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Zooplankton of the coastal water area near Sevastopol are quite well studied. However, there are few
comprehensive investigations of local zooplankton assemblages involving the characterization of all
the taxa forming them. Moreover, previous research was mainly based on material sampled in the Se-
vastopol Bay at only one or two stations — at the bay mouth and/or in its apex, and there was
no analysis of zooplankton spatial variability within the bay. The aim of this work is to character-
ize the spatial-temporal dynamics of zooplankton communities in the Sevastopol Bay and the adja-
cent open coastal waters in the spring—autumn 2013. We analyzed zooplankton sampled in April—
November 2013 in the western, central, and eastern Sevastopol Bay, as well as at three stations in the ad-
jacent open coastal area: two miles from the Sevastopol Bay mouth, near the Uchkuevka village,
and at the Kruglaya Bay mouth. To assess spatial-temporal differences in the taxonomic structure
of zooplankton assemblages, we applied analysis of similarities (ANOSIM), used nonparametric mul-
tidimensional scaling (MDS), and determined the contribution of individual taxa to the Bray—Curtis
dissimilarity between sample groups (SIMPER). When analyzing beta diversity, the Shannon index
was applied. As revealed, during the study period, there were spatial-temporal differences in the abun-
dance and taxonomic structure of zooplankton communities between various areas of the Sevastopol
Bay and the adjacent open coastal waters. The highest degree of dissimilarity in the taxonomic structure
of zooplankton was recorded between the central-eastern bay and the open coastal area. When com-
paring assemblages of these water areas, R values (ANOSIM) were 0.926, 0.572, and 0.761 (p < 0.03)
in spring, summer, and autumn, respectively. The mean total abundance of zooplankton in the bay in all
seasons was higher than in the open coastal water area: (5.3 = 1.9), (16.3 £ 2.7), and (8.3 £ 1.4) thou-
sand ind.-m™ vs. (0.8 +£0.3), (4.6 = 1.2), and (3.4 * 1.3) thousand ind.-m™ in spring, summer, and au-
tumn, respectively (mean = SE; p < 0.006). There was a tendency towards higher density values
in the central Sevastopol Bay. A change in the level of diversity and, accordingly, in the degree of com-
plexity of zooplankton assemblage was revealed in the spatial-temporal aspect. In spring, the lowest
level of diversity was registered, with a mean (+ SE) value of the Shannon index H’ of 1.09 + 0.16.
In summer and autumn, the values increased to 1.94 £ 0.11 and 1.48 + 0.09, respectively. In summer—
autumn period, the values of H’ were higher in the open coastal area (2.07 £ 0.09) and lower in the inner
water area (1.53 £ 0.09). As determined, the differences in the taxonomic structure between the com-
munities of the compared water areas were driven by three dominant taxa in spring, nine in summer,
and five in autumn.

Keywords: zooplankton, copepods, taxonomic structure, diversity, Sevastopol Bay
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Zooplankton of the coastal water area near Sevastopol are quite well studied. Specifically, the dy-
namics of abundance and biomass of fodder zooplankton before and after the invasion of ctenophores
Mnemiopsis leidyi A. Agassiz, 1865 and Beroe ovata Bruguiere, 1789 is investigated [Datsyk et al., 2012;
Hubareva et al., 2004], and long-term alterations in the Copepoda taxocene structure in 1976-1996
are described [Gubanova et al., 2002]. Much attention is given to the analysis of ecology of individual
taxa, in particular, invasive species, and their effect on the structure of the zooplankton assemblage [Al-
tukhov, Gubanova, 2006; Gubanova, 2000, 2003; Gubanova et al., 2016, 2019, 2020; Seregin, Popova,
2016]. Comprehensive studies of zooplankton communities in coastal waters near Sevastopol, including
the characteristics of all the taxa that form them, are not so numerous; those were carried out mainly us-
ing material from the Sevastopol Bay and an external water area in the 1980s [Belyaeva, Zagorodnyaya,
1988; Kovalev, 1980] and early 2000s [Datsyk et al., 2012; Gubanova, 2003; Temnykh et al., 2008;
Zagorodnyaya et al., 2007]. Previous investigations were based mostly on material sampled at one or two
stations — at the bay mouth and/or in its apex (eastern area), while the analysis of the spatial variability
of zooplankton within the bay was not carried out. However, ecological conditions in the bay are het-
erogeneous: the western area is characterized by a more intensive water exchange with the open sea;
the eastern area is replenished with freshwater from the Chernaya River; and the central area is affected
by a large amount of wastewater, both storm water runoff and industrial and household sewage [ Gubanov
et al., 2015; Pavlova et al., 1999]. This is bound to affect the state of assemblages in these water areas.

The aim of this study is to characterize the spatial-temporal dynamics of zooplankton communities
in the Sevastopol Bay and adjacent open water areas in the spring—autumn 2013.

MATERIAL AND METHODS

The studies covered the coastal areas of Sevastopol (Fig. 1) — the Sevastopol Bay (sta. 1-7) and three
stations in the open coastal waters: the areas two miles from the bay mouth (sta. M), near the Uchkuevka
village (sta. U), and at the Kruglaya Bay mouth (sta. K). The works were carried out from April to Novem-
ber 2013 (Table 1). Zooplankton were sampled using a 0.1-m? Juday net fitted with 132-um mesh. Verti-
cal net hauls were taken at all stations in the first half of the day in the 10-0-m layer. The sea surface tem-
perature was measured at the time of sampling. The samples were preserved in 4% solution of buffered
formalin. The organisms were identified and measured under MBS-9 microscope at 10—140-fold magni-
fication. Mass species were counted using a Bogorov chamber in 1/20 or 1/10 of the initial sample taken
with 1-mL and 5-mL Stempel pipettes in several replicates, depending on the abundance of planktonic
organisms in a sample. To count rare taxa, the entire sample volume was examined. Adult and juvenile
copepods (including naupliar stages) were identified down to the species level; other animals were identi-
fied down to the genus, family, or order level (whenever possible). A total of 45 samples were analyzed.

Graphical and statistical analysis was performed using PRIMER v5.2.4 and SigmaPlot 12.5 software
packages. Spatial-temporal variations in the taxonomic structure of zooplankton assemblages were as-
sessed based on the algorithm for comparing the degree of variability of rank similarities (the statistic R)
in the ANOSIM program applying the Bray—Curtis similarity index S (S = 100%, if compared samples
are completely similar; S = 0, if compared samples are completely dissimilar [Clarke, Warwick, 2001]).
The test statistic R characterizes observed dissimilarities in the structure of communities between sam-
pling areas compared with dissimilarities between samples within each area. R value varies from —1 to 1.
R =1, if all replicates at the sampling site are more similar to each other than to any sample from another
area. R value is close to zero, if the similarity between samples within and between water areas on average

Mopckoii 6uosorrueckuii xkypHain Marine Biological Journal 2023 vol. 8 no. 2
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is the same [Clarke, Warwick, 2001]. To analyze beta diversity, the Shannon index H’ (log e) was ap-
plied. When ordinating by the method of nonparametric multidimensional scaling (MDS), the Bray—
Curtis indices were used with 10 permutations for determining the lowest value of the stress index.
When performing the procedures of cluster analysis, MDS, and SIMPER (determining the contribution
of individual taxa to similarity/dissimilarity between groups of samples), the Bray—Curtis similarity ma-
trix was constructed based on the initial data transformed to the power of 0.5 [Clarke, Warwick, 2001].
When constructing a matrix for cluster and MDS analysis, the data for each season for each station (in-
ter alia for conditional sta. B2 and B3) were preliminarily averaged. Differences between the mean values
of the Shannon index were assessed using Student’s 7-test (ANOVA) for a significance level of p = 0.05,
and between the mean abundance values, according to the Mann—Whitney rank test for a significance
level of p < 0.01. To designate certain sites of the water area studied, the following abbreviations were
used: B1, the western Sevastopol Bay (sta. 1); B2, the central bay (sta. 2—4); B3, the eastern bay (sta. 5-7);
and MKU, the open coastal water area (sta. M, K, U).

