition of bottom sediments, the oxygen flux at st. 4
was calculated: 0.73 M-m™2.year !. Considering oxygen concentration in bottom water layer (259 uM),
the time for complete depletion of oxygen is about 5 months if taking into account biogeochemical
processes alone.

Table 1 shows the data on oxygen concentration on the sediment surface, depth of emergence of hy-
drogen sulfide and its concentration, and quantitative indicators of the benthic community in the wa-
ter areas studied. Table 2 contains the data on macrozoobenthos characteristics (abundance, biomass,
Shannon index, and Pielou evenness index) of the Kruglaya and Kazachya bays.

Table 1. Geochemical characteristics of bottom sediments and macrozoobenthos abundance

Mean hydrogen
Oxygen. Depth sulfide Hydrogen
. concentratlgn of hyd.rogen concentration sulfide Macrozoobenthos
Station on the sedi- sulfide in bottom concentration al')undaricze,
ment surface, emergence, sediment column range, M ind.-m
WM mm + 5D, uM

St. 1
(the Kruglaya Bay) <20 8 31+30 <DL...213 2,480
St. 2
(the Kruglaya Bay) 238 B B B 360
St. 3
(the Kazachya Bay) <20 20 126 £42 <DL...346 40
St. 4
(the Kazachya Bay) 177 11 696 £ 196 <DL...941 80

Note: SD denotes standard deviation; < DL is below the detection limit (3 uM).
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Table 2. Macrozoobenthos characteristics (abundance, biomass, Shannon index, and Pielou evenness
index) of the water area studied

. St. 1 St. 2 St. 3 St. 4
Class Species
N M N M N M N M
Chamelea gallina
(Linnaeus, 1758) - - 40 7.52 - - - -
Mptilaster lineatus
(Gmelin, 1791) 80 0.012 120 0.04 - - - -
Abra segmentum
Bivalvia (Récluz, 1843) 1640 | 2208 | - - - - - -
Cerastoderma glaucum
(Bruguitre, 1789) 80 | 636 | - - - - - -
Lucinella divaricata
(Linnaeus, 1758) - - - - - - 40 0.012
Tritia neritea
(Linnaeus, 1758) 40 1 668 | - - - - - -
Gastropoda Tritia pellucida 20 13.44
(Risso, 1826) : - - - - - -
Ampelisca diadema
Crustacea (Costa, 1853) - - 40 0.32 — - - _
Insecta Chironomus sp. 40 0.016 - - - - - -
Harpacticoida 40 0.004 - - - - - -
Capitella capitata
(Fabricius, 1780) 401 0008 | - - - - - -
Heteromastus filiformis
(Claparéde, 1864) 40 | 0.004 | - - 40 | 0008 | - -
Notomastus lineatus
(Claparede, 1863) 401 0004 ) - - - - - -
Nephtys hombergii
Polychaeta Savigny in Lamarck, - - - - - - 40 3.12
1818
Cirriformia tentaculata
(Montagu, 1808) - - 160 | 3.04 | - - - -
Glycera alba
(O. F. Miller, 1776) 40 | 156 | - - - - - -
Ascidiacea 320 17.64 - - - - - -
In total 2,480 | 343.77 | 360 10.88 40 0.008 80 3.132
Shannon index
(log, based) 1.93 1.56 1.75 1.06 - - 1.0 0.04
Piel
reton 046 | 039 | 088 | 053 | - - 10 | 0.04
evenness index

Note: N denotes abundance, ind.-m~2; M, biomass, g-m~2.

Mopckoii 6uonornyeckuii kypHain Marine Biological Journal 2021 vol. 6 no. 4



76 N. A. Orekhova

Macrozoobenthos maximum abundance (2,480 ind..m™2) was recorded in the Kruglaya Bay
apex; in its upper layer of bottom sediments, hypoxic conditions were noted. In the bay mouth
area, with the maximum oxygen concentration (238 uM) on the sediment surface and with no hy-
drogen sulfide, macrozoobenthos abundance was an order of magnitude lower (360 ind.-m™)
due to a decrease in bivalve abundance and absence of gastropods, ascidians, insects, and harpacti-
cides (Table 2). In the Kazachya Bay, abundance of hydrobionts was significantly lower; the min-
imum value (40 ind.-m™) was registered at the minimum oxygen concentrations on the sediment
surface (Table 1).

In the Kruglaya Bay, bivalve molluscs predominated in terms of abundance and biomass. Myti-
laster lineatus was recorded at both stations; at st. 2, it was the most abundant bivalve species (Table 2).
At this station, Chamelea gallina predominated in terms of biomass, wherein at st. 1, the species
was not found. Gastropods were not recorded. In the bay apex (st. 1), the predominant species in terms
of abundance and biomass was the detritus feeder Abra segmentum. The same values of abundance
were observed for the filter feeders Mytilaster lineatus and Cerastoderma glaucum. Gastropods were
represented by two species: Tritia neritea and Tritia pellucida.

In the bay apex, ascidians and four polychaetes with the same abundance values were recorded as well:
Capitella capitata, Heteromastus filiformis, Notomastus lineatus, and Glycera alba (biomass-dominant
species). In the bay mouth area, ascidians were absent, and polychaetes were represented by one species:

Cirriformia tentaculata.

The results of our research show low values of species diversity and abundance for mol-
luscs in the Kazachya Bay. At st. 4, only the bivalve Lucinella divaricata was found; gastropods
were not recorded. High biomass values in the Kazachya Bay were noted for polychaetes (Table 2) rep-
resented by two species of the same abundance: Heteromastus filiformis at st. 3 and Nephtys hombergii
at st. 4. At st. 3, no other representatives of benthic fauna were registered.

DISCUSSION

The results of geochemical analysis provide a basis for understanding the ongoing biogeochemical
processes (Volkov, 1973 ; Mitropol’skii et al., 1982 ; Rozanov & Volkov, 2009 ; Khimiya okeana, 1979 ;
Orekhova & Konovalov, 2009). Pore waters are an integral part of bottom sediments (Rozanov & Volkov,
2009). The study of their characteristics allows to assess redox and acid-base properties of bottom sedi-
ments, content of mobile forms of metals, and possibility of their binding and transition into a solid form
of sediments or into the water column (Kuftarkova et al., 1999 ; Mironov et al., 2003).

According to our material and the data of Soloveva et al. (2019), mean organic carbon content in bot-
tom sediments of the Kruglaya Bay is 1.67-1.97 %, which is more than 2 times higher than mean or-
ganic carbon content in the New Black Sea sediments (0.71 %) and bottom sediments of the Black Sea
shelf (Mitropol’skii et al., 1982). Such organic carbon content in bottom sediments contributes to active
oxygen consumption and development of its deficiency.

A significant rise in anthropogenic load on the Kazachya Bay water area and its coast resulted
in an increase in organic carbon content. According to (Ovsyanyi & Orekhova, 2019), C,, content
in 2015 averaged 2.74 % (35 % higher than in 2002). To date, C,, concentration is about 5.8 %
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(the range is 4.32—7.86 %), which is comparable to organic carbon content in bottom sediments of the Se-
vastopol Bay (Inkerman area, the Yuzhnaya Bay) — the most anthropogenically stressed water area
of the Sevastopol region (Orekhova et al., 2019b).

According to the data obtained, in bottom sediments of the Kruglaya Bay, the main processes
of organic matter mineralization [their sequence is determined by the thermodynamic characteristics
of the system and is described in detail in (Orekhova & Konovalov, 2009)] were carried out with oxi-
dized forms of nitrogen involved (equation 2) in the upper 7-mm layer and sulfates involved (equation 3)
in a layer of 8-=200 mm in the bay apex (st. 1):

Cho6H1750,45N16P + 104HN Oy < 106CO, + 60N, + Hy PO, + 138H,0 , )

ChosH175049N16P + 59H, S0, < 106C0, + 16N Hy + Hy PO, + 59H,S + 62H,0 . (3)

This was facilitated by the presence of a permanent source of organic matter, shallow depth, high
temperature of bottom water layer (+24 °C), and limited water exchange.

Hydrogen sulfide distribution obtained may indicate a non-uniform organic matter accumulation due
to a shift in the load level in different periods, redeposition resulting from turbidity, etc.

In the bay mouth area (st. 2), the absence of a permanent source of organic matter and water dy-
namics (Zaika et al., 2011 ; Kuftarkova et al., 2008) contributed to the fact as follows: during the pe-
riod studied, there was enough oxygen to oxidize all organic matter. In the upper layer of bottom sedi-
ments (0—20 mm), aerobic conditions were recorded, and the main processes of organic matter oxidation
were carried out with the oxygen involved (equation 4) (Orekhova & Konovalov, 2009):

Cho6H 175045 N6 P + 1500, < 106C0, + 16 HNO, + Hy PO, + T8H,O . 4)

Chemical composition of pore waters and geochemical characteristics of bottom sediments, inter alia
organic carbon accumulation, as well as water circulation affect characteristics of benthic communities.
As known, benthic diversity largely depends on redox conditions of the environment, presence of oxygen /
hydrogen sulfide (Zaika et al., 2011), and organic matter content.

Despite the state corresponding to hypoxia in bottom water layer and an insignificant oxygen content
(<20 uM) on the sediment surface, the Kruglaya Bay apex was characterized by the highest macrozooben-
thic diversity. In addition to bivalves, polychaetes and ascidians were noted. At the same time, two out
of five recorded mollusc species in the Kruglaya Bay, Abra and Cerastoderma, are resistant to organic
pollution (Tikhonova, 2010 ; Tikhonova & Rubtsova, 2012). This fact also indicates a fairly high level
of organic pollution. The decrease in macrozoobenthos abundance at st. 2 is determined by geologi-
cal and geomorphological structure of the underwater relief [it is an underwater coastal abrasion slope
composed of psephite deposits with outcrops of bedrock (Mironova & Pankeeva, 2019)] and rather in-
tensive water circulation in this area (Zaika et al., 2011). However, polychaetes are found there as well;
a decrease in abundance and biomass (by almost an order of magnitude) of bivalves, absence of gas-
tropods, and presence of crustaceans are registered. The polychaete Cirriformia tentaculata recorded
in the bay mouth area is less resistant to organic pollution than species previously noted in other bay areas.
They are found in spots at some distance from the source of organic matter, in so-called intermediate
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zones (Dean, 2008). Absence of ascidians in the Kruglaya Bay is characteristic of this water area:
2000 to 2009, they were not found as well (Mironov et al., 2003 ; Sanitary-Biological Investigations,
2009).

Thus, the greatest macrozoobenthic diversity in the Kruglaya Bay is confined to the apex station with
silty and sandy bottom sediments (st. 1). In terms of its composition, this area has always significantly
differed from other coastal areas (Mironov et al., 2003). On sandy and pebble sediments (st. 2), the diver-
sity and quantitative parameters of macrobenthos are lower than in the mouth area, which also coincides
with the data of earlier studies (Mironov et al., 2003). Species composition at the stations corresponds
to that in earlier periods.

The Kruglaya Bay water area is distinguished by fluctuations in abundance and biomass, as well
as a variability in the predominant species. Specifically, at st. 1 in 1999 and 2002-2004, the mol-
lusc C. glaucum prevailed; in 2000 and 2004, H. acuta. In the recent period, a variety of crustaceans
and polychaetes has been recorded in macrozoobenthos (Mironov et al., 2003). In 2001, a sharp decrease
in species abundance was revealed in this area, with polychaetes predominating among four species reg-
istered (Mironov et al., 2003). During that period, significant abundance of M. lineatus juveniles was ob-
served there (Mironov et al., 2003), as in the present study. It was noted earlier that at st. 1, the level
of pollution of marine sediments with petroleum products is still not high enough to exert a depressing
effect on species sensitive to this pollutant (Mironov et al., 2003). Besides pollutants, a wave effect has
a significant impact on the formation of the community; however, in the points studied at st. 2, it is less
notable, and at st. 1, it is practically absent. The latter favorably affects the development of malacofauna
(including filter feeders); the accumulation of silt particles in bottom sediments contributes to an increase
in the diversity and abundance of detritus feeders (Mironov et al., 2003).

In the Kazachya Bay, despite the better water exchange (Mironov et al., 2002) than in the Kruglaya
Bay, the presence of permanent sources of organic matter led to its significant accumulation. Due to high
organic carbon concentrations (4.32-7.86 %), oxygen is not the main component during its oxidation,
and anaerobic conditions prevail in bottom sediments. There, hydrogen sulfide concentration in bottom
sediments is significantly higher than in other bays of the Sevastopol region (Orekhova et al., 2019a ;
Orekhova & Konovalov, 2018b). However, different conditions of sedimentation and sources of or-
ganic carbon determine as follows: at st. 3 in the upper sediment layer, suboxic conditions are ob-
served, and the main biogeochemical processes are carried out with nitrates/nitrites involved (equa-
tion 2) in the 20-mm sediment layer. Below, sulfate reduction occurs, and one of its products is hy-
drogen sulfide (equation 3). In pore waters of bottom sediments at st. 4, the maximum hydrogen sulfide
concentrations (about 900 uM) were noted; however, aerobic conditions were recorded in the upper
4-mm layer, which is probably due to the influx of “fresh” oxygen-enriched waters because of ventila-
tion. Below, anaerobic conditions prevail, with their development resulting from sulfate reduction (equa-
tion 3). Moreover, for the Kazachya Bay area, the presence of reduced forms of iron and manganese
was registered (Fig. 3) in the upper layer (0-20 mm), which may be associated with their local input
prior to sampling.

In the bottom sediments of the Kazachya Bay, oxygen deficiency in the upper sediment layer and high
hydrogen sulfide concentrations in bottom sediment column led to the fact that the benthic commu-
nity was not characterized by high abundance and diversity, and polychaetes were the predominant
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class (Table 2). According to (Mironov et al., 2002 ; Belan & Moshchenko, 2009), Capitella capitata
is a recognized positive indicator species of organic pollution, resistant to oxygen deficiency and reaching
its maximum abundance under severe environmental pollution; Heteromastus filiformis is an indicator
species of eutrophic waters (Losovskaya, 2011).