Table 1. Sampling dates and areas, number of the samples analyzed

Site, sampling depth
Two miles The
from Kruglaya | Uchkuev-
Sea surface The Sevastopol Bay, 10-15 m the coast, Bay, ka,
Season 2013 temperature 50 m 20 m S50m
range, °C sta. 1 sta. 2—4 sta. 5-7 M K U
B1 B2 B3 MKU MKU MKU
Number of samples
Spring (11.04-25.04) +10.3...+11.9 2 2 1 1 1 2
Summer (11.07-19.09)* | +23.0...425.4 5 2 3 3 3 3
Autumn (11.10-14.11) |+13.7...+15.5 4 6 3 1 - 3

Note: Bl1, the western Sevastopol Bay (sta. 1); B2, the central bay (sta. 2—4); B3, the eastern bay (sta. 5-7);
MKU, the open coastal water area (sta. M, K, U). *, according to the classification of hydrological seasons in the neritic
zone of the Black Sea proposed by V. Greze et al. [1971], the September data were referred to summer season data.

44.65

Uchkuevka

44.60

B. Kruglaya

T T T
33.46 33.53 3360 E

Fig. 1. The map of sampling stations: sta. K, the Kruglaya Bay mouth; sta. M, two miles from the Sevastopol
Bay mouth; sta. U, near the Uchkuevka village; sta. 1-7, in the Sevastopol Bay

Mopckoii buosnorrueckuii xypHain Marine Biological Journal 2023 vol. 8 no. 2
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RESULTS AND DISCUSSION

Taxonomic composition and mean abundance of zooplankton. In analyzed material, 26 zoo-
plankton taxa were recorded (Table 2); out of them, 16 were identified down to the species level.
The cells of the flagellate Noctiluca scintillans were taken into account as well. Holoplankton was repre-
sented mainly by copepods, and their contribution to the total population was 25.5, 74.4, and 87.0%
in spring, summer, and autumn, respectively (Table 3). A relatively small proportion of Copepoda
in spring was due to high density of Rotifera in this season (see Table 3). Out of meroplankton organisms,
the most abundant were larvae of Cirripedia, Polychaeta, and Mollusca (Bivalvia and Gastropoda), with
the contribution to the total abundance of zooplankton within 2.5-10.1, 0.8—4.2, and 1.4-5.6%, respec-
tively. The total mean abundance (excluding N. scintillans) was the highest in summer and the lowest
in spring (Table 3).

Table 2. Taxonomic composition, mean abundance, and occurrence of zooplankton taxa in the studied
water area in the spring—autumn 2013

Mean Standard Occurrence Season
Taxon abundance,| error (SE), in samples,
ind.-m= ind..m= % Spring Summer Autumn

Copepoda

Oithona davisae Ferrari & Orsi, 1984 3,488.2 831.7 91 + + +
Acartia clausi Giesbrecht, 1889 795.1 120.4 100 + + +
Acartia tonsa Dana, 1849 449 .4 144.2 38 - + +
Paracalanus parvus (Claus, 1863) 379.9 68.7 91 + + +
Centropages ponticus Karavaev, 1895 205.2 44.6 82 + + +
Pseudocalanus elongatus (Boeck, 1865) 71.3 17.5 56 + + +
Oithona similis Claus, 1866 44.9 18.4 36 + + +
Calanus euxinus Hulsemann, 1991 36.7 9.8 60 + + +
Harpacticoida 13.2 5.0 49 + + +
Cyclopina gracilis Claus, 1863 0.5 0.4 4 + + -
Pontella mediterranea (Claus, 1863) 0.3 0.2 13 + - -
Other groups of zooplankton

Rotifera 422.8 336.9 20 + + +
Penilia avirostris Dana, 1852 288.0 130.2 58 - + +
Cirripedia (nauplii) 283.0 61.8 91 + + +
Oikopleura dioica Fol, 1872 247.4 59.2 73 + + +
Bivalvia (larvae) 189.0 63.6 98 + + +
Polychaeta (larvae) 177.4 67.0 84 + + +
Gastropoda (larvae) 106.3 19.9 84 + + +
Evadne spinifera P. E. Miiller, 1867 84.2 33.0 31 - + -
Hydrozoa (larvae) 55.5 35.1 29 - + +

Continue on the next page...
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Mean Standard Occurrence Season
Taxon abundance,| error (SE), in samples, )
ind..m™ ind..m™3 % Spring Summer Autumn

Parasagitta setosa (J. Miiller, 1847) 47.6 17.4 67 + + +
Pleopis polyphemoides (Leuckart, 1859) 31.1 14.9 38 - + +
Pseudevadne tergestina (Claus, 1877) 22.6 12.8 16 - + -
Decapoda (larvae) 14.5 4.9 53 - + +
Isopoda 10.8 3.8 44 - + +
Nematoda 4.1 3.3 16 + + +
Noctiluca scintillans 2425 87 1 29

(Macartney) Kofoid & Swezy, 1921 ' ' * * B

Table 3. Seasonal mean values of the absolute and relative abundance of different taxonomic groups
of zooplankton in the spring—autumn 2013

Mean abundance * SE, ind.-m™>

Proportion in the total abundance, %

Taxon
Spring Summer Autumn Spring Summer Autumn

Appendicularia 2+1 241 + 96 384 + 104 0.1 2.3 5.6
Chaetognatha 0 91 + 39 2419 0 0.9 0.4
Cirripedia 352+ 159 262 £ 106 270 + 82 10.1 2.5 3.9
Cladocera 0 985 + 347 277 0 9.3 0.4
Copepoda 896 + 150 7,898 £ 1,976 6,044 £ 998 25.7 74.6 87.3
Hydrozoa 0 123 £ 81 106 0 1.2 0.1
Decapoda 0 3111 4+2 0 0.3 0.1
Isopoda 0 21£8 5+£2 0 0.2 0.1
Mollusca 49 + 18 590 £ 153 96 + 21 1.4 5.6 1.4
Nematoda 1+£0.7 9+8 1+£0.5 0.0 0.1 0.0
Polychaeta 146 £ 71 304 + 151 52+18 4.2 2.9 0.8
Rotifera 2,044 + 1,646 3022 4+3 58.6 0.3 0.1
g‘;;:‘;c(awi?;;;am) 3491+1,797 | 10,583 £2,467 | 6,922+ 1,143 - - -

N. scintillans 974 + 328 113 £58 0 - - -

Sample grouping. The degree of similarity of the sampling areas (and, accordingly, the composition
of zooplankton assemblages in these water areas) was analyzed by the MDS ordination based on the data

on the abundance of organisms in the samples (Fig. 2).

In all seasons, the stations within the bay (groups B2 and B3) and in the open coastal area (sta. M, K,

U) were grouped separately within the ordination plane, which reflects a certain degree of dissimilarities

in the taxonomic structure between zooplankton communities in the bay and in the open coastal waters.
The assemblage at the station at the bay mouth (sta. B1) was similar in species composition to the com-

munities both in the inner bay area and in the open coastal area, which resulted from the intermediate

Mopckoii buosnorrueckuii xypHain Marine Biological Journal 2023 vol. 8 no. 2




8 E. A. Galagovets and I. Yu. Prusova

location of the sta. B1. In terms of the degree of similarity of the species composition, this station was
grouped in spring and summer with the stations of the open coastal water area, and in autumn, with
the stations of the bay (see Fig. 2).

P ., Stress: 0 || ... Stress: 0 StfeSSO
@ @ —7286% | [u\ e =8

...... 65 %

i~ -

— 66-89 % — 77-84%
...... 60 % B3 73 %

(a) B3 (b) ................ # (C) ......

Fig. 2. Results of MDS ordination analysis; grouping of stations based on the taxonomic structure of zoo-
plankton assemblages: a, spring; b, summer; ¢, autumn. Data on the abundance of zooplankton taxa averaged
for each area were used. Solid and dashed lines correspond to the level (%) of grouping of areas (stations)
by the results of cluster analysis

Taking into account the results of ordination, the degree of similarity between the identified groups
of samples was analyzed (Table 4). The communities of the areas B2 and B3 were the most similar:
the Bray—Curtis index S in the group B2 compared with the group B3 varied within 53—-67%; in other
compared groups, the value was lower in all seasons. The dissimilarities between the zooplankton assem-
blages in the bay waters and the open coastal area are confirmed by high values of the test statistic R,
which assesses the degree of variability of average values of rank similarities for combinations of all
pairs of stations from different groups compared with the variability of similarities between any pair
of stations from the same group.

Table 4. Results of the test for spatial-temporal differences in the taxonomic structure of zooplankton
assemblages when comparing groups of samples based on the abundance of taxa in the spring—autumn 2013

Areas under comparison Spring Summer Autumn
S, % R p S, % R )4 S, % R )4
B2 vs. B3 63.4 1.000 | 0.333 53.2 | -0.083 0.400 67.5 0.243 | 0.143
B2 + B3 vs. MKU 359 0.926 | 0.029 42.6 0.572 0.003 472 0.761 | 0.001
Bl vs. B2 + B3 53.2 0.333 | 0.200 51.8 0.336 0.008 65.3 0.181 | 0.134
B1 vs. MKU 59.7 0.107 | 0.400 50.7 0.358 0.011 55.1 0.145 | 0.257
Global R p Global R )2 Global R )4
The entire water area studied 0.608 0.022 0.425 0.001 0.427 0.005

Note: S, the Bray—Curtis similarity index; R, the test statistic (see “Material and Methods” section); p, the proba-
bility of acceptance of the hypothesis that there are no differences between the compared mean values (p, = 0.05).
Statistically significantly different results are highlighted in bold.

For these areas, R values in spring, summer, and autumn were 0.926, 0.572, and 0.761, respectively;
the dissimilarities between them were significant (Table 4). In the compared groups (B1 vs. B2 + B3;
B1 vs. MKU), R values were low, from 0.107 to 0.358, indicating a low degree of dissimilarities within
these groups. The generalizing value of R (global R), which characterizes the level of spatial differ-
ences between groups for each season as a whole, was significantly higher in spring than in summer
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and autumn (see Table 4). Global R values calculated for each of the areas — MKU, B1, B2, and B3 —
were 0.790, 0.814, 0.992, and 0.556, respectively (at p < 0.002), and those were generally higher than
the values of spatial variations.

The results obtained indicate that: 1) the taxonomic structure of zooplankton in the studied water
areas is heterogeneous, and the degree of similarity between the communities of the central and eastern
bay is higher than that for the western bay and the open coastal waters; 2) the highest degree of dissim-
ilarity is recorded between the central-eastern bay and the open coastal area in all seasons; 3) spatial
variability of zooplankton structure is higher in spring than in summer and autumn; and 4) seasonal
variability of the structure is more pronounced than the spatial one.

Diversity index. Distinct seasonal differences in the values of the Shannon diversity index were reg-
istered for zooplankton assemblages of the open coastal water area (MKU): the mean value of H’ in sum-
mer was significantly higher than in spring and autumn (p < 0.001) (Fig. 3). At the sta. B1 in summer,
the value of H’ was higher than in spring (p = 0.016); at the stations within the bay (sta. B2 + B3), sea-
sonal differences in the mean values of H’ were not revealed. For the entire water area studied, the mean
value of H’ in summer (1.94 * 0.11) was significantly higher than in spring and autumn (1.09 £ 0.16
and 1.48 £ 0.09, respectively) (p < 0.0041).

I Spring
2,5 1 1 summer
= Autumn
2.0 -
0
151 118 TIE
T H H
1,0 — =
0,5 1 = —
0,0 A . L .

MKU B1 B2+B3

Fig. 3. Variability of mean values (mean + SE) of the Shannon diversity index in the Sevastopol Bay (B1,
B2 + B3) and the open coastal water area (MKU) in the spring—autumn 2013

The spatial dynamics of the Shannon diversity index values was as follows: in the summer—autumn
period, the values of H’ were higher in the open coastal area (2.07 = 0.09) and lower in the water
area within the bay (1.53 = 0.09). In summer, the value of H’ for each of three examined water ar-
eas (MKU, B1, and B2 + B3) differed significantly (p < 0.001), being the highest for the open coastal
waters (2.26 = 0.06) and the lowest for the area within the bay (1.66 + 0.15). In autumn, at the stations
within the bay (sta. B2 + B3), the value of H’ (1.28 + 0.11) was significantly lower than at the bay
mouth (1.78 £ 0.15) and in the open coastal area (1.64 = 0.04) (p = 0.041 and p = 0.048, respectively).
In spring, the differences were insignificant.

Thus, lower values of the Shannon diversity index and, accordingly, lower taxonomic diversity
of the community were revealed in spring throughout the entire water area. The degree of the assemblage
complexity tended to increase towards the open coastal water area in summer and autumn. The stability
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of this trend is confirmed by the fact that a similar pattern of diversity variability in the bay water area
was observed earlier on the material of 1981-1983, based on the analysis of spatial-temporal dynamics
in the number of zooplankton species [Belyaeva, Zagorodnyaya, 1988].

Taxa determining dissimilarities between assemblages. Using the SIMPER procedure, discrimi-
natory taxa were identified, the contribution of which to dissimilarities between the zooplankton commu-
nities of the open coastal area (sta. MKU), within the bay (sta. B2 + B3), and at the bay mouth (sta. B1)
was the most significant and accounted for about 50% dissimilarities between the compared groups
of samples (Table 5). In spring, the main contribution to the dissimilarity between groups of sam-
ples was made by 2-3 taxa prevailing in the assemblage; in autumn, there were more discriminatory
taxa; and in summer, their number was maximum. The obtained results confirm the conclusions about
the nature of prevalence and the degree of complexity of communities, which were made on the basis
of the analysis of the spatial-temporal variability in the diversity index.