In recent years, changes have been observed in the macrozoobenthic community of loose sedi-
ments in the Kazachya Bay. According to AZTI Marine Biotic Index (AMBI), in 2003 and 2009,
at most of the stations studied in the bay, the “undisturbed” state of benthic communities was recorded,
while in 2006, “slightly disturbed” state was registered (Tikhonova & Alyomov, 2012). On sandy
sediments, 13 Gastropoda taxa and 11 Bivalvia taxa were found. The ratio of gastropods was 55
and 75 % in 2011-2012 and 2018-2019, respectively; the ratio of bivalves was 45 and 25 %.
In 2018-2019, there was a slight decrease in Mollusca abundance: Gastropoda, two times; Bivalvia,
four times (Makarov, 2020). In terms of abundance, gastropods Hydrobia acuta (Draprnaud, 1805)
prevailed: 55 and 70 % in 2011-2012 and 2018-2019, respectively; in terms of biomass, bivalves
Cerastoderma glaucum (Bruguiere, 1789) prevailed: 54 %. The mean abundance of molluscs decreased
on average by three times compared to the values of 2011-2012, but the species composition was typ-
ical for loose sandy sediments (Makarov, 2020). These data differ from the values obtained in our
study. The disparities revealed can be associated with the nature of bottom sediments (loose sandy
sediments and silty sediments), sampling depth (coastal samples from a depth of 0.1 m and samples
from a depth of more than 13 m), mosaicity of the benthic community distribution, and different
oxygen regimes. Similar rearrangements in the benthic community were registered not only on loose
sediments of the Kazachya Bay, but also in the epiphyton of Zostera seagrass. The number of species
in 1970-1971 and 2006-2007 was the same — 13. Species composition for the indicated period prac-
tically did not differ. In 20062007, instead of Steromphala divaricata (Linnaeus, 1758), the species
of the same genus was recorded — Steromphala adriatica (Philippi, 1844); instead of Mytilus galloprovin-
cialis Lamarck, 1819 juveniles, a closely related Mytilidae species was noted — M. lineatus. However, mol-
lusc mean abundance and mean biomass decreased significantly. Specifically, in 1970-1971, the mean
abundance of Mollusca was 6,182 ind.-kg'l, while in 2006-2007, only 257 ind.-kg'1 (it decreased
by almost 25 times). The mean biomass in the early 1970s was 44.2 g-kg™!, while in the early 2000s,
8 gkg! (it decreased by more than 5 times). Moreover, there was a change in the predominant
species. In the early 2000s, in terms of abundance and biomass, Tricolia pullus (Linnaeus, 1758) pre-
vailed. In the early 1970s, Rissoa membranacea (J. Adams, 1800) definitely prevailed, and Tricolia
was a non-abundant species (Makarov, 2018).

It can be assumed that the changes occurring in the macrozoobenthic community in the Kazachya
Bay are caused not only by the anthropogenic factor (hypoxia development due to a recent increase
in anthropogenic load on the water area because of the massive construction on the bay coast), but also
by long-term fluctuations in abundance of the species themselves, characteristic of this region (Makarov,
2018), and active water dynamics in winter.

Moreover, there is a gradation of a particular species belonging to a certain group in terms of sen-
sitivity to pollution: sensitive, indifferent, and stable ones (Mironov et al., 2003). Sensitive species
are those found only in bottom sediments with the I-III pollution levels [these levels were deter-
mined by the content of chloroform extractable substances in them (Mironov et al., 2003)] or those
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characterized by a pronounced decrease in the frequency of occurrence with an increase in the pollution
level of bottom sediments. Macrozoobenthic species characterized by the opposite tendency (an increase
in the frequency of occurrence with an increase in the pollution level) are attributed to the ecological
group of stable. According to this scale, the species recorded in the Kruglaya Bay water area are classi-
fied as stable ones (A. segmentum, C. glaucum, T. neritea, T. pellucida, and C. capitata), sensitive ones
(C. gallina and A. diadema), and indifferent ones (M. lineatus and H. filiformis). For the Kazachya
Bay, one sensitive species was recorded (L. divaricata), as well as two indifferent ones (H. filiformis
and N. hombergii).

For the Kruglaya Bay, the Shannon indices calculated for abundance were 1.93 and 1.75 (Table 2).
For the Kazachya Bay, the values were much lower: 0 and 1.0. Comparison of values obtained with
those of previous studies shows that they are commensurate in Kruglaya Bay: earlier, the index varied
1.14 to 2.14 (Mironov et al., 2003). In the Kazachya Bay, the index is currently significantly lower.
Earlier, it averaged 2.04-2.41 and reached 3.47 at some stations (Mironov et al., 2003). The results
obtained can be associated with the mosaicity of the benthic community distribution over the bay
water area (in the bay apex, the index values are lower), with a small number of samples analyzed,
and with changes in habitat conditions. According to the classification of the state of the macrozooben-
thic community for loose sediments considering the Shannon index (Water Framework Directive, 2009),
it can be assessed as bad for the Kazachya Bay and moderate for the Kruglaya Bay. The Shannon in-
dices calculated for biomass in the bays were low: the values did not exceed 1.56, and at some sta-
tions those were close to O (Table 2). The Pielou evenness index was rather low in the Kruglaya Bay,
which indicates the predominance of particular species in the benthic community (Table 2). One species
was recorded in the Kazachya Bay (st. 3), which makes it impossible to calculate the index. At st. 4,
the Pielou evenness index is 1.

Analysis of species diversity in the water areas studied shows as follows: the formation of the benthic
community, along with concentration of oxygen, hydrogen sulfide, and organic matter in bay bottom
sediments, is influenced by habitat conditions of hydrobionts as well: presence of a food base, speed
of currents, intensity of organic matter input, granulometric composition of bottom sediments, and wave
processes (Neyman & Karpinsky, 2013).

The values of the oxygen flux calculated (0.73 M-m™2-year™') at water — bottom sediments bound-
ary and time of hypoxia development in bottom water layer in the Solenaya Bay area (st. 4) indicate
the following: while maintaining the level of anthropogenic load with no water dynamics there, anoxia
conditions in bottom water layer can develop in 5 months. This will undoubtedly result in the appearance
of reduced forms of components (metals, nutrients, and sulfur) in the upper sediment layer and worsen
habitat conditions of benthic communities.

Conclusion. Stratification of a water column due to limited water exchange, high temperature of bot-
tom water layer, accompanied by a decrease in oxygen solubility, finely dispersed nature of bottom
sediments, and high content of organic carbon (up to 7 % in bottom sediments of the Kazachya Bay
and up to 2 % in bottom sediments of the Kruglaya Bay) contribute to the fact that the rate of oxygen con-
sumption for organic matter oxidation exceeds the rate of its input. This is accompanied by the develop-
ment of zones of oxygen deficiency on the surface of bottom sediments and reduced forms of compounds,
in particular hydrogen sulfide, in their column.
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In the upper sediment layer of the areas studied, suboxic conditions prevail; below, anaerobic ones.
This led to the fact that the main forms of macrozoobenthos are species tolerant to oxygen deficiency
and organic pollution. Specifically, in the investigated spots of the Kazachya Bay, polychaetes alone
were present. The maximum hydrogen sulfide concentrations (up to 900 uM) in bottom sediments
of the Solenaya Bay (the Kazachya Bay) are probably due to the presence of an additional source of or-
ganic matter there. The calculated time for complete depletion of oxygen in the upper sediment layer
(where it was recorded), taking into account biogeochemical processes alone at this station, is about
5 months.

Species diversity of the benthic community in bottom sediments of the studied bays indicates that
the determining factors in its formation are not only concentrations of oxygen, hydrogen sulfide, and or-
ganic matter in bottom sediments, but also presence of a food base, speed of currents, intensity of organic
matter input, granulometric composition of bottom sediments, wave processes, etc.

Hence, it can be assumed that a lack of systemic and environmentally efficient approach to ex-
ploitation of the Kruglaya and Kazachya bays resulted in their severe pollution, which contributed
to the deterioration of habitat conditions of benthic communities. The development of hypoxic condi-
tions on the sediment surface and hydrogen sulfide emergence in the upper sediment layer may indicate
that the ecosystems of the Kruglaya and Kazachya bays are in the stage of degradation.

Their further exploitation without reducing anthropogenic load will result in the emergence
and spread of environmental risk zones. This will worsen the recreational and socioeconomic
attractiveness of these areas.

This work was carried out within the framework of MHI state research assignment No. AAAA-AIS-
118012690345-0 “Comprehensive interdisciplinary studies of oceanological processes determining the function-
ing and evolution of ecosystems in the Black Sea and Sea of Azov coastal zones” (chemical analysis of bot-
tom sediments) and RFBR project No. 18-45-920008 “Assessment of the effect of organic matter accumulation
in bottom sediments on changes in redox conditions of the bays of the Sevastopol region” (sampling and data
analysis).

Acknowledgement. The author is grateful to junior researcher of IBSS marine sanitary hydrobiology depart-
ment T. V. Viter for her help in determining species composition of benthic molluscs and in calculating the key
indices, as well as to senior researcher of IBSS marine sanitary hydrobiology department, PhD E. A. Tikhonova
for her help and professional advice in discussing the results obtained on species composition and distribution

of benthic organisms in the Kruglaya and Kazachya bays.

Mopckoii 6uonornyeckuii KypHaia Marine Biological Journal 2021 vol. 6 no. 4



82

N. A. Orekhova

. Ignatyeva O. G., Ovsyanyi E. L.,

. Kuftarkova E. A., Rodionova

REFERENCES

. Berlinsky N. A., Garkavaya G. P., Boga-

tova J. 1. Anthropogenic eutrophica-
tion problems and hypoxia development
in the northwestern part of the Black Sea.
Ekologiya morya, 2003, iss. 63, pp. 17-22.

(in Russ.)

. Volkov I. I. Khimicheskie elementy v tolshche

glubokovodnykh osadkov Chernogo morya.
In: Issledovaniya po khimii morya. Moscow :
Nauka, 1973, pp. 148—-171. (Trudy Instituta
okeanologii im. P. P. Shirshova ; vol. 63).
(in Russ.)

. Zaika V. E., Konovalov S. K., Sergeeva N. G.

The events of local and seasonal hypoxia
at the bottom of the Sevastopol bays and their
influence on macrobenthos. Morskoj ekologi-
cheskij zhurnal, 2011, vol. 10, no. 3, pp. 15-25.
(in Russ.)

Ro-
manov A. S., Konovalov S. K., Orekhova N. A.
Analysis of state of the carbonate system
of waters and variations of the content of or-
ganic carbon in bottom sediments of the Sevas-
topol Bay in 1998-2005. Morskoi gidrofizich-
eskii zhurnal, 2008, no. 2, pp. 57-66.
(in Russ.)

. Kuftarkova E. A., Kovrigina N. P., Rodi-

N. Yu.
raiona, prilegayushchego k bukhte Omega,
Ekologi-

cheskaya bezopasnost’ pribrezhnoi i shel fovoi

onova Gidrokhimicheskii rezhim

1 faktory, ego formiruyushchie.

zon i kompleksnoe ispol’zovanie resursov
shel’fa : sb. nauch. tr. / Mor. gidrofiz. in-t. Se-
vastopol, 1999, pp. 175-189. (in Russ.)

N. Yu,
Gubanov V. I, Bobko N. 1. Hydro-
chemical characteristics of several bays
coast.

of Sevastopol Trudy Yuzhnogo

nauchno-issledovatel’'skogo instituta rybnogo

10.

11.

12.

13.

khozyaistva i okeanografii, 2008. no. 46,
pp- 110-117. (in Russ.)

. Losovskaya G. V. On indicator and toler-

ant species of polychaetes (in the northwest-
ern Black Sea). Ekologicheskaya bezopasnost’
pribrezhnoi i shel’fovoi zon i kompleksnoe is-
pol’zovanie resursov shel’fa, 2011, iss. 25,
vol. 1, pp. 327-334. (in Russ.)

Ljutsarev S. V. The determination of organic
carbon in the sea bottom sediments by means
of dry oxidation. Okeanologiya, 1986, vol. 26,
no. 4, pp. 704-708. (in Russ.)

Makarov M. V. The taxon of molluscs
in epyphiton marine grass Zostera Sp.
in the Kazachya Bay (the Black Sea).
Ekologicheskaya  bezopasnost’  pribrezhnoi
i shel’fovoi zon morya, 2018, no. 3, pp. 92-97.
(in Russ.). https://doi.org/10.22449/2413-
5577-2018-3-92-97

Makarov M. V. The current state of malaco-
fauna at soft bottoms in the Kazachya Bay
head (the Black Sea). Ekologicheskaya be-
zopasnost’ pribrezhnoi i shel fovoi zon morya,
2020, no. 1, pp. 119-130. (in Russ.)].
https://doi.org/10.22449/2413-5577-2020-1-
119-130

Mironov O. G., Kirukhina L. N., Alyo-
mov S. V. Ecological characteristic
of Kazachya Bay (the Black Sea). Ekologiya
morya, 2002, iss. 61, pp. 85-89. (in Russ.)
Mironov O. G., Kirjukhina L. N., Aly-
omov S. V. Sanitary-Biological Aspects
of the Sevastopol Bays Ecology in XX Century.
Sevastopol : EKOSI-Gidrofizika, 2003, 185 p.
(in Russ.)

Mironova N. V., Pankeeva T. V. The spa-
tial distribution of stock of macrophytes
in Kruglaya Bay (the Black Sea). Ekosistemy,
2019, iss. 19 (49), pp. 16-26. (in Russ.)

Mopckoii buonorrueckuii kypHan Marine Biological Journal 2021 vol. 6 no. 4


https://doi.org/10.22449/2413-5577-2018-3-92-97
https://doi.org/10.22449/2413-5577-2018-3-92-97
https://doi.org/10.22449/2413-5577-2020-1-119-130
https://doi.org/10.22449/2413-5577-2020-1-119-130

Redox conditions of bottom sediments and macrozoobenthos characteristics. ..

83

14.

15.

16.

17.

18.

19.

20.

21.

22.

Mitropol’skii A. Yu., Bezborodov A. A.,
Ovsyanyi E. 1. Geokhimiya Chernogo morya.
Kyiv : Naukova dumka, 1982, 144 p. (in Russ.)
Neyman A. A., Karpinsky M. G.
fluence of trophic relations in the shelf

In-

communities on benthos: Trophic struc-
ture and the effects of grazing pressure.
Journal of Siberian Federal University. Bi-
ology, 2013, vol. 6, iss. 4, pp. 368-387.
(in Russ.)

Ovsyanyi E. I., Orekhova N. A. Accumu-
lation of organic carbon in bottom sedi-
ments of the Kazach’ya Bay (the Black Sea)
resulting from anthropogenic load. Meteo-
rologiya i gidrologiya, 2019, no. 5, pp. 85-93.
(in Russ.)

Orekhova N. A, 1.,

Tikhonova E. A. Organic carbon and redox

Ovsyanyi E.

conditions in bottom sediments of the Bal-
aklava Bay. Uchenye zapiski Krymskogo
federal’nogo universiteta imeni V. 1. Vernad-
skogo. Biologiya. Khimiya, 2019a, vol. 5 (71),
no. 3, pp. 49-64. (in Russ.)