Table 5. Taxa with the largest contribution to the dissimilarity between zooplankton assemblages
of different sites of the Sevastopol Bay and the open coastal water area in the spring—autumn 2013

Spring Summer Autumn
Areas under Contribution Contribution Contribution
comparison Taxon to dissimi- Taxon to dissimi- Taxon to dissimi-
larity, % larity, % larity, %
B2 + B3 vs. Rotifera 34.0 0. davisae 25.5 0. davisae 28.2
MKU N. scintillans 21.4 P. avirostris 8.2 A. clausi 9.9
A. tonsa 8.0 Cirripedia 9.5
P. parvus 5.5 P. parvus 8.5
O. dioica 5.4
B1 vs. MKU Cirripedia 20.6 O. davisae 18.2 O. davisae 16.0
N. scintillans 19.0 A. tonsa 9.7 A. clausi 15.7
Rotifera 10.3 Cirripedia 8.4 0. dioica 13.0
C. ponticus 6.3 P. parvus 9.5
0. dioica 5.1
Bivalvia 4.4
Bl vs. Rotifera 35.8 0. davisae 17.5 0. davisae 22.2
B2 +B3 N. scintillans 18.3 A. tonsa 8.3 A. clausi 12.2
P. avirostris 7.5 0. dioica 9.7
Cirripedia 6.7 Cirripedia 7.1
P. parvus 6.4
C. ponticus 5.7

Throughout the entire study period, the taxa determining dissimilarities between assemblages were
five Copepoda species (Acartia clausi, Acartia tonsa, Centropages ponticus, Oithona davisae, and Para-
calanus parvus), cladoceran Penilia avirostris, appendicularian Oikopleura dioica, Bivalvia and Cirripedia
larvae, as well as rotifers and the flagellate N. scintillans (Table 5). These taxa had the highest values
of the mean abundance (see Table 3). The composition of groups of discriminatory taxa in various
seasons was different (Table 5), and this indicates seasonal differences in the structure of zooplankton

communities (Fig. 4).
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and other most abundant taxa in the Sevastopol Bay (B1, B2, B3) and the open coastal water area (MKU)
in the spring—autumn 2013

Dynamics of the zooplankton assemblage structure. In spring, Copepoda communities were dis-

tinctly dominated by A. clausi (74.8—89.3% of the total abundance of copepods in spring vs. 0.3-38.9%

in summer and autumn), with almost complete absence of C. ponticus (0-0.4% in spring vs. 1.6—-6.9%

in summer) and a small contribution of other species (Fig. 5b). In summer—autumn, O. davisae pre-

vailed (21.6-88.1% in summer and autumn vs. 0.3—4.8% in spring); it was the most common species
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in the studied material (Table 2), with the highest density values in summer (up to 24,950 ind.-m™ in Au-

gust at sta. 6). An important element in the assemblages of the summer period was A. fonsa (9.4-17.6%
of the total Copepoda abundance), which was absent from plankton in spring and recorded as single

individuals at two out of seven stations in autumn. Calanus euxinus, Oithona similis, and Pseudo-

calanus elongatus were present in plankton throughout the entire study period; their density was
low (Fig. 4), and their contribution varied within 0.4-4.3, 0.1-7.1, and 0.1-13.1%, respectively.
Therefore, the role of these species in the spatial-temporal dynamics of the zooplankton structure

was insignificant.
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Fig. 5. Spatial-temporal dynamics of the total abundance (mean + SE) of zooplankton (a) and taxo-
nomic structure of Copepoda (b) and other taxa of forage zooplankton (c) in the Sevastopol Bay (B1,
B2, B3) and the open coastal water area (MKU) in the spring—autumn 2013. For (b): 1, Acartia
clausi; 2, Acartia tonsa; 3, Calanus euxinus; 4, Centropages ponticus; 5, Oithona davisae; 6, Oithona sim-
ilis; 77, Paracalanus parvus; 8, Pseudocalanus elongatus. For (¢): 1, Oikopleura dioica; 2, Parasagitta se-
tosa; 3, Penilia avirostris; 4, Polychaeta larvae; 5, Rotatoria; 6, Cirripedia nauplii; 7, Bivalvia larvae;

8, Gastropoda larvae
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Among the groups of other organisms, the largest range of seasonal density variations was found
in Rotifera: from mean values of thousands of ind.-m™ in spring to minimum values in summer and au-
tumn (see Table 3). Rotifers were noted only in the bay water area (B1, B2, and B3) and not reg-
istered in the open coastal area. The spring peak of their abundance, 15,110 ind.-m™, was recorded
in the area B3 (Fig. 4); it was 86.2% of the total abundance of zooplankton there. In spring, the commu-
nities differed significantly from those of summer (p = 0.0034) in higher population density of N. scin-
tillans: (974 * 328) ind.-m™ vs. (113 + 58) ind.-m™ in summer. In autumn, this flagellate was absent
in the plankton.

Spatial heterogeneity of the taxonomic structure of the Copepoda assemblage was determined mainly
by the variability in the proportions of A. clausi, A. tonsa, C. ponticus, O. davisae, and P. parvus.
In summer and autumn, the degree of spatial dissimilarity in the structure was more pronounced
than in spring (Fig. 5b). In the group of other organisms, spatial variations in spring were mainly
driven by the variability of the contribution of rotifers and Cirripedia larvae; in summer, P. avirostris
and Polychaeta and Bivalvia larvae; and in autumn, O. dioica and Bivalvia larvae (Fig. 5¢).

The mean abundance of total zooplankton in all seasons in the bay (B1 + B2 + B3) was signifi-
cantly higher than in the open coastal area: (5.3 £ 1.9), (16.3 +2.7), and (8.3 + 1.4) thousand ind..-m™
vs. (0.8 £0.3), (4.6 £ 1.2), and (3.4 % 1.3) thousand ind.-m™ in spring, summer, and autumn, respec-
tively (mean *+ SE; p < 0.006). A similar ratio was registered separately for communities of cope-
pods and other organisms, as well as for A. fonsa (p = 0.0080), O. davisae (p = 0.0004), and Cir-
ripedia (p = 0.0003). The mean abundance of A. clausi, C. ponticus, O. dioica, and P. avirostris
was also higher in the bay (Fig. 4), but the differences were not significant. The average population
density of C. euxinus, O. similis, P. parvus, P. elongatus, N. scintillans, and Bivalvia larvae was slightly
higher in the open coastal waters (Fig. 4), but the differences were not significant. Assessing the spa-
tial variability of abundance values within the bay water area, it should be noted as follows. In summer
and autumn, the total mean abundance of zooplankton in the central area (B2) was higher than in the east-
ern (B3) and western (B1) areas (Fig. 5a), but taking into account the variability values, these differences
were not significant.