Orekhova N. A., Konovalov S. K. Oxy-
gen and hydrogen sulfide in the upper layer
of the Black Sea bottom sediments. In: The
Black Sea System. Moscow : Nauchnyi mir,
2018a, pp. 542-559. (in Russ.)

Opredelitel’  fauny Chernogo i Azovskogo
morei. Svobodnozhivushchie bespozvonochnye.
Kyiv : Naukova dumka, 1968, vol. 1, 437 p.
(in Russ.)

Opredelitel’ fauny Chernogo i Azovskogo
morei. Svobodnozhivushchie bespozvonochnye.
Kyiv : Naukova dumka, 1969, vol. 2, 536 p.
(in Russ.)

Opredelitel’ fauny Chernogo i Azovskogo
morei. Svobodnozhivushchie bespozvonochnye.
Kyiv : Naukova dumka, 1972, vol. 3, 340 p.
(in Russ.)
Pankeeva T. V.,

Mironova N. V.,

23.

24.

25.

26.

27.

28.

Novikov B. A. Mapping of bottom veg-
etation of Kruglaya Bay (the Black Sea,
Sevastopol).  Ekologicheskaya bezopasnost’
pribrezhnoi i shel’fovoi zon morya, 2019,
iss. 3, pp. 61-71. (in Russ.). https://doi.org/
10.22449/2413-5577-2019-3-61-71

Rozanov A. G., Volkov I. I. Bottom sedi-
ments of Kandalaksha Bay in the White Sea:
The phenomenon of Mn. Geokhimiya, 2009,
no. 10, pp. 1067-1085. (in Russ.)
Sanitary-Biological Investigations
in Coastal Area of Sevastopol Region
/ O. G. Mironov (Ed.) ; InBYuM
NAN  Ukrainy. Sevastopol EKOSI-
Gidrofizika, 2009, 192 p. (in Russ.)

Sanitary and Biological Studies of the South-
Western Crimea Coastal Waters at the Be-
ginning of XXI Century / O. G. Mironov,
S. V. Alyomov (Eds) ; Kovalevsky Institute
of Marine Biological Research of RAS. Sim-
feropol : ARIAL, 2018, 276 p. (in Russ.)
Soloveva O. V., Tikhonova E. A., Kli-
menko T. L., Skrupnik G. V., Votinova T. V.
Organic substances of sea bottom sediments
in conditions of the coast urbanization
(for example Kazachiya Bay, the Black
Sea). Okeanologiya, 2019, vol. 59, no. 2,
pp. 234-242. (in Russ.). https://doi.org/
10.31857/S0030-1574592234-242
Tikhonova E. A. Issledovanie nakopleniya
i vyvedeniya neftyanykh uglevodorodov mol-
lyuskami Abra Tikhonova v eksperimen-
tal’'nykh usloviyakh. Naukovi zapysky Ternopil-
skoho natsionalnoho pedahohichnoho univer-
sytetu imeni Volodymyra Hnatiuka. Seriia:
biolohiia, 2010, no. 3 (44), pp. 280-282.
(in Russ.)

Tikhonova E. A., Alyomov S. V. The char-
acteristics of bottom sediments and macro-
zoobenthos of the Kazachya Bay in the first
decade of the XXI century. Ekologicheskaya

Mopckoii 6uonornyeckuii KypHaia Marine Biological Journal 2021 vol. 6 no. 4


https://doi.org/10.22449/2413-5577-2019-3-61-71
https://doi.org/10.22449/2413-5577-2019-3-61-71
https://doi.org/10.31857/S0030-1574592234-242
https://doi.org/10.31857/S0030-1574592234-242

84

N. A. Orekhova

29.

30.

31.

32.

33.

34.

bezopasnost’ pribrezhnoi i shel fovoi zon i kom-
pleksnoe ispol’zovanie resursov shel’fa, 2012,
iss. 26, vol. 1, pp. 88-94. (in Russ.)

Tikhonova E. A., Rubtsova S. L
tsessy nakopleniya i vyvedeniya neftyanykh

Pro-

uglevodorodov dvustvorchatymi mollyuskami
v eksperimental’nykh usloviyakh. Naukovi
zapysky Ternopilskoho natsionalnoho peda-
hohichnoho universytetu imeni Volodymyra
Hnatiuka. Seriia: biolohiia, 2012, no. 2 (51),
pp- 280-282. (in Russ.)
Khimiya okeana. Geokhimiya donnykh osad-
kov/1.1. Volkov (Ed.). Moscow : Nauka, 1979,
vol. 2, 536 p. (in Russ.)
Belan T. A., Moshchenko A. V. Pollution
indicator species in the communities of soft
bottom macrozoobenthos in Amursky Bay
(Peter the Great Bay, Sea of Japan). In: Eco-
logical Studies and the State of the Ecosystem
of Amursky Bay and the Estuarine Zone
of the Razdolnaya River (Sea of Japan).
Vladivostok 2009,
pp. 147-172.
Brendel P. J., Luther G. W. Develop-
ment of a gold amalgam voltammetric
the  determination
Mn, O,, and S(-II)
in porewaters of marine and freshwater

Dal’nauka, vol. 2,

microelectrode  for

of dissolved Fe,

sediments. Environmental Science & Tech-
nology, 1995, vol. 29, iss. 3, pp. 751-761.
https://doi.org/10.1021/es000032024

Cabral H., Fonseca V., Sousa T., Costa
Leal M. Synergistic effects of climate
change and marine pollution: An over-
looked interaction in coastal and estuarine
areas. International Journal of Environ-
mental Research and Public Health, 2019,
vol. 16, iss. 15, art. no. 2737 (17 p.).
https://doi.org/10.3390/ijerph16152737
Dean H. K. The use of polychaetes (Annel-
ida) as indicator species of marine pollution:

35.

36.

37.

38.

39.

40.

41.

A review. Revista de Biologia Tropical, 2008,
vol. 56, suppl. 4, pp. 11-38.

Ducrotoy J.-P. Threats
zone. In: Coastal Wiki :

to the coastal
[site]. 2021. URL.:
http://www.coastalwiki.org/wiki/Threats_to_
the_coastal_zone [accessed: 27.10.2021].
Harley C. D. G., Hughes A. R., Hult-
gren K. M, Miner B. G., Sorte C. J.
B., Thornber C. S., Rodriguez L. F.,
Tomanek L., Williams S. L. The
pacts of climate change in coastal marine

im-

systems. Ecology Letters, 2006, vol. 9, no. 2.
pp. 228-241. https://doi.org/10.1111/j.1461-
0248.2005.00871.x

Hyacinthe C., Anschutz P., Carbonel P.,

Jouanneau J.-M., Jorissen F. J. Early
diagenetic ~ processes in the muddy
sediments of the Bay of Biscay. Ma-

rine Geology, 2001, vol. 177, iss. 1-2,
pp- 111-128. https://doi.org/10.1016/S0025-
3227(01)00127-X

Meysman F. J. R., Middelburg J. I,
Herman P. M. J, Herman P. M. ],
Heip C. H. R. Reactive transport in sur-

face sediments. 1. Model complex-
ity and software quality. Computers
& Geosciences, 2003, vol. 29, iss. 3,
pp- 291-300. http://dx.doi.org/10.1016/

S0098-3004(03)00006-2

Orekhova N. A., Konovalov S. K. Po-
of the
in the Sevastopol Bay. Physical Oceanog-
raphy, 2009, vol. 19, no. 2, pp. 111-123.
https://doi.org/10.1007/S11110-009-9038-6
Orekhova N. A., Konovalov S. K. Oxygen
and sulfides in bottom sediments of the coastal

larography bottom  sediments

Sevastopol region of Crimea. Oceanol-
ogy, 2018b, vol. 58, no. 5, pp. 679-688.
https://doi.org/10.1134/S0001437018050107
Orekhova N. A, K.,
Medvedev E. V. Features of inorganic carbon

Konovalov  S.

Mopckoii buosnornueckuii kypHan Marine Biological Journal 2021 vol. 6 no. 4


https://doi.org/10.1021/es00003a024
https://doi.org/10.3390/ijerph16152737
http://www.coastalwiki.org/wiki/Threats_to_the_coastal_zone
http://www.coastalwiki.org/wiki/Threats_to_the_coastal_zone
https://doi.org/10.1111/j.1461-0248.2005.00871.x
https://doi.org/10.1111/j.1461-0248.2005.00871.x
https://doi.org/10.1016/S0025-3227(01)00127-X
https://doi.org/10.1016/S0025-3227(01)00127-X
http://dx.doi.org/10.1016/S0098-3004(03)00006-2
http://dx.doi.org/10.1016/S0098-3004(03)00006-2
https://doi.org/10.1007/S11110-009-9038-6
https://doi.org/10.1134/S0001437018050107

Redox conditions of bottom sediments and macrozoobenthos characteristics. ..

85

42.

43.

regional balance in marine ecosystems under Justi¢ D. Global change and eutrophication
anthropogenic pressure. Physical Oceanog- of coastal waters. ICES Journal of Marine Sci-
raphy, 2019b, vol. 26, iss. 3, pp. 225-235. ence, 2009, vol. 66, iss. 7, pp. 1528-1537.
https://doi.org/10.22449/1573-160X-2019-3- https://doi.org/10.1093/icesjms/fsp047
225-235 44. Water Framework Directive Intercalibration
Osadchaya N. S., Ovsyanyi E. 1., Kemp R., Technical Report. Part 3: Coastal and Transi-
Romanov A. S., Ignatieva O. G. Organic car- tional Waters | A. Carletti, A. S. Heiskanen
bon and oil hydrocarbons in bottom sediments (Eds). Luxembourg : Office for official
of Sevastopol Bay (the Black Sea). Morskoj publications of the European communities,
ekologicheskij zhurnal, 2003, vol. 2, no. 2, 2009, 240 p. (JRC Scientific and Tech-
pp. 94-101. nical Reports.) http://dx.doi.org/10.2788/
Rabalais N. N., Turner R. E., Diaz R. ], 19561

OKHUCJIMTEJIBHO-BOCCTAHOBUTEJIBHBIE YCJIOBUS JOHHBIX OT/IOKEHUM

U XAPAKTEPUCTUKHA MAKPO30OOBEHTOCA
BYXT KPYIJION U KA3BAUBEN (I'. CEBACTOIIOJIb)

H. A. OpexoBa

OULIL Mopckoii ruapoduznyeckuil uactutyt PAH, CeBactonons, Poccuiickas depepanus

E-mail: natalia.orekhova@mbhi-ras.ru

OTCyTCTBHE CHCTEMHOIO M SKOJOIMYECKH PalMOHAJIBHOIO MOAXOHa Mpu 3KcIutyatauuu Oyxt Cesa-
cromnonbsckoro peruoHa (Oyxt Kpyrmoit n Kazaubeil) mpuBeno K 3HAUMTENbHOMY HMX 3arpsi3HEHHIO.
KomOuHanus psiia ecTecCTBEHHBIX M aHTPOIOTEHHBIX (haKTOPOB OOYCIIOBHIA YXYALICHHE YCIOBHUIA
CYILIECTBOBaHMSI OEHTOCHBIX cooOiecTB. Llenbio gaHHOW paGoThl OBLJIO MPOBECTU KOMILUIEKCHBIE KC-
crnenoBaHusi skocucteM Oyxt Kpyrmonh u Kazaubeil mist uzydyenusi ocoOeHHOCTER (PopMUpOBaHUS
OKHCJIUTEJIbHO-BOCCTAHOBUTEJIBHBIX YCJIOBUH B JIOHHBIX OTJIOKEHUSAX U IIPUAOHHOM CJIOE BOJ, a TaK-
ke VX BJIMSIHUS Ha XapaKTepUCTHKU Makpo3oobeHToca. [IpoObl TOHHBIX OTIOKEHUIA OTOMpa BOJO-
Ja3 TpyOKaMu M3 OPICTEKJIA, FEPMETUYHO 3aKPHIBAEMbIMH CBEPXY M CHH3Y, UTO IIO3BOJIMJIO COXpa-
HUTb TOHKYIO CTPYKTYPY JOHHBIX OTJIOKEHMH M MPUAOHHOTO cliosi Bod. st u3ydeHus: OEHTOCHBIX
COOOINECTB B 9TOM K€ MecTe OTOMpad MpoOBI ¢ MOMOIIBI0 PyYHOro MpodooTdopHUKa. s moiy-
YEHUA XUMUYECKOTI'0 COCTaBa NMOPOBLIX BOJ C BBICOKUM BEPTHUKAJIbHBIM pPa3spClICHUEM UCIIOJIb30BaIN
noJisiporpacpuueckuii MeTof aHam3a. Pacuér motoka Kuciopoaa Ha TPaHUIIE M B BEPXHEH YacTH JIOH-
HbIX OTJIO’KEHUI BBIITOJIHSUIM 110 JaHHBIM BEPTUKAJIBHOIO IPO(UIIs KOHLEHTPALMK KUCJIOPOia B OPO-
BBIX BOJAX U F'€OXUMHMYECKOTO aHAJIM3a, UCTIONb3Ysl YpPaBHEHHUE [UIsl IEpBOro 3akoHa Puka ¢ yueéTom
rpagueHTa KOHLIEHTPALMi U MOJEKYJIsIpHON Judy3un KUCIOpoaa B MOPOBBIX BoAax. [lis aHaimm3a
OEHTOCHOTO MaTepHrasa MPUMEHSUIM CTaHJapTHbIE ruapoduonorndeckue Metonpl. [Ipu pacuére 3Haue-
HUI uHAeKca pasHooOpasus LllenHoHa (H’) UCTIONB30BAN JIOTapr(M M0 OCHOBAHUIO 2. AHAM3 TO-
JIYYEHHBIX JTaHHBIX IMOKa3all, YTO BBICOKHI YPOBE€Hb AaHTPOIIOTCHHOT'O BO3HeﬁCTBHH 1 OrpaHM4Y€HHaA
JUHAMUKA BOJ NPUBEJU K 3aWIMBAHUIO JOHHBIX OTJIOKEHUI UCClIelyeMbIX aKBaTOPUH, UTO 3aTpy.-
HSUJIO TIOCTYIUIEHHE KUCIOPOAA B HUX, 4 HAKOIUIEHHE B OCAIKaX OPraHWYecKoro yriepona o0yclIoBH-
JI1 aKTUBHOE ero pacxonoBanue. Ctparudukanysi BOGHON TOJIIM 32 CYET OrPaHUIEHHOTO BOAOOO-
MEHa, BbICOKasl TEMIIEpaTypa MPUIOHHOTO CJIOSI BOJI, COMPOBOXAAIOIIASCS CHIKECHUEM PaCTBOPHMO-
CTH KUCJIOPO/A, U MEJIKOAUCIICPCHBIA XapaKTep JOHHBIX OTJIOKEHHH ClIOCOOCTBOBAIM TOMY, UYTO CKO-
POCTh TIOCTYIUIEHHSI KUCIOpOAa OblJla MEHbIIE CKOPOCTU €ro MOTpeOsieHns HAa OKUCIeHHE OpraHu-
YeCKOTo BEIIECTBA; 3TO COMPOBOKIAIOCH Pa3BUTHEM 30H JiehUIIUTA KUCIOPOJIa U TIOSIBIICHUEM BOC-
CTAHOBJICHHBIX COEJVHEHHI, B YACTHOCTU CepoBOoaoposa. OTMEYEHO, YTO B BEPXHEM CJIOE JOHHBIX
OTJIOKEHUH Npeodiafany cyOKUCIOPOAHbIE YCJIOBHS, HIKE — aHapoOHbE. ITO NPHUBEJIO K TOMY,
YTO OCHOBHBIMU (hOPMaMM MaKpO3000EHTOCA SIBJISUIUCH BUIIBI, TOJEPAHTHBIE K Ae(UIUTY KHUCIOPO-
Ja ¥ K 3arpsI3HEHUI0 OPraHWYECKHMH BelllecTBaMu. Tak, Ha HEKOTOPBIX ydacTKax OyxThl Kazaubeit
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MPUCYTCTBOBAJIM TOJIBKO MOJMXETHl. [Ipy 3TOM OTMeueHo, 4To B paiioHe BbIxojga u3 OyxTel Kpyr-
JIO MHTEHCUBHAsl OUHAMUKA BOI U MOPQOJIOrMueckue OCOOEHHOCTH JHA CHOCOOCTBYIOT HACHIIIE-
HHIO BEPXHETO CJI0S1 OTIOKEHUI KUCI0poJoM. Ha ocHOBaHMM AaHHBIX O KOHLEHTpPALUMU KHCIOpoJa
B noBepXxHOCTHOM (05 MM) ciioe ocajika (B IOPOBBIX BOJAX), & TAKXKE JaHHBIX O TEOXMMHUYECKUX Xa-
paKkTeprCTUKaX (BJaXHOCTb, IOPUCTOCTh) JOHHBIX OTIOKEHUH PACCUMTAH MOTOK KUCJIOpOJa Ha cT. 4
(6yxta Conénas); ero BemmuuHa coctapuia 0,73 M-m~2-rog!. TIpuHMMas B pacyéT KOHIIEHTpPALIMIO
KHCJIOPOJa B MPUIOHHOM cJioe BoJ (259 MKM), MOKHO CKa3aTh, YTO BPeMsI Pa3BUTHUS AHOKCUH C Y4&-
TOM TOJIKO OMOT€OXMMUYECKHX MPOIIECCOB COCTABIISAET OKOJO 5 MecsieB. Takum oOpa3oM, MOX-
HO IPEeAIONOKUTh, YTO 3KocucteMbl OyxT Kpyrioil u Kazausell HaxopsTcst B cTaguu Aerpajaliyul.
JasnbHelmas ux sKCIIyatanus 6e3 BhpadOTaHHOTO KOMILIEKCHOTO M PALMOHAJIBHOTO MMOJX0AA MpPU-
BEZIET K KPUTHUECKOMY YXYALICHHUIO UX SKOCHUCTEM — K MOSIBJICHUIO M PACIIPOCTPAHEHHIO 30H KO-
JIOTMYECKOTO PUCKA, YTO CHU3UT PEKPEALIMOHHYIO U COLIMATbHO-9KOHOMHUYECKYIO TIPHBJIEKATEIbHOCTD
JAHHBIX PallOHOB.

KitoueBble cj10Ba: JOHHBIE OTIOKEHHUsI, IIOPOBBIE BOIbI, KUCIOPO, CEPOBOAOPO/, OPraHUYECKHit
yIIepo[, Makpo3000eHTOC, MpUOpekHbIe akBaTopun, YEpHOE MOpe
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We present the first confirmed report on the presence of spinner shark, Carcharhinus brevipinna,
in Maldivian waters. The species was observed in front of Kooddoo’s harbour, in Villingili pass,
Northern Huvadhoo Atoll, Southern Maldives in March 2020.

Keywords: shark, spinner shark, Carcharhinus brevipinna, Huvadhoo Atoll, ecotourism

To date, a total of 36 species of sharks have been recorded in Maldivian waters, including 13 re-
quiem sharks (family Carcharhinidae) (De Maddalena & Galli, 2017). Detailed lists of the shark
species recorded in Maldivian waters have been published by various authors (Adam et al., 1998 ; Ali
& Sinan, 2015 ; Anderson & Ahmed, 1993 ; Anderson et al., 1998 ; De Maddalena & Galli, 2017);
however, the spinner shark Carcharhinus brevipinna (Miiller & Henle, 1839) was not listed in any
of them. In this article, we report for the first time in scientific literature the presence of C. brevipinna
in Maldivian waters.

The spinner shark belongs to the order Carcharhiniformes and to the family Carcharhinidae.
It is a pelagic species found on continental and insular shelves, at depths ranging from the surface down
to at least 100 m, in the Atlantic waters, Mediterranean Sea, and Pacific and Indian oceans (De Mad-
dalenaetal., 2015). The spinner shark is active and fast, observed both solitary and in large groups. Its diet
includes bony fish, rays, cephalopods, and crustaceans. It feeds on small schooling fishes by swimming
fast through the school with an open mouth, spinning along the body axis, and leaping out of the water.
It is a placental, viviparous species. The male attains sexual maturity at 170 cm; the female, at 180 cm.
After a 12-15-month gestation, the female gives birth to 2-15 young ones ranging 46—-80 cm in total
length. It can attain a maximum size of 278 cm and can live up to 27 years (Castro, 1983 ; Compagno,
1984 ; De Maddalena et al., 2015 ; Last & Stevens, 1994 ; Randall, 1986).

In the past, the Maldives severely depleted shark species due to overfishing for dried meat exports,
oil, and fins. Following concerns by the tourism sector of shark fishing at major dive sites, the Govern-
ment of the Maldives announced in 1995 the establishment of 15 Protected Marine Areas and the total
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protection of the whale shark Rhincodon typus. In 1999, further nine Protected Marine Areas were iden-
tified. In 1998, the government implemented a 10-year moratorium on all types of shark fishing in-
side and within the rim of seven major tourist atolls in the Maldives. A failure to enforce the mora-
torium and effectively ban fishing at Protected Marine Areas led to a total ban on all fishing, capture,
killing, or extraction of sharks from Maldivian waters since 15 March, 2010 (Ali & Sinan, 2015 ; An-
derson & Ahmed, 1993). To date, the Republic of Maldives is among few countries that have declared
a complete ban on shark fishing. The driving force of this fundamental change has been the blossoming
of the ecotourism industry, which allows the general public to observe sharks in their natural environ-
ment. Apart from C. brevipinna, shark species regularly encountered by divers in the waters of Kooddoo
include grey reef shark Carcharhinus amblyrhynchos, blacktip reef shark C. melanopterus, silvertip shark
C. albimarginatus, and whitetip reef shark Triaenodon obesus.

MATERIAL AND METHODS

The observation took place on two different days, on 2 and 9 March, 2020, while the first author
(F. R.) was scuba diving, in the waters in front of Kooddoo’s harbour, in Villingili pass, Northern Hu-
vadhoo Atoll, or Gaafu Alifu, Southern Maldives, Central Indian Ocean (Fig. 1). Both encounters took
place 400-500 m distance from the harbour entrance and 350 m from the beach, in 20-m deep waters,
with the sharks swimming at depths ranging from the surface down to 15 m. Fish wastes were used
as chum and bait by local fishermen to attract the sharks to the site and keep them interested around
the divers for viewing purposes.

Fig. 1. Map showing the location where the spinner sharks Carcharhinus brevipinna were observed
off the Northern Huvadhoo Atoll, Southern Maldives
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On 2 March, 2020, approximately 20 spinner sharks were observed for 45 minutes, 14:40
to 15:25. It was a sunny day, with +28.8 °C mean temperature (maximum: +30.8 °C; minimum:
+28.8 °C), calm seas, and no current. Underwater visibility was sufficient at the beginning of the dive
(between 10 and 5 m) but became very poor near the end (less than 5 m), due to chumming. The size
of the spinner shark was estimated from 1.5-1.6 m in total length for the smaller individuals
up to 1.9-2.0 m in total length for the larger ones. Most individuals were female but a few males were ob-
served as well (the males have two copulatory organs called claspers, which are located at the base
of the pelvic fins). The divers remained suspended half-way in the water column, close to each other,
and in vertical position. There was no interaction between the sharks, and they showed no interest
in the divers. The sharks appeared interested only in the fish wastes thrown overboard by the fishermen.
In order to attract the sharks and keep them around the divers, the fishermen were using the delayed
surface marker buoy as the target to throw the fish wastes into the water.

On 9 March, 2020, approximately 20 spinner sharks were observed for 46 minutes, 14:37 to 15:23.
It was a sunny day, with a +30.3 °C mean temperature (maximum: +31.2 °C; minimum: +30.0 °C), calm
seas, and no current. Underwater visibility was good at the beginning of the dive (between 15 and 10 m)
and remained sufficient until the end (between 10 and 5 m). The size of the spinner sharks was the same
as observed on the previous encounter. Similarly, the large majority of individuals were female; only
one male was later spotted in the filmed footage. The behavior of the sharks was similar to that during
the previous dive. The sharks hit the delayed surface marker buoy several times and finally broke it.

Two spinner sharks had a fishing line wrapped around their head, and one of them was spotted
on both 2 and 9 March.

On both dives, other fishes were attracted to the site by the chumming, including species of the fam-
ilies Acanthuridae and Caesionidae, at least a humphead wrasse Cheilinus undulatus, several great bar-
racudas Sphyraena barracuda, and a green sea turtle Chelonia mydas. The sharks were accompanied
by some live sharksuckers Echeneis naucrates.

Videos of the sharks were taken with an action cam full HD for subsequent analysis (Fig. 2).

The species identification was based mainly on the morphological descriptions given in Castro (1983),
Compagno (1984), and De Maddalena et al. (2015).

Fig. 2. Spinner shark
Carcharhinus brevipinna
accompanied by live shark-
suckers Echeneis naucrates,
observed in the waters
in front of Kooddoo’s
harbour, in Villingili pass,
Northern Huvadhoo Atoll,
Southern Maldives. Photo
by Fabio Russo

Mopckoii 6uonornyeckuii kypHaia Marine Biological Journal 2021 vol. 6 no. 4



90 F. Russo and A. De Maddalena

RESULTS AND DISCUSSION

There could be multiple reasons to explain why the spinner shark was not previously recorded
from the area. This may be due to the lack of specific surveys in the waters of the Northern Hu-
vadhoo Atoll. Moreover, spinner sharks are sometimes mistaken for other requiem shark species
because of their similar morphology. Species, with which the spinner shark may be confused,
that have been recorded in Maldivian waters, include the silky shark C. falciformis and the blacktip
shark C. limbatus. Further observations of C. brevipinna are needed to reveal whether this species
is an occasional visitor in the area or there is a stable population that reproduces in Maldivian waters.

Kooddoo Fisheries Complex started its operations in 1996; it is the main cold storage facility of Mal-
dives Industrial Fisheries Company Ltd. This facility has an alongside berth which can accommodate
vessels up to 2500 deadweight tonnage. The fish processing station grew bigger in 2006, with a conse-
quent increase in the processing wastes that are thrown at sea just out of the harbour. People noticed
that fish wastes had started to attract a good amount of spinner sharks in the area, and diving companies
began promoting shark diving on the site. The concentration of spinner sharks may reach 40 individu-
als encountered on a single dive. The fishermen are now getting paid by diving cruise boats companies
to throw the waste when the divers are in the water.

Such collaboration between diving companies and fishermen is a good element in this particular sce-
nario, since the various parts draw an economic profit from the conservation of that population of spinner
sharks, and then there can hopefully be successful conditions to conserve this newly discovered local nat-
ural resource. It is also positive that the sharks are being attracted by using fish wastes rather than fishes
specifically killed to feed the sharks.

On the other hand, the fact that on diving days the spinner sharks can be fed for several hours
in a row, may alter the normal predatory behavior of this species in the area. Therefore, feeding fish
wastes to sharks should be kept to a minimum.

Conclusion. Two major economic activities in the Maldives are fishing and tourism. In 1992,
the number of dives per year at 35 shark observation dive sites was estimated at over 70,000,
and the amount of money spent on those dives was estimated at US$2.3 million. Based on these num-
bers, it was estimated that a single reef shark was worth about US$33,500 per year, at the most pop-
ular dive site, and an average of US$3,300, when taking into account all the shark observation dive
sites (Anderson & Ahmed, 1993). Since grey reef sharks can live more than 25 years, a single grey
reef shark may be worth over US$800,000 during its whole lifetime (De Maddalena & Galli, 2017).
In contrast, a dead grey reef shark was calculated to have a one-time value of about US$32, to a lo-
cal fisherman (Anderson & Ahmed, 1993). Therefore, a grey reef shark is worth up to 25,000 times
more alive than dead.