The revealed trend of increasing values of the assemblage abundance in the central Sevastopol Bay,
compared to the values in its eastern and western areas, is consistent with previously reported results.
Specifically, based on the material of 1981-1983, maximum zooplankton abundance and biomass were
registered in the center of the bay [Belyaeva, Zagorodnyaya, 1988]. Spatial dissimilarities in zooplankton
abundance values might be related to different environmental conditions in various bay areas, namely,
to the level of eutrophication due to anthropogenic pollution. Based on the study of the distribution
of phosphates, silicates, nitrates, nitrites, ammonium ions, and amount of suspended matter in the sur-
face layer in 1998-2000, the western bay was assigned earlier to the areas with the level of weak pollu-
tion; the eastern bay, moderate pollution; and the central bay, heavy pollution [Lopukhin et al., 2007].
The central bay area may be characterized by a higher level of water trophicity, resulting in higher plank-
ton abundance. In relatively clean waters of the open coastal area, lower zooplankton densities were
recorded. Apparently, lower zooplankton density in the open coastal waters results from the fact that
sampling was carried out only in the 10-0-m layer, but not in the entire inhabited water column.

Further studies in the waters of the Sevastopol Bay and open coastal areas, along with the analy-
sis of hydrochemistry data, will supplement the obtained results and reveal the spatial patterns
of the formation of zooplankton communities within this area.
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Conclusion. Between various sites of the Sevastopol Bay area and the adjacent open coastal wa-
ters, spatial-temporal variability in the quantitative values and taxonomic structure of zooplankton
assemblages was revealed in the spring—autumn 2013. In all seasons, the total mean zooplankton
abundance in the bay was higher than in the open coastal water area. A tendency towards higher
abundance values in the central bay was recorded. The highest level of variability in the zooplank-
ton taxonomic structure was registered between the central-eastern bay and the open coastal waters.
In the summer—autumn period, an increase in the diversity and, accordingly, in the level of com-
munity complexity from the eastern bay towards the open coastal area was noted. The lowest level
of the assemblage diversity was observed in spring. As determined, the dissimilarities in the taxo-
nomic structure between the communities of the compared water areas were due to three dominant
taxa in spring, nine in summer, and five in autumn, including five Copepoda species (Acartia clausi,
Acartia tonsa, Centropages ponticus, Oithona davisae, and Paracalanus parvus), cladoceran Penilia avi-
rostris, appendicularian Oikopleura dioica, Bivalvia and Cirripedia larvae, rotifers, and the flagellate
Noctiluca scintillans.

This work was carried out within the framework of IBSS state research assignment “Structural and functional

organization, productivity, and sustainability of marine pelagic ecosystems” (No. 121040600178-6).
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300IUIaHKTOH MPUOPexHOM 30Hb Y CeBacTomnois U3y4eH JAOBOJIbHO XOPOIIO, OJHAKO KOMILIEKCHBIX
padoT ¢ XapaKTEPUCTHKOM BCEX TAKCOHOB, (POPMUPYIONIHUX 300IUIAHKTOHHBIE COOOIIIECTBA IAHHOTO pe-
ruoHa, HeMHoro. Kpome Toro, nmpoBei€HHbIe paHee MCCIe0BaH|SA B OCHOBHOM 0a3vpOBAIIVICH HA Ma-
Tepuanax, cooOpaHHbsX B CeBacTONOIBLCKON OyXTe Ha OIHOW WU IBYX CTaHIUAX (Y BXOJa U/WHU B Ky-
TOBOHM YacTH), IPYU STOM aHAJIU3 IMPOCTPAHCTBEHHONM M3MEHUYMBOCTU 300ILIAHKTOHA BHYTPHU aKBaTO-
puu OyXThl BHINOJHEH He Obul. Llesb HacTosiel paboThl — OXapaKTepU30BaTh MPOCTPAHCTBEHHO-
BPEMEHHYIO IMHAMUKY COOOIIECTB 300MTaHKTOHA CeBaCTOIMONBCKOM OYXThI U MPUJIETAIONINX OTKPbI-
TBIX BOJ B BeceHHe-oceHHMi nepuos 2013 r. Martepuaaom HOCIY XU MPOObl 300ILIAHKTOHA, CO-
OpanHble ¢ anpens Mo HosAOps 2013 1. B 3amagHOM, NEHTPaJbHON M BOocToYHOW dacTsax CeBacto-
MOJIbCKOW OYXTHI, @ TaKkKe Ha TPEX CTAHIUSAX B OTKPHITOM MPUOpEkbe — B JIByX MHISAX OT BXO-
na B OyxTy, BO3JIe TOCEnKa YUKyeBKa W y Bxoja B Oyxty Kpyrmas. OueHky mpocTpaHCTBEHHO-
BpPEMEHHBIX Pa3JINunil TAKCOHOMUYECKOUN CTPYKTYPhI COOOIIECTB 300TJIAHKTOHA IIPOBOJIUIIH C UCTIOJb-
30BaHMEM Mporeayp aHamm3a cxoactsa (ANOSIM), HerapaMeTpuuecKoro MHOrOMEpHOTO IIKaJIMPO-
BaHusA (MDS) u onpeneneHus BKIaga OTAEAbHBIX TAKCOHOB B CXOICTBO/pasinuue bpes — Képru-
ca mexay rpynmamu 1mpod (SIMPER). Ilpu aHanuse Gera-pazHooOpasus npumensuid unaekc Ilen-
HoHa. MccnenoBaHue Mokasano, 4To B pacCMaTpUBAEMBblil IEPUOA MEKAY PAa3HbIMU YACTSMU AKBATO-
prir CeBacTOMOIBCKON OYXTHI U MPHJIETAIONIETO OTKPBITOTO MPUOPEKbsI UMEIUCH IPOCTPAHCTBEHHO-
BpEMEHHHIE pa3fiuuvs B KOJIUYECTBEHHBIX MOKA3aTeNsAX U TAKCOHOMUYECKON CTPYKType 300ILIaHK-
TOHHBIX cO0OIIecTB. Hanbosbimii ypoBeHb pas3jiMuuii B TAKCOHOMUYECKOW CTPYKTYpe 300ILIaHKTO-
Ha OTMEUYEH MEX]y IEHTPAIbHO-BOCTOYHOM YacThi0 OyXThl M OTKPBITHIM MpuOpexbem. Ilpu cpas-
HEHMU COOOIIECTB STHX aKBATOPUW 3HAUYCHUsI TecToBoW cratuctuku R (ANOSIM) BecHom, Je-
ToM M oceHbio coctaBmm 0,926; 0,572 u 0,761 (p < 0,03) coorBerctBeHHO. CpenHssl YHCIICH-
HOCTh CyMMAapHOTO 300IUIAHKTOHA BO BCE CE30HHI B OyXTe ObLIa BBIIIE, YeM B OTKPBHITOM IMpHOpe-
xpe, — (5,3 £ 1,9), (16,3 = 2,7) u (8,3 £ 1,4) THIC. 9K3.-M > npotuB (0,8 + 0,3), (4,6 £ 1,2)
u (3,4 +1,3) THIC. 9K3.-M > BECHOIA, JIETOM ¥ OCEHBIO COOTBETCTBEHHO (cpennee * SE; p < 0,006). Otme-
YeHa TeHJISHIIUS K OoJiee BHICOKMM BEJIMYMHAM TUIOTHOCTU B CPEJMIHHOW YacTu OyXThl. BeisiBIeHO U3-
MEHEeHHUe YPOBHsI Pa3HOOOpa3usl U, COOTBETCTBEHHO, CTEIICHHU CIIOKHOCTU COOOIIeCTBa 300IUIAHKTOHA
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B IIPOCTPAHCTBEHHO-BPEMEHHOM acriekTe. Hanbosiee HU3KUIA ypoBEHb pa3HOOOpa3usi 3apErMCTPUPO-
BaH BecHOW mnpu cpenHeil (£ SE) BenmunHe unaekca llennona H’ 1,09 + 0,16; neToM U oceHblo
3HaueHus1 Bozpocau go 1,94 + 0,11 u 1,48 = 0,09 coorBercTBeHHO. B neTHe-oceHHUI nepuon Be-
JUYAHB H’ ObUIM BhIIIE B 30HE OTKpPBHITOro mpuopexsbs (2,07 + 0,09) u Huke B aKBaTOPUU BHYT-
pu 6yxThl (1,53 £ 0,09). OnpenenieHo, YTO pa3yinuvsl B TAKCOHOMUYECKON CTPYKType MEXIy CO00-
IECTBAMHU CPaBHUBAEMbIX AKBATOPHI BECHOW OOYCIIOBJEHBI TPEMsl, JIETOM — JIEBSIThIO, OCEHBI0 —
MATHI0 JOMUHHUPYIOIIAMU TAKCOHAMHU.