Ecotourism is an extremely powerful and effective tool for animal protection, when properly man-
aged. By setting solid guidelines, monitoring diving activities, and enforcing the rules, the operators
and enforcement personnel will make sure that shark diving is a useful activity and not just an alterna-
tive way to simply make a profit from the exploitation of wild animals, which often ends up harming
them, alters their natural behavior, and damages their habitat (De Maddalena & Galli, 2017).
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Content of trace elements (iron, zinc, copper, nickel, lead, and cadmium) was determined in the most
popular species of Pacific salmon on the consumer market — chum salmon Oncorhynchus keta, which
is the second largest catch in Russian waters (after pink salmon O. gorbuscha). Metal content in fish
organs and tissues (muscle tissue, liver, and gonads) was determined by the atomic absorption method
using a Shimadzu AA-6800 spectrophotometer in flame and flameless atomizers from sample extracts;
the latter ones were obtained by decomposition of weighed portions of concentrated HNOj3 (high pu-
rity) in a MARS 6 complex using standard samples with known concentrations. The data was statis-
tically processed in SPSS Statistics 21. Sexually mature individuals of chum salmon (five specimens
of males and females on each spot) were sampled in autumn 2018 in storage cages of salmon hatcheries
on the Firsovka River (southeastern Sakhalin, Gulf of Patience) and Reidovaya River (Iturup Island,
Kuril Islands), as well as in October 2019 in breeder holding cages on the Poima River (southwest-
ern Primorye, the Sea of Japan). Muscle tissue, liver, and gonads were sampled from every individual.
The elements determined were clearly divided according to content values into two groups depending
on the sampling spot: Cd and Pb prevailed in organs and tissues of chum salmon from the Sakhalin-
Kuril Region of the Sea of Okhotsk, whereas Fe, Zn, Cu, and Ni prevailed in the Sea of Japan fish.
The reason for heavy metal contrasting distribution in fish organs and tissues is obviously environ-
mental geochemical conditions formed in salmon feeding areas and on migration routes. In the Sea
of Japan, practically enclosed, poorly connected with the Pacific Ocean by several shallow straits,
the aquatic environment is under significant anthropogenic, technogenic, and terrigenous load (house-
hold and industrial drains, surface washing from coastal areas, and combustion of hydrocarbon fuel
by ships). In the Sakhalin-Kuril basin, it is affected by natural phenomena: surface and underwater
volcanism and post-volcanism of the Kuril Islands, as well as upwellings, which carry from the depths
of the Kuril-Kamchatka Trench into the surface layer practically the entire set of chemical elements
of the Mendeleev’s periodic table. At the same time, Pb, with its unusually high sorbability, is retained
on any suspended particles, both living and non-living, and enters fish organisms with food. The distri-
bution of trace elements over chum salmon organs and tissues differs significantly. Specifically, in fish
muscle tissues, the lowest metal content is observed, regardless of the catch spot. The liver is character-
ized by increased levels of all metals, except for Ni, with the highest Fe, Zn, and Cu content recorded
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in the Sea of Japan fish liver. The distribution of metals in fish gonads is characterized by its own
specificity, with very clear manifestation in the Primorye salmon. Thus, in female gonads, Fe, Zn,
and especially Cu predominated: Cu content in female gonads from the Poima River was the same
as in liver. Female gonads of the Sea of Japan chum salmon had the highest Ni concentration, although
male gonads were characterized by a high, albeit very variable, content of this element as well. As for Pb
and Cd, the most toxic elements monitored by sanitary services (for technical reasons, we determined
their amount in the Sea of Okhotsk fish only), a well-known pattern was observed in their distribution
in organs and tissues: maximum content was found in fish liver. Pb content exceeded the sanitary stan-
dard only in some individuals that came to spawn in the Firsovka River in the southeastern Sakhalin.
Cd concentration in Sakhalin fish liver was 2.5—4.0 times higher than threshold limit value, and in Kuril
fish liver, 2.1-5.0 times higher.

Keywords: Pacific salmon, chum salmon, Sakhalin-Kuril Region, Sea of Okhotsk, Primorsky Krai,
Sea of Japan, trace elements

Chum salmon is one of six Pacific salmon species of the genus Oncorhynchus. It inhabits both coasts
of the Pacific Ocean and is one of the most abundant salmon species. In the present work, mature chum
salmon individuals were studied, that came to spawn and were caught in the rivers of the southeastern
Sakhalin, Iturup Island, and southern Primorye. In chum salmon soft organs and tissues, the content
of six chemical elements was investigated: iron, zinc, copper, nickel, lead, and cadmium.

Out of six trace elements analyzed, three — Cu, Zn, and Fe — are essential (necessary), or true ones,
and other three — Ni, Cd, and Pb — are non-essential, but almost constantly present in organs and tis-
sues. In addition to their biological significance, these trace elements differ in geoecological peculiari-
ties. Cu and Zn, if they do not enter the environment from copper-zinc industries or spots where these
metals, their alloys, and compounds are used in technology (mining, enrichment, smelting, work with
electroplated and anti-corrosion coatings, etc.), are the tracers of technogenic load on the environment
and are present in all household drains; Ni contamination occurs mainly during the combustion of hy-
drocarbon fuel, wood, and waste, as well as because of nickel production and use (Khristoforova et al.,
2018b ; Kobzar & Khristoforova, 2015).

Iron enters the environment due to widespread use of a variety of surface and underwater steel
structures and their rusting, as well as due to river, terrigenous, and surface runoff, stirring up of loose
bottom sediments in coastal waters, and decomposition of dead hydrobionts, in which Fe is an obligatory
component (macroelement) (Khristoforova, 1989).

In the 1960s and 1970s, Pb and Cd were, along with Hg, at the top of all the blacklists of heavy
metals in organisms due to their toxic effect. Now, they are considered as the tracers of technogenic load
on the environment (Khristoforova, 1989).

Chum salmon Oncorhynchus keta (Walbaum, 1792) is the species in demand and the most numerous
species of Pacific salmon in the food markets of Russia and other countries. Due to its high commer-
cial quality and a distinct homing, chum salmon currently accounts for the overwhelming part of all
artificially reproduced salmon along both the Asian and American coast of the North Pacific. In Rus-
sia, in particular in Sakhalin, high chum salmon catches are mainly due to the work of the hatcheries.
In our country, artificial reproduction of chum salmon is carried out in Primorsky Krai, Kamchatka,
Khabarovsk, Magadan, and Sakhalin regions.

The Sakhalin Region has exceptionally favorable environmental conditions for a large-scale devel-
opment of aquaculture. In 2019-2020, over 60 fish hatcheries of different forms of ownership were
engaged in artificial reproduction of Pacific salmon in the Sakhalin-Kuril Region. Due to their stable
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and systematic work, salmon hatcheries release more than 800 million ind. of juveniles every year, en-
suring the sustainable development of the fishing industry in the region. In 2019, more than 1 billion ind.
of juveniles were released there, inter alia 263.2 million ind. of pink salmon and 863.6 million ind.
of chum salmon (Ofitsial’'naya informatsiya o rybovodnykh predpriyatiyakh, 2020b).

The main species of Pacific salmon reproduced in the Sakhalin Region are autumn chum salmon
and pink salmon. Most chum salmons from the Sakhalin-Kuril basin are of artificial origin. Due to the op-
eration of fish hatcheries, more than 20 thousand tons of salmon enter the coastal area of the Iturup
Island alone annually, while before the start of the fish farming program in the Kuril Islands, the come-
backs of wild fish were, at best, 500-700 tons (Ofitsial'naya informatsiya o rybovodnykh predpriyatiyakh,
2020Db).

The large-scale work of the salmon hatcheries, as well as natural reproduction, annually ensure
stable approaches of salmon to the rivers of Sakhalin and the Kuril Islands. In 2018, in the Sakhalin-
Kuril Region, according to official data of the Sakhalin Government, 126 thousand tons of Pacific
salmon were caught by commercial fishing; out of them, there were 85 thousand tons of pink salmon
and more than 40 thousand tons of chum salmon. In 2019 — the less productive year — salmon caught
in the Sakhalin-Kuril waters amounted to 75.5 thousand tons; out of them, there were more than
28 thousand tons of pink salmon and 45.5 thousand tons of chum salmon.

The Primorye chum salmon is characterized by a southern distribution within the species range.
The very fact of fish entering local rivers, although in small abundance, indicates the passage of chum
salmon through the southern Sea of Japan (Goryainov et al., 2007 ; Shuntov et al., 2004).

In the Primorsky Krai, there are several fish hatcheries of different forms of ownership engaged
in the Pacific salmon reproduction. Out of them, there are two state enterprises: Ryazanovka Experi-
mental Commercial Fish Hatchery and Barabashevka Fish Hatchery. Both are located in the Khasansky
District, have been operating since the mid-1980s, and are structural subdivisions of the Federal State
Budgetary Institution “Glavrybvod”. For the hatcheries, the main farming object is autumn chum salmon.
Its basic watercourses are the Ryazanovka and Barabashevka rivers. Eggs for laying are mostly obtained
on the Ryazanovka River. Eggs are collected on the Poima River as well, which flows into the Baklan Bay
of the Peter the Great Gulf of the Sea of Japan (the Khasansky District, near the Slavyanka urban-type
settlement).

In the Khasansky District, hatchery chum salmon schools are of mixed origin since in different
years, fertilized eggs were delivered to the Primorye hatcheries not only from Primorsky Krai (Olginsky
District), but also from the southwestern Sakhalin.

Over the past 20 years, stable approaches of chum salmon have been observed in the ar-
eas where the hatcheries operate. The annual release is 25-30 million ind. of juveniles. During
the 2019 season, more than 39 million chum salmon eggs were collected and incubated at the Pri-
morsky Krai hatcheries (Ofitsial’'naya informatsiya o rybovodnykh predpriyatiyakh, 2020a). According
to V. G. Markovtsev (20006), it is the operation of these two fish hatcheries that ensures salmon fishing
in the Primorye.

The aim of the study is to compare the content of trace elements in chum salmon that came to spawn
in the rivers of the Sakhalin-Kuril Region and Primorsky Krai, which was collected from the stor-
age cages of three salmon hatcheries (on the Iturup Island, in Sakhalin, and in the southwestern
Primorye).
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MATERIAL AND METHODS

The material for research was sampled during the period of spawner accumulating and egg laying
for incubation in the spots of egg collecting — on the basic watercourses of Sakhalin fish hatcheries: in Oc-
tober 2018, on the Firsovka River (Firsovka Salmon Hatchery, Gulf of Patience, southeastern Sakhalin)
and Reidovaya River (Reidovaya Salmon Hatchery, Iturup Island, Greater Kuril Chain); in October 2019,
on the Poima River of the Khasansky Dictrict, Primorsky Krai (the basic watercourse of the Ryazanovka
Experimental Commercial Fish Hatchery) (Fig. 1).
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Fig. 1. Chum salmon sampling areas

In total, five chum salmon males and five chum salmon females were sampled (randomly) at each
hatchery from breeder holding cages. Muscle tissue, liver, and gonads were sampled from every
individual.

The time required for chum salmon spawners to mature directly depends on the feeding efficiency
in the marine life period, especially at its early stage, and can range for this species 2 to 5 years. According
to official information from the Sakhalin branch of VNIRO, chum salmon from the Reidovaya River
in most cases (54.5 %) comes back to spawn at the age of 3+. Based on our data, 80 % of the studied
spawners of the Primorye chum salmon are individuals aged 5+, i. e. feeding areas for the Sea of Japan
chum salmon are likely to be less forage (according to information of the Primorsky branch of “Glav-
rybvod”, 53 % of mature individuals come back at the age of 4+; 44 %, at the age of 3+). We determined
the age of chum salmon from the Firsovka River as 3+.

All spawners were at the 4"-5™ stage of maturity. In Table 1, fish length and mean weight values
are given.

As can be seen, the Poima River fish is of maximum weight, whereas the Firsovka River indi-
viduals are of minimum one. At the same time, salmon of average weight from the Reidovaya River
are the longest ones, especially males.

All the elements were determined from sample extracts according to the State Standard
26929-94 (2010) using a Shimadzu AA-6800 spectrophotometer (Cd and Pb, by graphite furnace
atomic absorption; the other trace elements, by flame atomization). The work was carried out
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at the “Center for Landscape Diagnostics and GIS Technologies” core facility at the Pacific Ge-
ographical Institute FEB RAS. Sample extracts were obtained by decomposition of weighed por-
tions of fish organs and tissues with concentrated HNOj; (high purity) by microwave mineralization
in a MARS 6 complex.

Table 1. Morphometric characteristics of Oncorhynchus keta from the Firsovka, Reidovaya, and Poima
rivers (2018-2019)

Sampling date Sampling .spot, Mean body .weight of fish, g Mean length of fish, cm (min—-max)
sex of fish (min—max) SL SCL

October 2018 Reidovaya River, @ 2423 (2232-2774) 67.0 (65-69) 63.0 (61-65)
Reidovaya River, & 3115 (4834-2154) 71.0 (66-82) 67.0 (62-78)
October 2018 Firsovka River, ¢ 2096 (1626-2402) 56.6 (53-59) 53.4 (50-56)
Firsovka River, ¢ 3008 (2086-3008) 60.8 (53-60) 56.8 (53-60)
October 2019 Poima River, ¢ 3220 (2350-4250) 66.6 (60-71) 61.6 (55-66)
Poima River, & 3330 (3000-3800) 68.6 (67-70) 64.6 (63-67)

Note: SL denotes length according to Smith (up to middle rays of caudal fin); SCL, length up to end of scale cover.

The accuracy of the element determination and possible contamination of the samples during
the analysis were controlled by comparison with calibration solutions, inter alia with a “blank” (zero) one
(concentrated HNO3, 10 mL after heating in a microwave mineralizer, evaporated and diluted in the same
ratio with 0.1 M solution).

The accuracy and precision of the method used were confirmed by regular analysis of the stan-
dard reference material (SRM) 1566a (NIST, oyster tissue) for each element determined in the sam-
ples (Table 2). The mean value, standard deviation (SD), and significance of the compared differences
(applying the Mann—Whitney U test) were calculated in SPSS Statistics 21 for macOS. The detection
limits were quantified as 3xSD of 10 fish samples mixed with a known minimum amount of the elements
analyzed. For analytes that could not be determined in mixed samples, the detection limits were found
as the amount of substance in the sample in accordance with the minimum concentration of the cali-

bration standard. The minimum amount of the calibration standard was determined based on the State
Standard 30178-96 (2010).

Total concentrations (mean * SD) for Fe, Zn, Cu, Ni, Cd, and Pb were quantified in pg- g'l wet weight.

Table 2. Comparison of the results of trace metal determination (ug-g~! dry weight) in certified material
[SRM 1566a (oyster tissue)] with passport data; limit of detection (LOD)

Fe Zn Cu Pb Ni Cd
Certified value 539+ 15 830 + 57 66.30+4.3 | 0371+£0.014 | 225+0.44 4.15+0.38
Present study 554+ 16 821 £51 61.09+32 | 0.358+0.012 | 2.52+0.48 4.19+0.37
Limit of detection 0.2 0.01 0.02 0.01 0.05 0.01

As seen, the results of the control determination of the trace elements in the certified sample
are comparable with the passport data of the reference material.

Mopckoii buonoruueckuii kypHain Marine Biological Journal 2021 vol. 6 no. 4



97

Comparative characteristics of the trace elemental composition...

RESULTS

The trace element concentration in organs and tissues of chum salmon that came back
to spawn in the rivers of the southeastern Sakhalin, Iturup Island, and southern Primorye differs

significantly (Table 3).

Table 3. Trace elements content in Oncorhynchus keta organs and tissues from the Firsovka, Reidovaya,
and Poima rivers (ug-g~' wet weight)

Organs and tissues ‘ Fe ‘ Zn Cu ‘ Pb Ni Cd

Sakhalin Island, Firsovka River (October 2018)

Muscle 7625 1.66 £0.23 0.52+0.15 0.40£0.15 0.29£0.10 0.06 £0.02

Liver 60.2 £ 34.6 348+ 1.24 054+022 | 1.18+0.36 | 023+0.10 | 0.66 £0.15

Male gonads 13.0+6.2 1.74 £0.23 0.39+0.12 0.48 £0.17 0.19+£0.05 0.12+0.03

Female gonads (eggs)| 15.6+2.4 1.92 £0.09 0.33£0.05 0.45+0.14 0.26 £ 0.04 0.04 £0.01
Iturup Island, Reidovaya River (October 2018)

Muscle 11.4+39 1.74 +£0.29 0.49+0.12 0.45 £0.07 0.26 £0.11 0.05+£0.02

Liver 48.1 = 19.1 335+£1.22 0.55+0.315| 0.87+0.19 0.31 £0.07 0.72 £ 0.3

Male gonads 10.4+4.0 2.18+0.23 0.38£0.14 0.64 +£0.09 0.23 £0.05 0.09 £0.03

Female gonads (eggs)| 16.2+4.3 2.60£0.41 0.46 £0.01 0.57 £0.05 0.20 £ 0.06 0.07 £ 0.00
Southern Primorye, Poima River (October 2019)

Muscle 10.5+£3.0 5.20 £ 0.65 0.76 £ 0.28 N. d. 048 £ 0.14 N. d.

Liver 121.9+95.2 |33.463 £14.83 | 5.49+3.36 N. d. 051 +0.21 N. d.

Male gonads 20.0 £ 10.2 717 £ 1.18 0.76 £0.28 N. d. 0.97 £0.93 N. d.

Female gonads (eggs) | 23.4 + 5.5 20.67 £0.82 5.68 £0.40 N. d. 0.75+0.38 N. d.

Note. N. d. denotes “were not detected”; in italic, increased concentrations for each of trace elements are highlighted;
in bold, their highest values. According to sanitary rules and regulations, threshold limit values (ug-g~' wet weight)
for seafood are as follows: Pb, 1.0; Cd, 0.2 (SanPiN 2.3.2.1078-01, 2002).

Specifically, the trace elements are ranked according to their content as follows: Fe opens the row;
Zn follows it; Cu and Pb share the 3™ and 4™ places; Ni is noticeably behind them; and Cd closes the row.

The Sea of Japan chum salmon was characterized by higher concentrations of all elements de-
termined (p = 0.012...0.048). Particularly noteworthy is Fe content in liver of the Poima River fish:
it was 2 times higher than in the Firsovka River chum salmon and almost 3 times higher than in the Rei-
dovaya River fish. At the same time, in muscles of chum salmon from any river, approximately equal
or similar values were recorded. Zn clearly predominated in the Primorye chum salmon, with its high
content not only in liver (p = 0.03), but also in female gonads (eggs) (p = 0.032). Cu concentrations
both in liver and eggs of the Sea of Japan chum salmon females were an order of magnitude higher
than those in the Kuril (p = 0.02) and Sakhalin fish (p = 0.029). Ni content in all organs and tissues
of the Sea of Japan chum salmon was higher as well (p = 0.018...0.045) than in the Sakhalin and Kuril
fish; however, male and female gonads were characterized by both higher Ni concentration and its higher
variability.

While Ni was almost evenly distributed between organs and tissues of the Sea of Okhotsk chum
salmon, Cd clearly (by an order of magnitude or more) predominated in liver. Primorye salmons
were characterized by both higher Ni content in general and its different distribution. Specifically,
the difference in Ni concentrations in the Sea of Japan chum salmon in muscles and liver reached
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2 times (p =0.019), whereas in both female and male gonads the content was 3—4 times higher (p =0.012)
than in muscles. The highest Ni concentration was observed in male gonads (its content in male gonads
was 1.3 times higher than in female gonads, although it was very variable).

DISCUSSION

Increased Fe concentration in male and female gonads of the Sea of Japan chum salmon and the high-
est Fe content in fish liver clearly indicate a higher terrigenous load on the water area of the almost
enclosed Sea of Japan and on its inhabitants, as well as the detoxification of the trace element excess
by liver.

Besides Fe, other trace elements enter the coastal waters of the Sea of Japan with terrigenous and sur-
face runoff as well (Khristoforova & Chernova, 2005). The presence of Zn (the second highest concen-
tration trace element in fish organs and tissues) confirms a much higher anthropogenic load on the water
area of the Sea of Japan than on the water area of the Sea of Okhotsk. Another trace element indicating
anthropogenic load on the environment and organisms is Cu. Its concentration neither in liver nor in male
and female gonads of the Sea of Okhotsk salmon did not differ significantly from the trace element con-
tent in fish muscles. However, in chum salmon that came to spawn in the Poima River, Cu concentration
in liver was in sharp contrast to its value in muscles; this indicates the detoxification of its excess by liver.
Moreover, there was a strong difference between Cu concentration in female gonads and male gonads
in the Sea of Japan chum salmon, which was not observed in the Sea of Okhotsk fish. Since copper
1s both biophilic and biocidic trace element, much higher Cu content in female gonads is likely to indicate
a stronger physiological control over the trace element concentration in tissues of females and excretion
of its excess from the organism both with gonads and because of liver detoxification. When studying
in detail the behavior of metals in commercial molluscs in the Peter the Great Bay (Khristoforova et al.,
1994) and paying attention to species peculiarities, seasonal variability in the distribution of the trace
elements in organs and tissues, and age differences in their content, we repeatedly observed sex differ-
ences in toxic metal concentrations (Cu, Pb, and Cd), registered the ability of molluscs to limit copper
bioaccumulation, and noted, as well as other authors, that this ability is higher in females under con-
ditions of increased Cu content in the environment. Excess of Zn (really biophilic trace element, un-
like Cu) is also excreted from the organism and in the same ways, if taking into account its significant
predominance in liver and female gonads.

Nickel predominance in fish liver was not revealed in the Kuril, Sakhalin, or even Primorye individ-
uals. However, there was a clear excess of its concentration in gonads of the Sea of Japan fish, especially
in females; this seems to result from gonad excretion into the environment (Khristoforova et al., 1994).

On the example of the Sea of Japan fish, it can be seen as follows: only a small amount of the trace
element entering the organism is assimilated and redistributed in the organs and tissues; most of it is trans-
ported to the excretion system; as well as other authors, we have previously observed it when studying
bivalves (Khristoforova et al., 1994).

As known, within the same species, older or larger individuals, weighing much more than younger
ones, have higher trace element concentrations (Kelly et al., 2008 ; Khristoforova et al., 2019b). It seems
likely that older age (5+) and, consequently, longer feeding period and larger mass of the Sea of Japan
chum salmon than of the Sakhalin and Iturup fish result in higher trace element concentrations in the Sea
of Japan chum salmon.
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After a release, juveniles from the salmon hatcheries in the southeastern Sakhalin and Iturup Island
of the Kuril Chain enter the coastal area of the southwestern Sea of Okhotsk; juveniles from the Primorye
hatcheries enter the Peter the Great Bay of the Sea of Japan.

Quite recently, the Sea of Japan was not even considered as a feeding and wintering area for chum
salmon. However, not all juveniles from the Sea of Japan basin go to the Sea of Okhotsk and the Pa-
cific Ocean in the first year of life (Shuntov & Temnykh, 2011 ; Salo, 1991). A. I. Smirnov (1975)
pointed out that the Primorye chum salmon and part of the Amur, Sakhalin, and Hokkaido chum salmons
winter and feed in the Sea of Japan, to the east and southeast of the Korean Peninsula. It was proved
in the late 1990s that some chum salmons winter in the Sea of Japan (Semenchenko et al., 1997). Sev-
eral authors believe that all underyearlings of the Primorye chum salmon winter in the Sea of Japan
and only the next year partially leave it (Goryainov et al., 2006).

The role of the Sea of Japan as a feeding area for chum salmon, especially in the first — the ma-
rine one — year of life, is not known in detail. Unlike pink salmon and masu salmon, chum salmon
have not been caught in winter and winter to spring periods within the Russian economic zone in the Sea
of Japan (Atlas rasprostraneniya, 2002 ; Shuntov et al., 2004). It has not also been mentioned in the works
on drifter salmon cruises to the central and southern Sea of Japan. There is no actual data on chum
salmon specific wintering areas and conditions in the Sea of Japan. However, there is the point of view
that some chum salmons, living side by side with pink salmons, winter in the Sea of Japan (Goryainov
et al., 2007). It is evidenced by their joint occurrence in catches in wintering areas and on the routes
of anadromous migrations confirmed by long-term studies. In winter, in the Sea of Japan, aggregations
of pink salmon, and, consequently, chum salmon, are distributed from the Korea Bay to the Noto Penin-
sula, in two wintering areas. The first one is in the latitudinal direction from the Korea Bay to the island
of Honshu; the second one is to the north — along the shores of the island of Hokkaidd. The second win-
tering area is characterized by lower temperatures; in terms of wintering conditions, it is like an ocean
one. Analyzing the migration of the Primorye pink salmon in the Sea of Japan in winter, I. B. Bir-
man (1986) noted as follows: during winter, “pink salmon, that came from the north to the waters of Ko-
rea, migrates eastward to the Noto Peninsula area” — at the confluence of the southern and northern
branches of the Tsushima current. Undoubtedly, the currents supply fish with food. In April, fish migrates
back to the west, and when reaching the Korea Bay, it comes to the north along the coast of Primorye.
This seems to be associated with a water warming and increase in plankton abundance.

During the northern summer salmon migrations, chum salmon can be found in small quantities
in the open waters of Primorye. It was established in a large series of TINRO summer trawl surveys (At-
las rasprostraneniya, 2002 ; Shuntov et al., 2004), as well as during drifter cruises in May and June
in the 1990s and early 2000s (Dudarev et al., 2004 ; Semenchenko et al., 1997). These facts allow sug-
gesting as follows: a small part of chum salmon at the age of 3+ and 4+ does not go to the ocean for feeding
at all (Shuntov & Temnykh, 2011). Migrations of chum salmon of all ages, breeding in the western Sea
of Japan, inter alia the Korean Peninsula, have not actually been traced (Shuntov & Temnykh, 2008).

The main feeding areas for chum salmon in Asian waters are the western Bering Sea, Sea of Okhotsk,
and Kamchatka and Kuril waters of the northwestern Pacific Ocean (Shuntov & Temnykh, 2011). In early
winter, juveniles of the Sakhalin and Kuril pink salmon and chum salmon, along with other juvenile
schools, go to feed in a wide front through the northern Kuril straits to the open areas of the Pa-
cific Ocean (N40° to N45°). For the first time in its life, salmon crosses the geochemically impact
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and at the same time high-feeding zone: the Kuril Chain and Kuril-Kamchatka Trench. For the second
time, the pink salmon crosses the impact zone the next year, during anadromous migration, when go-
ing in the opposite direction, to the spawning areas (Khristoforova et al., 2019b). As for chum salmon,
according to data of Shuntov and Temnykh (2011), during its marine life period (usually, 3—4 years),
it can go several times along the Kuril Islands, with the trace element concentration in tissues increas-
ing. Possessing a powerful growth potential, which is characteristic of all Pacific salmon, chum salmons
significantly increase in length and body weight during the months spent in the sea.

Making extensive migrations, chum salmon goes after wintering to the Commander—Aleutian Trench,
enters the deep-water western Bering Sea, and, after feeding in this area, goes along the Kamchatka,
gradually moving to the polar front for wintering. Having completed at least three cycles of passage
to the Bering Sea and back, it finally descends the feeding route along the Kamchatka, Kuril Islands,
and Kuril-Kamchatka Trench; through the southern Kuril straits, the fish goes to the rivers on the Asian
coast of the mainland, Sakhalin, and Kuril Islands (Shuntov & Temnykh, 2008, 2011).

On its way to feeding and back, to native rivers, the Primorye chum salmon goes through the Sea
of Japan. The fish passes this sea twice in its life, following migratory routes to feeding areas and back —
to spawn in the Primorye rivers. The Peter the Great Bay of the Sea of Japan and its bays, inter alia
Amur and Posyet ones, where chum salmon juveniles migrate primarily, are characterized by high an-
thropogenic and terrigenous load on the environment and biota (Khristoforova et al., 1994 ; Kobzar
& Khristoforova, 2015). Thus, different feeding conditions and migration routes of chum salmon
of “Primorye” and “Sakhalin” or “Kuril” origin result in different trace element composition of its or-
gans and tissues. Estimating heavy metal content in pink salmon and masu salmon in our previous
studies (Khristoforova et al., 2015, 2018a, 2018b, 2019a, 2019b), we also noted that pink salmon
from the Sea of Okhotsk and Sea of Japan had significant differences in the trace element concen-
tration in organs and tissues. Specifically, the Sea of Japan pink salmon was characterized by Zn
predominance; salmon from the Sakhalin-Kuril Region, which went to feed in the Pacific Ocean
and twice crossed the geochemically impact and at the same time high-feeding zone (the Kuril Islands
and Kuril-Kamchatka Trench), was characterized by Pb and Cd predominance.

Conclusions:

1. Kuril and East Sakhalin chum salmon, which winters in the ocean and feeds along the high-feeding
zone, accumulates increased amounts of Pb and Cd in its organs and tissues. This results from vol-
canism and upwellings, which carry nutrients from the depths into the surface layer and cause rapid
plankton development, as well as from geochemical impact of the region related to a high sorbability
of these trace elements on nutrient suspension particles.

2. Chum salmon wintering and feeding in the enclosed Sea of Japan, which is poorly connected with
the ocean and subject to terrigenous, anthropogenic, and technogenic load, are accompanied by Fe,
Zn, Cu, and Ni accumulation in fish organs and tissues. The elements are tracers of this load and in-
dicate intense shipping, household and industrial drains, and almost complete surrounding by land.