KitoueBble cj0oBa: 300IUIAHKTOH, KOMNEMOABl, TAKCOHOMHYECKash CTPYKTypa, pa3HooOpasue,
CeBacromnoJbckas OyxTa
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To understand the accumulation process resulting from the input of toxic substances and elements into
water areas, the study of the organic matter content in the aquatic environment and bottom sediments
is of great importance. Moreover, such investigation is significant for identifying negative alterations
in the ecosystem and potential environmental risks driven by the nature management. We aimed at ana-
lyzing the importance of organic matter as a factor of the environmental contamination in the Vladimir
Bay (the Sea of Japan) and determining the toxicity of hydrobionts and the environmental risk to both
the ecosystem and human health. This complex work was carried out applying chemical, analytical, mi-
crobiological, and hydrobiological techniques; it included mathematical and cartographic data process-
ing, as well as calculation of accumulation factor and sediment quality guideline quotient. Seawater, bot-
tom sediments, and macrobenthos sampled in the Vladimir Bay in July 2014 were analyzed. Chemical,
ecological, and microbiological parameters of the bay waters were determined; those allowed to esti-
mate the organic matter accumulation in the aquatic environment and bottom sediments and to establish
the trophic status of the ecosystem in summer. Mass macrobenthic species and groups were identified;
indices of benthic population abundance were determined indicating high levels of biomass. In sur-
face waters, the abundance of heavy metal resistant groups of bacteria was estimated. In bottom sed-
iments, heavy metal content and its spatial distribution were determined. Heavy metal concentrations
in the sea urchin gonads were quantified. The results of the microbiological assessment were compared
with maximum permissible concentrations (MPC), and a significant pollution of the bay waters (more
than 3 MPC) in terms of Cd was revealed. For Ni, Cu, Zn, and Cd, background concentrations were ex-
ceeded in the bottom sediments; for Cd and Zn, clarke content was exceeded. The correlation between
concentrations of organic matter in the bottom sediments and heavy metal content there was checked,
as well as the correlation between heavy metal concentrations in the bottom sediments and in the sea
urchin gonads (a statistically significant correlation was revealed for Zn). For the bay bottom sedi-
ments, the contamination factor C; was determined; its values characterize the contamination with zinc
as high, and with cadmium and copper — as very high. Also, the degree of contamination C4 was es-
timated; its values evidence for an average degree of contamination for the bottom sediments in total.
The environmental risk quotients were calculated. According to SQG-Q value, the bay bottom sedi-
ments are classified as moderately polluted. As established, Cd and Pb content in the sea urchin gonads
from the Vladimir Bay does not exceed the permissible values set in Technical Regulation of the Cus-
toms Union 021/2011. However, based on ILCR value, it can be concluded that there is a carcinogenic
risk arising from consuming the sea urchin gonads.

Keywords: Vladimir Bay, Sea of Japan, organic matter, trophicity, bottom sediments, macrobenthos,
heavy metals, accumulation factors, environmental risk, human health risk
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High concentrations of organic matter (hereinafter OM) in marine ecosystems often result from nat-
ural processes occurring there. Specifically, OM is accumulated in “trap bays”: water areas deeply in-
cised into the coast, with a relatively narrow mouth and limited or specific water exchange. Such wa-
ter areas are accumulators of OM, which is a food resource generally determining the trophic status
of the environment in the ecosystem. Marine ecosystems, which have a high trophic status and are char-
acterized by great variety of ecotopes, are key areas for the development of mariculture and the ra-
tional use of natural populations. Moreover, those are the areas of natural formation and conservation
of biodiversity.

OM accumulation in a marine ecosystem has a pronounced positive effect up to a certain level of val-
ues for OM dissolved in water and accumulated in bottom sediments. When exceeding this level, nega-
tive consequences arise. In addition to more pronounced and short-term manifested eutrophication, there
is a less noticeable and more extended in time accumulation of toxic substances and elements entering
a bay or a bight. For bottom sediments, this effect is especially significant. The processes of OM trans-
formation and destruction at the boundary of bottom sediments and a water column and in sediments
are the main cause of both the mobilization of heavy metals (hereinafter HM) into pore and bottom wa-
ters and the binding of elements [Shulkin, 2004; Zhang et al., 2014]. Entering a water column, HM cause
its secondary pollution; then, HM are accumulated in organisms via food chains. The analysis of element
migration in various ecosystem components is an important direction of toxicological studies; it allows
to assess both toxic effects for organisms of different trophic levels [Saroop, Tamchos, 2021; Vashchenko
et al., 2010] and risks to human health [Birch, 2011; Donets et al., 2020].

The Vladimir Bay is located on the eastern coast of the Primorsky Krai. This water area is deeply
incised into the coast; its mouth is relatively narrow. In central areas of bights, the depth exceeds 20 m;
at the bay mouth, the value is 40 m. The currents within the bay are mainly due to wind-wave processes.
The effect of the Primorsky Current is insignificant since the bay water area is quite closed. There are
no currents formed by a river flow because of the lack of full-flowing rivers entering the bay. This water
area is under anthropogenic load since 1907, when the first settlement occurred, Veselyi Yar. Later, be-
cause of the deployment of military facilities on the bay coast, new settlements arose: Timofeevka (1932),
Nord-Ost, and Rakushka (1934). In 1934-1999, the Vladimir-Olginsk naval base of the Pacific Fleet
was located in the bay water area (now, it is disbanded).

A few marine biological studies of the Vladimir Bay cover particular commercial macrobenthic
species [Gavrilova et al., 2006; Kulepanov, Ivanova, 2006] and some invasive species [Lutaenko,
Kolpakov, 2016]. Macrobenthic composition, abundance, and distribution are described by the au-
thors [Galysheva et al., 2018]. Several scientific works are devoted to the analysis of Neogene de-
posits [Vashchenkova, Tsoy, 2014] and the prospects for mariculture development [Gavrilova et al.,
2019]. There are no published data on hydrochemical and microbiological studies by other researchers.
Complex works have not been carried out.

The aim of this work is to analyze the level of organic matter as a possible factor in the forma-
tion of environmental toxicity in the Vladimir Bay and to assess the contamination of hydrobionts
and the environmental risk to both the ecosystem and human health.