3. A predominant metal accumulation in liver, typical for fish of the areas studied (except for Ni, which
is almost evenly distributed between organs and tissues of Kuril and East Sakhalin fish), and an in-
crease in the element concentrations in female gonads, especially noticeable in the Sea of Japan chum
salmon, where Ni clearly predominates, indicate the regulatory capabilities of salmon organisms
and the entry (redistribution) of element excess into the excretion system.
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OnpezeneHo coiepkaHWE MUKPO3JIEMEHTOB (kesie3a, LMHKA, MEAW, HUKeJd, CBUHLA U KaJMH:)
B HamOoJjiee BOCTPeOOBAHHOM Ha NMOTPEOUTENILCKOM PBIHKE BHIE THXOOKEAHCKHX JIOCOCEH — Ke-
te Oncorhynchus keta, SIBJISIOIIENCSI B POCCUACKHMX BOJIaX BTOPHIM IO OOBEMY BbUIOBA OOBEKTOM
(mocne ropoynm O. gorbuscha). KoHIleHTpalluM MeTaJUIOB B OpraHax U TKaHAX PbIO (MbIIIeUHast
TKaHb, TIEYEeHb, TOHAIBI) OIpE/IENICHbl ATOMHO-a0COPOIIOHHBIM METOJIOM Ha CIeKTpodoToMeTpe
Shimadzu AA-6800 Ha riaMmeHHOM U OeCIJIaAMEHHOM aTOMHU3aTOpax U3 MUHEPAIM3aTOB IPo0, MMOJTy-
YEHHBIX [IPU Pa3JIokeHNN HaBecok KoHUeHTpupoBaHHoW HNO; mapkun OCY B komiiekce MARS 6,
C HCTIOJIb30BAHUEM CTAHAAPTHBIX 0OPa3LIOB ¢ U3BECTHBIMU KOHIIEHTpauusMu. CtaTuctiueckas oopa-
00TKa JaHHBIX BbIMojHeHa B mporpamme SPSS Statistics 21. ITonoBo3spesnsie ocodu KeThl (10 5 9K3.
CaMIIOB M CAMOK B KaXJOM MecTe cOopa) oToOpansl oceHbio 2018 r. B cakax-HAKOMUTENISAX JIOCOCe-
BBIX pHIOOBOJJHBIX 3aBOJIOB Ha pekax dupcoska (foro-Boctok Caxanuna, 3ai. Teprienust) u PelinoBas
(o-B Utypym, Kypuibsckue octpoBa), a Takxke B OkTssOpe 2019 r. B cafikax [ist BbIACPKUBAHUS TPOU3-
Bonutenei Ha p. [oiima (foro-3anan ITpumopss, SInoHckoe Mope). OT Bcex 0coOel OTACTBLHO B3ATHI
npoObl MBIILIEYHO TKAHU, TIeYeHH U roHall. OnpeaenseMble 3J1eMEeHThl YETKO Pa3aesiiInuch 10 Besi-
YYHAM KOHIIEHTpalMid Ha JBe TPYIIHl B 3aBUCMMOCTU OT Mecta cbopa mpod: Cd u Pb npeodnana-
JI1 B opraHax M TkaHsax kerel u3 CaxanuHo-Kypuisckoro pernona Oxorckoro mops, a Fe, Zn, Cu
u Ni — B simoHOMOpCcKUX pridax. [IpHurHON KOHTPACTHOTO pacnpeieeH s TSKETBIX METAJIOB B Op-
raHax M TKaHSAX pbIO SIBJSIIOTCS, OYEBUIHO, TEOXUMHUYECKHE YCIOBUS cpelibl, (hOpMUpyeMble B aKBa-
TOPUSAX HaryJjla 1 MATPALMOHHBIX ITyTel Jococeil. Eciu B pakTHueckn 3aMKHYTOM SIIOHCKOM MOpe,
ciabo cBA3aHHOM ¢ THXHMM OKeaHOM MaJIOUMCJIEHHBIMH MEJIKOBOIHBIMHU IPOJIMBAaMHU, BOJHAS cpeaa
HaXOJUTCS MO CHJIBHBIM BO3/IEHCTBMEM aHTPOIOIEHHBIX, TEXHOTEHHBIX M TEPPUI€HHbIX (DaKTOPOB
(XO3SIACTBEHHO-OBITOBBIX M IPOMBIIIUIEHHBIX CTOKOB, TOBEPXHOCTHBIX CMBIBOB C ITPUOPEKHBIX TEPpH-
TOPUH, CXKUTAHUS CyJlaMH YIJIEBOAOPOAHOIO TOILUMBA), TO B CaxanHo-Kypuiibckom OacceiiHe oHa vc-
MIBITBIBAET BIIMSIHUE MPUPOAHBIX SBJIEHUIA — HAABOAHOIO M TOABOJHOTO BYJIKAaHM3Ma M MOCTBYJIKA-
HU3Ma Kypuibckux ocTpoBOB, a Takike alBeJUIMHIOB, BRIHOCAIWMX U3 1yOuH Kypuno-Kamuarckoit
BIIQ/IHBI B IOBEPXHOCTHBIN CJION MPAKTUYECKH BECh HA0OP XMMHYECKHX JIEMEHTOB ITePHOJHIECKON
cuctemsl [I. 1. MenpeneeBa. [1pu stom Pb, obnamatomuii BHICOKOR CITOCOOHOCTBHIO K COpOIHH, 3a-
JEepKUBAETCs] Ha JIIOOBIX B3BELIEHHBIX YacTHLaX (Kak >KMBBIX, TAK M HEXKUBBIX) U MOCTYyIAET B Opra-
HU3MBI phIO ¢ muiei. Pacripesenenne MUKpO3JIeMEHTOB 10 OpraHaM M TKaHsSM KeTbl CYIIeCTBEHHO
pa3nuyaeTcs: B MBIIIEYHON TKaHU 3aperMCTPUpPOBaHbl HAMMEHBIIIME KOHLIEHTPALMY METAJIOB He3a-
BHCHMO OT MECTa BBUIOBA, A IEYeHb XapaKTEPU3yeTCs MOBBIIIEHHBIMU YPOBHSAMH Bcex, Kpome Ni, Me-
TAJIJIOB, IPMYEM B NIEYEHH STIOHOMOPCKHUX PBIO OIpeJieieHbl camMble BhIcOKME KOoHIeHTpanun Fe, Zn
u Cu. JIns pacripeneneHrst METalJIOB B TOHAax phl0 XapakTepHa cBOsI crielM(puKa, OCOOEHHO SIPKO
MPOSIBUBLIASCS B IPUMOPCKHUX Jiococsix. Tak, B roHaiax caMoK npeodnaganu kak Fe, Tak u Zn, Ho oco-
6eHHo Cu: KOHIIEHTpalysi MEeY B FOHAAaX caMOK KeTwl U3 p. IToiimMa Oblna Takoi xke, KaK B IEYEHH.
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ToHambl CAMOK SAMOHOMOPCKOM KEThl MMM HauOOJIblMe KOHIEeHTpald Ni, XOTs roHaabpl CaMIOB
TOXe OTJIMYAINCh BHICOKMM, TTYCTh U OUEHb M3MEHYMBBIM, COJiepkaHHeEM 3TOro ajieMeHTa. Uro kaca-
etcst Pb u Cd, HauOosiee TOKCHYHBIX U KOHTPOJIMPYEMBIX CAHUTAPHBIMU CITY)KOaMU 3JIEMEHTOB (MX KO-
JIMYECTBO IO TEXHMUYECKMM IMPUYMHAM HaM yJaJIOCh OMPE/IeIUTh TOJIbKO B OXOTOMOPCKUX phIOax),
TO B MX paclpe/ie]IeHUuH M0 OpraHaM U TKaHSAM OTMeuYeHa XOPOIIO U3BECTHAs KAPTUHA: MAaKCUMAaIlb-
Hasi KOHLIEHTpalLUs BbisiBieHa B nieueHu pui0. [Ipu 3TOM comepkanue Pb mpeBocxoauiio caHuTap-
HYI0 HOPMY JIMIIIb B OTAC/IBHBIX OCOOSIX, MPUINEIIINX HA HepecT B p. PUPCOBKA HA I0TO-BOCTOKE
Caxanuna; o Cd npesbimenne TTJJK B meueHn Bcex caxalMHCKUX pblO cocTaBisiio 2,5-4,0 pasa,
a Tl BceX KypWiIbCKUX poido — 2,1-5,0 pas.

KiaroueBrble cjioBa: THXOOKEAHCKHE JIOCOCH, kKeTa, CaxannHo-Kypuibckuil pernon, OXoTckoe Mope,
[Ipumopckuii kpaid, ANOHCKOE MOpE, MUKPOSJIEMEHTHI
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CARBOHYDRATES AS AN ORGANIC SUBSTRATE
FOR MICROALGAE TISOCHRYSIS LUTEA (HAPTOPHYTA)
UNDER CONDITIONS OF LABORATORY CULTURE
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The possibility was studied of using carbohydrates in order to optimize the cultivation process of mi-
croalgae Tisochrysis lutea (Haptophyta). The effect of D-galactose, glucose, and sucrose at concen-
trations of 100 and 200 mg-L™' on the dynamics of T. lutea abundance was analyzed. As found,
adding of all the studied carbohydrates stimulated microalgae growth, with sucrose at a concentration
of 200 mg-L™! having the most pronounced effect.

Keywords: Tisochrysis lutea, cell abundance, carbohydrates, aquaculture

Microalgae are a food source for various groups of hydrobionts. Among marine microalgae,
Tisochrysis lutea is of great interest as a food object for invertebrates: mussels, oysters, scallops, and sea
cucumbers. Moreover, it is used to feed larvae of salmon, flounder, and representatives of other fish fam-
ilies. Controlling the growth parameters of algae cultures (enriching media composition, introducing nu-
trient substrates, etc.) results in growth acceleration (Bigagli et al., 2018). Currently, one of the objectives
of cultivation is to obtain high abundance of microalgae in a short time.

The aim of this work is to assess the effect of carbohydrates on the growth of marine microalgae
Tisochrysis lutea.

MATERIAL AND METHODS

The study object was the culture of unicellular algae T. lutea (Haptophyta) — MBRU_Tiso-08 strain
from the Marine Biobank resource collection at NSCMB FEB RAS (Efimova et al., 2016). T. lutea
was cultivated on the nutrient medium f, with D-galactose, glucose, and sucrose added at concentra-
tions of 100 and 200 mg-L™!, at a temperature of +20 °C, a light intensity of 50 pmol-m™2-s™, in a vis-
ible light area, and a light/dark cycle 12 h : 12 h. Microalgae were grown in 250-mL Erlenmeyer
flasks with 100 mL of nutrient medium, under conditions of a periodic cultivation mode. As a control,
an alga grown on the medium f with no carbohydrates added was used. The experiments lasted 21 days.
T. lutea abundance was counted under a microscope in a Goryaev chamber. Algae biomass (wet weight)
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was calculated by the formula from (Levich et al., 1997). The experiments were carried out in three
biological replicates. Mean values and standard deviations were calculated. The data was statistically
processed in Microsoft Office Excel 2007.

RESULTS AND DISCUSSION

Up to the 18" day, D-galactose adding at both concentrations stimulated 7. lutea growth
and biomass increase. On the 21 day, these values were lower than the control ones at 100 mg-L™
of D-galactose (Table 1).

Table 1. Effect of carbohydrates on Tisochrysis lutea abundance and biomass

Day Control D-galactose Glucose Sucrose

100 mg-L~! 200 mg-L! 100 mg-L~! 200 mg-L™! 100 mg-L~! 200 mg-L™!
Cell abundance, x 10* per mL
0 21+0.2 21+0.2 21+0.2 21+0.2 21+£0.2 21+0.2 21+0.2
2 245%0.1 29+0.3 23.8+0.1 21.2+0.2 21.7+04 23.7+0.4 32309
4 26.5+0.3 345+£0.5 29804 31.7+£0.5 25.5+0.5 35.0+0.7 312+1.2
7 33.8+0.3 52.8+1.0 51.0%x1.5 36.7+£0.7 59.2+£0.8 49.4+0.5 47.0+0.9
9 64.5+0.6 84.9+£0.8 932+09 74.2+0.9 74.7+1.0 70.4 £ 0.7 69.9+1.2
11 | 102.8+£0.7 121.0+£1.2 121.0£1.3 96.8 +£0.3 97.5+0.9 246.6 + 1.0 2946+ 1.0
14 | 122.0+04 1346 £ 1.6 1498+ 14 142.0+1.3 1685+1.2 157.2+0.9 165909
16 | 167.0£0.9 176.2+£0.9 178.1+£0.9 191.2+£0.8 1945+ 0.8 2197+ 1.5 219.0+£0.7
18 | 479.8+1.2 6343+13 5854+ 1.7 4248+ 14 4342+ 1.3 7453 £ 1.8 792.8 £ 1.6
21 | 587.2+14 509.0+ 1.7 581.7+1.0 607.8+ 1.0 5745+ 1.5 750.3 £0.9 833.6+0.5
Biomass, mg-L!

0 0.6%0.3 0.6%0.3 0.6+0.3 06%0.3 0.6%0.3 0.6+0.3 0.6%0.3
2 0.7+0.2 09+04 0.7+0.2 0.6%0.5 0.7£0.2 0.7+0.2 09+04
4 0.8+0.4 1.0£0.6 09+0.5 1.0£0.6 0.8+04 1.0£04 1.0£0.6
7 1.0£0.9 1.6+0.4 1.6 £0.7 1.1£0.5 1.8+£0.8 1.5£0.5 14£0.8
9 1.9+£0.3 1.5+1.2 1.6 +0.9 2.2+0.8 22+04 2112 2.1+£0.8
11 3.1+1.1 3.7+0.7 37+1.1 29+1.1 3.0+1.2 75+1.1 89+13
14 37+1.1 40x1.2 4415 43+09 5.1£1.0 48+0.8 50%1.5
16 5.0£09 54%£09 54+£09 5.8%13 59+0.7 6.7+0.9 6712
18 145+1.8 19.2+1.3 17.8£1.9 129+1.7 13.1£1.6 227%19 241+£2.0
21 17.8£1.6 155+1.8 17.7£1.3 18.5+£1.8 174+ 1.3 228+22 253+1.9

Note: mean values and standard deviations are given.

With glucose adding in both concentrations, an increase in 7. lutea abundance and biomass was reg-
istered on the 7—16" days of the experiment (see Table 1). Sucrose stimulated algae growth, especially
from the 11" day (see Table 1). The most pronounced effect was recorded at 200 mg-L™'. As shown
in the literature, microalgae growth intensifies with organic substrates adding (inter alia carbohydrates):
in Chlamydomonas reinhardtii and Haematococcus pluvialis (Jeon et al., 2006), in Chlorella sorokiniana
and Chlorella sp. (Heredia-Arroyo et al., 2010), and in Nannochloropsis sp. (Hu & Gao, 2003).

Conclusion. D-galactose, glucose, and especially sucrose adding results in an increase in 7. lutea
abundance and biomass. The effect of carbohydrates on microalgae growth is dose-dependent. Hence,
carbohydrates adding is a promising method of T. lutea cultivation.

Mopckoii buonoruueckuii kypHan Marine Biological Journal 2021 vol. 6 no. 4
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YIJIEBO/IbI KAK OPTAHUYECKHUM CYBCTPAT
AJIA MUKPOBOOPOCJIM TISOCHRYSIS LUTEA (HAPTOPHYTA)
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HccnenoBana BO3MOKHOCTh TIPUMEHEHHUSI YTIIEBOJIOB TSI ONITUMU3AIIUN MTPOIiecca KyIbTHBUPOBAHHMS
MUK poBonopociu Tisochrysis lutea (Haptophyta). IlpoananusupoBaHo BiusiHue D-ranakTosbl, LIIOKO-
3Bl ¥ caxapo3bl B KoHIeHTpauusx 100 u 200 mr-1~! Ha JUHAMUKY YMCIEHHOCTU nonyisiuuu 1. lutea.
YcTaHOBJNIEHO, YTO JT0OABJIEHUE BCEX M3YUEHHBIX YIVIEBOIOB CTUMYJIMPOBAJIO POCT MUKPOBOJIOPOCIIH,

oJHaKo HauOoJbIIMii 3¢ eKT okazaa caxaposa B KoHeHTpauuu 200 mMri.