Research objectives are: 1) to analyze OM content in the aquatic environment in terms of chemical
and microbiological indicators and to assess the trophic status of the water area; 2) to determine the gran-
ulometric composition of the bottom sediments and OM content in them; 3) to assess the composition
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and abundance of macrobenthic organisms; 4) to assess HM content in environmental components
and macrobenthic organisms; and 5) to analyze the relationship between OM and HM accumulation
in the bay bottom sediments, as well as to assess the environmental risk for the organisms inhabiting
it and the toxicological risk driven by their consumption by humans.

MATERIAL AND METHODS

Sampling. The data of the analysis of seawater, bottom sediments, and macrobenthos sampled
in the Vladimir Bay (the Sea of Japan) (Fig. 1) in July 2014 served as the material for the work, as well
as the authors’ information on other water areas of the Primorsky Krai [Galysheva, 2010]. In total,
17 complex stations were surveyed, covering different bay areas down to a depth of 25 m (the depth
limit is associated with diving descents). Seawater, bottom sediments, and macrobenthos were sampled
at the entire net of stations. Water for microbiological analysis (due to limited possibility of ensuring
the seeding sterility in the field) was sampled at particular stations (sta. 2, 4, 5, 8, and 11-14), which
cover all bights of the bay, and at the control station (C) outside the bay. The sea urchin Strongylocentro-
tus intermedius (A. Agassiz, 1864) was chosen to serve as a bioindicator based on the following criteria:
its high biomass and frequency of occurrence in the bay; sensitivity to various toxicants, infer alia HM,
at all stages of the life cycle; and the fact that humans consume gonads [Vaschenko et al., 2005]. Sea
urchins were sampled at sta. 2, 7, 10—-12, and 14 out of the total quantitative macrobenthic samples. In to-
tal, we analyzed 26 samples of surface water (17 for hydrochemical parameters and 9 for microbiological
indicators), 17 samples of bottom sediments, 102 quantitative samples of macrobenthos, and 18 sam-
ples of the sea urchin gonads. When carrying out chemical, ecological, and microbiological analysis,
a triplicate of the measurement of each indicator was observed for each sample (Table 1). There were
six macrobenthic samples at each station. Primary analysis was carried out in a field laboratory; final one,
in the laboratories of the UNESCO international chair in marine ecology and the chair in soil science
of the Institute of the World Ocean (School) of the Far Eastern Federal University (FEFU).

Hydrochemical analysis. Seawater was sampled from the surface 50-cm layer according
to [Rukovodstvo po khimicheskomy analizu, 2003]. Oxygen dissolved in water and BODs values
were determined in accordance with the Winkler method. Permanganate oxidizability was established
by the Skopintsev technique. To determine two forms of phosphorus (organic and mineral), the Morphy—
Riley method was applied [Rukovodstvo po khimicheskomy analizu, 2003]. The analysis was carried out
on the day of sampling, in triplicate for each indicator.

Microbiological analysis. Water was sampled from the surface layer into sterile plastic con-
tainers. The samples were transported to the field laboratory and analyzed on the day of sampling,
in compliance with terms of storage and transportation according to international technical standards
GOST 31861-2012 and GOST 31942-2012. The abundance of colony-forming heterotrophic microor-
ganisms (hereinafter CHM) in 1 mL of water was determined applying the Koch plate count technique
in a medium for marine microorganisms (MMM) with the addition of 1.5% agar [Yoshimizu, Kimura,
1976]. The abundance of metal-resistant forms in a CHM community was established by the plate count
technique in the MMM with addition of metal salts at concentrations inhibiting the growth of sensi-
tive forms of bacteria. As additives, metal chlorides (Zn, Cu, Cd, Ni, and Co) and lead nitrate were
used [Bezverbnaya et al., 2003]. Resistance testing was carried out for each toxic additive (element
by element) for all samples taken (in triplicate).
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Fig. 1. The map of sampling in the Vladimir Bay

Table 1. Amount of factual material for chemical, ecological, and microbiological assessment

Surface water

Surface water

(6 parameters)

(7 parameters)

(9 parameters)

Sample type for hydrochemical for microbiological Bottom sediments Sea urchins
analysis analysis
Number of samples 17 9 17 18
CHM, groups Granulometric
DO, BODs, PO, of bacteria resistant composition, OM, Cu, Cd, Ni,
Assessment parameters Pioats Prnins Porg to heavy metals — Cu, Cd, Ni, Zn, Zn, Pb, Cr
Cu, Cd, Ni, Co, Zn, Pb Pb, Fe, Cr

(6 parameters)

Number of parameter
determinations

306

189

459

324

Note: abbreviations for the parameter names are given below in the text — in the sections describing different types

of analysis.

Granulometric analysis of bottom sediments. The particle size of surface bottom sediments was
determined mechanically (GOST 12536-79), while the amount of the finest fractions in samples with silt
prevalence was established by the pipette method [Kachinsky, 1958]. The sediment type was determined
by the dominant fraction.

Analysis of organic matter content in bottom sediments. The total content of organic carbon
(Corg) was determined by the Tyurin method modified by the Central Research Institute of Agrochemical
Services for Agriculture (GOST 26213-91).
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Assessment of composition and quantitative indicators of macrobenthos. Sampling was car-
ried out by scuba divers from a motor boat in the horizon of the upper sublittoral (3—27 m). At each
station, epibenthos was sampled (using a hydrobiological frame with an area of 1 m?), as well as in-
fauna (using a diving gear grab with a capture area of 0.025 m?). Sampling with each tool was carried out
in triplicate. In total, there were 102 samples. Primary processing was carried out in the field labora-
tory. Unidentified animal species were fixed with a 4% formaldehyde solution, and plants were placed
in herbarium; to each species, a code was assigned. Further identification was carried out in the laborato-
ries of the FEFU Institute of the World Ocean, and the data of primary processing were supplemented.
All indicators are recalculated to 1 m?.

Analysis of heavy metal content in bottom sediments and hydrobionts. In bottom sediments,
the total content of Fe, Cd, Ni, Cr, Cu, Zn, and Pb was determined. Sampled sediments were
treated with a mixture of hydrochloric, hydrofluoric, perchloric, and nitric acids. The procedure was
followed by determination of the total content of elements by flame atomic absorption spectrom-
etry (AAS) (the regulatory document PND F 16.1:2.2:2.3.36-02) on a Shimadzu AA-6800 atomic
absorption spectrophotometer (Japan).

At least three specimens of the sea urchin S. intermedius were selected for the analysis at each sta-
tion from each macrobenthic sample in which this species occurred. A total of 18 specimens were
sampled. Gonads were preliminarily dried in an oven at a temperature of +85 °C and grinded. Then,
samples of 0.40-0.50 g were dried to a constant weight and subjected to acid decomposition with con-
centrated high-purity nitric acid. After that, these samples were transferred to a 2% nitric acid solu-
tion. HM content (Zn, Cu, Pb, Cr, Cd, and Ni) was determined by AAS on a Shimadzu AA-6800.
The accuracy was controlled by analyzing standard samples (NIST 2976). The determination error
did not exceed 15%.

Calculation of accumulation factor and sediment quality guideline quotient. Indices
of HM contamination of bottom sediments (the contamination factor Cy and the degree of contami-
nation Cy) were determined in accordance with the algorithm proposed by Hakanson [1980] and suc-
cessfully tested in various water areas [Chakraborty et al., 2014; Liang et al., 2018; Saroop, Tamchos,
2021; Vashchenko et al., 2010; efc.]:

Cp=C/Cy, (1)

Ca=) Oy, )

where C is the mean concentration of a substance in bottom sediments;
C, 1s the background concentration of this substance in bottom sediments [Shulkin, 2004].