1

KuroueBsle cinoBa: Tisochrysis lutea, 4iCIEHHOCTD KJIETOK, YIJIEBOABI, AKBAKYJIbTypa
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CHRONICLE AND INFORMATION

“STUDY OF AQUATIC AND TERRESTRIAL ECOSYSTEMS:
HISTORY AND CONTEMPORARY STATE”.
INTERNATIONAL SCIENTIFIC CONFERENCE DEDICATED
TO THE 150" ANNIVERSARY OF THE SEVASTOPOL BIOLOGICAL STATION -
A. O. KOVALEVSKY INSTITUTE OF BIOLOGY OF THE SOUTHERN SEAS
AND TO THE 45" ANNIVERSARY OF THE RESEARCH VESSEL
“PROFESSOR VODYANITSKY”

The international scientific conference was held 13
to 18 September, 2021, on the basis of the Federal Research
Center “A. O. Kovalevsky Institute of Biology of Southern Seas
VisyueHne BOAHbIX of RAS” (IBSS). The conference “Study of Aquatic and Terres-
1 Ha3eMHbIX 3KOCUCTEM: trial Ecosystems: History and Contemporary State” was ded-
MUCTOPUA U COBPEMEHHOCTb icated to the 150" anniversary of the Sevastopol Biological
Station — IBSS and the 45" anniversary of the RV “Profes-
sor Vodyanitsky”. It was organized by IBSS and supported
by the Ministry of Science and Higher Education of the Rus-
sian Federation, the Government of Sevastopol, the Head Pro-
duction and Technical Enterprise “GRANIT”, the Russian Hy-
drobiological Society of RAS, the Sevastopol City Branch
of the Russian Geographical Society, the Parasitological
Society of RAS, and the Sevastopol State University.

13-18 cenTabps 2021 r.
Cesactonons, Poccust

More than 370 researchers took part in the conference
representing 95 scientific institutions, educational institutions,
and departments of Russia, Belarus, Abkhazia, Romania, Spain,
Japan, Vietnam, USA, Mexico, Bulgaria, and Switzerland.

At the opening plenary session, eight reports were presented:

1. “Evolution of research of IBSS radiation and chemical biology department on the problem of the in-
teraction of biotic and abiotic matter with radioactive and chemical components of the marine
environment” (V. N. Egorov, D. Sc., Academician of RAS, IBSS).

2. “Genetic signatures of historic translocation in contemporary white-tailed deer populations” (Michael
Douglas, D. Sc., Fayetteville, USA).

3. “Prospects for the mariculture developing in the Sea of Azov — Black Sea basin” (E. A. Kozhurin,
the head of the Sea of Azov — Black Sea branch of the VNIRO).
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4. “Aquatic ecotoxicology in solving the problems of assessing the water quality and “health” of ecosys-
tems” (T. I. Moiseenko, D. Sc., Corresponding Member of RAS, V. 1. Vernadsky Institute
of Geochemistry and Analytical Chemistry of RAS).

5. “Paradoxes of anamniotes’ bioenergetics” (A. A. Soldatov, D. Sc., Prof., IBSS).

6. “Marine aspects of the carbon polygon in the Kaliningrad region” (V. V. Sivkov, PhD,
M. O. Ulyanova, PhD, Immanuel Kant Baltic Federal University).

7. “The history of the development of the scientific direction “marine biotechnologies” in IBSS”
(V. I. Ryabushko, D. Sc., V. E. Erokhin, PhD, IBSS).

8. “The research vessel “Professor Vodyanitsky”: 45 years of worthy service (anniversary retrospective
at the turn of the century)” (O. A. Rylkova, PhD, N. A. Gavrilova, PhD, | S. M. Ignatyev |, IBSS).

The work of the conference was continued in the following sections:

* “Biodiversity of aquatic and terrestrial ecosystems and its conservation”.

* “Structure, functioning, and dynamics of aquatic and terrestrial ecosystems”.

* “Ecology, physiology, behavior, and biochemistry of hydrobionts”.

* “Molecular biology and genetics of hydrobionts”.

* “Problems of aquatic ecosystem pollution and marine radiochemoecology”.

* “Biological resources, biotechnology, and aquaculture”.

* “Sustainable development of coastal areas”.

* “Methane, its genesis, and participation in biological and geological processes”.

The results were widely presented of fundamental and applied scientific research in biodiversity
and functioning of aquatic and terrestrial ecosystems. The prospects were discussed for the practical ap-
plication of these results for the development of innovative technologies. The problems were highlighted
of environmental protection and rational nature management. The aspects were emphasized of the re-
production of biological resources and aquaculture. In total, 220 oral, 70 virtual, and 70 poster reports
were presented.

The work of the conference was accompanied by an exhibition of IBSS scientific literature
and innovative developments.

Three roundtable discussions were held within the framework of the conference.

At the roundtable discussion “Ways of coordinating the activities of libraries of Russian marine
research centers” (moderated by O. A. Akimova, IBSS), issues were highlighted on the establishment
of the Association of Scientific Libraries and Information Centers in the field of marine and aquatic
sciences in Russia and its further activities.

At the roundtable discussion “Floating universities: opportunities and prospects in the Russian Feder-
ation” (moderated by N. E. Ryazanova, PhD, MGIMO University), the best practices were emphasized
for the implementation of domestic and international projects, as well as issues of grant and public-private
support, regulatory aspects, and problems and prospects for interdepartmental cooperation in planning
and carrying out relevant projects.

At the roundtable discussion “Towards Blue Growth. Prospects for the development of the Blue
Economy, research, and innovations in the Black Sea region” (moderated by T. I. Andreenko, PhD, IBSS,
A.D. Lappo, MIREA — Russian Technological University), the prospects were discussed for international
cooperation in the field of the Blue Economy and for the Blue Growth development in the Black Sea
region.
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Two seminars were held as well: “Management of the state of aquatic ecosystems: theory and prac-
tice” (the speaker was A. G. Degermendzhi, D. Sc., Academician of RAS, Institute of Biophysics
of SB RAS) and “General ecological problems in the context of ecological biophysics” (the speaker
was S. L. Bartsev, D. Sc., Institute of Biophysics of SB RAS).

High level of the works, interesting oral and poster presentations, and lively discussion of the key sci-
entific issues contributed to creating favorable atmosphere, exchanging views and information, broaden-
ing horizons and scientific contacts, and deepening understanding of problems and prospects for studying
aquatic and terrestrial ecosystems.

The research results presented at the conference are published in the book of abstracts. It is uploaded
in the IBSS Open Access Repository (https://doi.org/10.21072/978-5-6044865-5-9) and in the national
bibliographic database Russian Science Citation Index (https://elibrary.ru/item.asp?1d=46714524).

«M3YUYEHUE BOJHBIX 1 HASBEMHBIX 9KOCUCTEM:

NCTOPUA 1 COBPEMEHHOCTDb».
MEXKJIYHAPOTHA S HAYYHA I KOHOEPEHITUA, IOCBAITEHHA A
150-JIETUIO CEBACTOIIOJIbCKOM BUOJIOTMYECKOM CTAHITNA —

WHCTUTYTA BUOJIOTUH I0KHBIX MOPEN UMEHM A. O. KOBAJIEBCKOI'O
U 45-JIETUIO HAC «IIPOPECCOP BOAAHUIIKUA»

MexnyHnaponHasi Hay4dHasi KoH(epeHIwms, nocBsmenHas 150-netuto CeBacTONOIbCKON OHOJIOTHYe-
cko craHi — WHctutyTa Guonornn 10kHBIX Mopedl umenn A. O. KoaneBckoro u 45-netvio
HUC «IIpodeccop Bopssauukwuit», npouuia ¢ 13 no 18 cenrsops 2021 r. B pabore koHpepeHIMH
npuHsu yyactue Oosee 370 wccnenoBaTeneid, MpecTaBisIBIIMX 95 Hay4HBIX, 00pa30BaTeIbHbIX
U BEeJJOMCTBEHHBIX yupexaeHuil. [Ipeacrapnero 220 ounbix, 70 qucTaHIMOHHBIX M 70 MOCTEPHBIX

JIOKJIa/I0B.
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IN MEMORIAM: ZOSIM FINENKO
(17.11.1938 - 15.11.2021)

On 15 November, 2021, after a serious and prolonged ill-
ness, Zosim Finenko passed away, a well-known hydrobiolo-
gist, D. Sc., Professor, laureate of the State Prize of Ukraine,
and chief researcher at A. O. Kovalevsky Institute of Biology
of the Southern Seas.

Z. Finenko was born in Berdyansk, Zaporizhzhya region,
on 17 November, 1938. In 1961, he successfully graduated
from the Belarusian State University specializing in biology
and zoology; later, he entered PhD graduate school there
and studied under the guidance of G. Vinberg, the classic
of Russian hydrobiology. After graduating from the univer-
sity (1961), Zosim Finenko began his career at IBSS. He be-
came one of the first Russian hydrobiologists, who applied
the radiocarbon method for measuring primary production
in the Black Sea. During these years, he participated in many
expeditions to the Black Sea and Sea of Azov. Together

with L. Sushchenya, under the EQUALANT international program, he took part in the research cruise
of the RV “Mikhail Lomonosov” to the Tropical Atlantic. Based on the results of those studies, he de-
fended his PhD thesis in hydrobiology “Primary production of the Black Sea, Sea of Azov, and the Trop-
ical Atlantic” (1966). The subsequent years were very productive. Specifically, participation in expedi-
tions of the Institute of Oceanology to the Pacific Ocean broadened his horizons and brought new ideas
and impressions. Moreover, he met interesting people, and many of them remained his friends forever.
During this period, in addition to field research, he was involved in experimental work. Its material
formed the basis for his D. Sc. dissertation in hydrobiology “Ecological and physiological foundations
of primary production at the sea” (1977). In 1978, he was awarded the academic title of senior researcher;
in 2000, the title of professor.

In 1980, on the initiative of Z. Finenko, algae ecological physiology department was created
at IBSS of the Academy of Sciences of the Ukrainian SSR. Until 2020, he headed this department.
In 1980-1988, being deputy director for scientific work, he contributed much in development of IBSS
activity programs and in planning numerous scientific expeditions to various areas of the World Ocean.
With his direct leadership and participation, several research cruises were carried out to the Black
and Mediterranean seas, as well as to the Atlantic, Pacific, and Indian oceans. Many of our colleagues
shared with him all the joys and difficulties of sea expeditions, in which he was always a key member
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of the team — knowledgeable, aimed at discovering something new, interested in scientific results of other
employees, and a cheerful companion with a subtle sense of humor. In different years, Zosim Finenko
worked at leading research institutes in France, Italy, and the UK on EU and NASA grants.

For many years, he was a member of the IBSS scientific council, a member of the specialized coun-
cil for the defense of PhD thesis and D. Sc. dissertations in hydrobiology, and a member of the edi-
torial boards of Marine Ecological Journal and Marine Biological Journal. In recent years, he headed
the subsection of the Presidium of the Russian Academy of Sciences project “Combined effect of envi-
ronmental factors on the phytoplankton community development”. In 2016-2018, he headed the Rus-
sian Foundation for Basic Research project “Alternative approach to assessing biomass and growth rate
of phytoplankton in the Black Sea using satellite data”.

Z.. Finenko was a well-known specialist in the field of microalgae
physiology, production processes in seas and oceans, primary pro-
duction modeling, and theory of the functioning of phytoplankton
community and aquatic ecosystems. He carried out fundamental re-
search on algae physiology and phytoplankton productivity, as well
as on modeling production processes and photosynthesis production
with satellite data applying. He theoretically substantiated and exper-
imentally confirmed the quantitative regularities of the relationship
between biosynthesis rate and organic matter destruction in algae
and their size and weight. Due to in-depth analysis of these data,
theoretical concepts were significantly developed concerning both
the physiological mechanisms of algae adaptation to environmental
conditions and relationship between microalgae growth rate and in-
tensity of photosynthesis and respiration, as well as intracellular con-
tent of organic carbon and pigments. He developed a semi-analytical
model describing the combined effect of light, temperature, and nu-
trients on variability in growth rate and pigment content in algae of various taxonomic groups. General
quantitative regularities of chlorophyll a vertical distribution in the southern seas were substantiated
and confirmed on extensive material. For the first time, convincing evidence was presented that the rate
of nutrient flow from deeper layers to the surface and adaptation of phytoplankton community to light
are the main factors regulating the shape of chlorophyll vertical profile and its relative content in phyto-
plankton. The results of Zosim Finenko’s fundamental research served as the basis for the development
and substantiation of modern methods for determining primary production using satellite measurements
of chlorophyll a concentration and solar radiation. This allowed to evaluate production in real time,
on scales from several tens to thousand kilometers. On this basis, new data were obtained on global
phytoplankton productivity in the vast water areas of the Black Sea and Atlantic Ocean, its dynamics,
and relation with climatic changes. Those could not be obtained earlier, applying other methods.

Until the last days of his life, Z. Finenko worked with enthusiasm on the problem of the spatio-
temporal variability of phytoplankton biomass and primary production in the Black Sea. He endeavored
to find out the main factors and processes determining the trends in the variability of primary production
indicators at the current stage of the Black Sea ecosystem development. His extensive scientific heritage
is an invaluable contribution to the Russian science. His activity is reflected in more than 150 articles
and 5 collective monographs.
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Zosim Finenko was a talented teacher
and a man of encyclopedic knowledge.
He shared his skills and knowledge with nu-
merous students and created his own scien-
tific school. Among his students, there is
1 D. Sc. and 13 PhDs.

Z. Finenko left a noticeable mark
in the history of Russian hydrobiology
and in the hearts of everyone he worked with
and was friends with. The bright memory
of him will always live in our hearts.

Students, colleagues, and friends

IMAMATHA 30CUMA 30CUMOBHNYA PUHEHKO
(17.11.1938 - 15.11.2021)

15 wosi6ps 2021 r. ymén w3 ku3Hu 3ocuM 3ocuMoBrY DPUHEHKO — BBHIIAOMIUACS YYEHBIN-
TUAPOOMONOr, [IOKTOp OHOJIOTMYECKHX HayK, TNpodeccop, IJaBHBIA HAy4YHBI COTPYIHHUK
®UIL UuBIOM. 3. 3. dunHenko — aBtop Oosnee yem 150 HayuHBIX cTaTell MU 5 KOJUIEKTUBHBIX
MoOHorpapuii.
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