An integral assessment of potential toxicity of bottom sediments in the Vladimir Bay was car-
ried out applying the sediment quality guideline quotient, SQG-Q [Birch, 2011; MacDonald et al., 1996;
Vashchenko et al., 2010; efc.]. This index allows characterizing the toxicity of accumulated pollutants
for marine hydrobionts in abiotic components of a studied biotope and is determined by the formula:

SQG—Q=> PEL-Q/n, 3)

where Y} PEL-Q is the ratio of the mean concentration of a toxicant in bottom sediments to the PEL
(probable effect level) for the same toxicant [MacDonald et al., 1996];
6n is the number of toxicants.
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To determine individual carcinogenic risk when exposed to non-threshold toxicants, a calculator es-
tablishing incremental lifetime cancer risk, ILCR, was used (http://www.popstoolkit.com/tools/HHRA/
Carcinogen.aspx). This coefficient is widely applied in Canada and the USA. ILCR index estimates
incremental lifetime carcinogenic risk when a product is consumed over a certain period of time.

Cartographic and statistical data processing. Maps of the distribution of OM and HM content
in bottom sediments were built by the kriging interpolation in Surfer software package (Golden Software).
The final design of the cartographic material was carried out in QGIS program based on the digitization
of raster topographic maps of the studied area, the access to which is free.

To determine the strength of the relationship between the analyzed indicators, we used the Pearson
correlation coeflicient, the assessment of linear approximation trends, and the value of the approximation
reliability R?

RESULTS

Ecological assessment of the aquatic environment. The well-being of natural waters and OM
amount there can be estimated by values of the content of oxygen dissolved in water (hereinafter
DO), BODs, permanganate oxidizability (hereinafter PO), and P, concentration. DO content depends
on two groups of processes: some increase it (release during photosynthesis and adsorption from the at-
mosphere), while others decrease (consumption for the oxidation of organic substances). According
to DO value, conclusions are drawn about the intensity of the self-purification in water bodies and the oxi-
dation of dissolved OM [Khristoforova et al., 2015]. Chemical and environmental control of the Vladimir
Bay state showed sufficient DO content in its surface waters and the lack of areas with the values be-
low the summer standard of 6 mg O,-L7! [Prikaz Minsel’khoza Rossii no. 552, 2016]. The mean value
was 8.79 mg O,-L7!, and the minimum one was 7.22 mg O,-L™! (Table 2).

Table 2. Hydrochemical parameters and trophic status of the Vladimir Bay surface waters (mean * SD)

Sta Temperature, DO, BODs, PO, Poin, Porg, Piotat, Trophic
' °C mg Oy L™ mg O, L™ mg O-L™! ugL™! pg L™ mg-L™! status

1 +21.4 9.06 £ 0.04 1.04 £ 0.05 1.12£0.02 27.78 % 256.69% | 28447 % 0]
0.36 6.72 1.89

2 +20.5 8.42 +0.07 1.13 £ 0.05 1.12 £ 0.07 109.12 £ 44.34 % 15346 £ M
8.64 1.16 10.03

3 +20.7 8.69 £ 0.22 1.46 £ 0.05 1.44 +£0.28 1389 809.57% | 823.46% (0]
1.44 67.76 67.76

4 +22.2 9.10£0.18 1.80£0.11 1.60 £ 0.07 539 % 51600+ ) 591.39 £ M
0.19 32.89 12.05

5 +22.3 8.90 £ 0.07 1.43 +0.06 2.08 £ 0.04 61.50 £ 230452 ) 29195+ M
1.49 12.81 16.30

6 +22.1 8.54+£0.28 0.81£0.29 1.36 £0.18 93.25 22.13% 15382 M
3.80 9.52 2.50

7 +21.2 8.93+0.11 1.37£0.16 1.76 £ 0.09 2381 % 5092 28.09 % 0]
6.46 0.06 1.09

8 +21.0 8.98 £ 0.08 1.51 £0.23 3.5210.22 43.65% 87.36 £ 13101+ (0]
6.08 14.81 5.95

Continue on the next page...
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Sta. Temperature, DO, BOD:;, PO, Pin, Por, Piotals Trophic
°C mg O,.L"! mg O,.L™! mg O-L"! ug-L™! ug-L™! mg-L™! status
9 +21.4 9.23+0.12 1.27+0.12 1.92+£0.10 33.57% 489.17% | 54274 £ M
9.94 21.27 22.76
10 +20.8 8.84+£0.14 1.46 £ 0.10 0.16 £0.10 S1.58 £ 71.94 % 123522 M
8.56 10.24 10.19
11 +19.0 9.19+0.16 2.24+0.11 3.36 £ 0.15 6944 £ 42.85 % 1229+ M
13.25 7.63 5.62
12 +19.0 9.26 £ 0.35 1.38+£0.2 1.36 £0.14 T2t 19059+ ) 262.01 £ M
5.53 12.6 12.24
13 +21.0 8.77+£0.40 1.32+0.11 3.60 £ 0.51 39.68 £ 8.98 £ 48.66 £ 0]
5.01 0.11 5.12
14 +19.9 7.22 £0.26 0.34 +£0.02 2.24+0.09 41.66.% 194.15£ ) 23581 £ (0]
4.01 13.44 17.65
15 +19.8 8.82+0.15 1.02+£0.19 1.28 £ 0.26 63.49 % 45.06 £ 108.55 % M
11.13 16.96 23.11
21.82 15.61 £ 36.98 £
16 +20.2 8.48 +0.44 2.71 £0.20 2.88+0.15 201 318 4.80 0]
17 +19.1 8.50 £0.34 3.90+£0.43 2.56 +0.08 3174t 19284+ | 224.58 % 0]
5.37 17.95 14.82

Note: M, mesotrophic; O, oligotrophic. The values of the concentration of mineral phosphorus compounds
for the stations with mesotrophic status are highlighted in bold.

BOD:s indicates the presence of easily oxidizable OM in water, most often being waste products of hy-
drobionts or entering with municipal wastewater. At most stations, BODs levels corresponded to the stan-
dard of 2.1 mg O,-L™! [Prikaz Minsel’khoza Rossii no. 552, 2016], varying within 0.34—1.80 mg O,-L™%.
Only at three stations (sta. 11, 16, and 17) the values of biochemical oxygen consumption exceeded
the standard and amounted to 2.24, 2.71, and 3.90 mg O, L7, respectively.

PO reflects the content of hardly oxidizable substances in water (decomposition products of dead
organisms, as well as oil, heavy fuel oil, and other hydrocarbons entering water with surface flush-
ing and runoff). For the purest waters, PO values usually do not exceed 3—5 mg O-L™! and may vary
by season [Khristoforova et al., 2015]. The values of PO ranged from 0.16 to 3.60 mg oL, reaching
a maximum at sta. 13. To date, PO value is not standardized for fishery basins.

Phosphorus is one of the elements determining the productivity of natural waters. The concentra-
tion of its organic (P,;,) and mineral (P;,) compounds is an important component of the OM bal-
ance in the aquatic environment. During the period of our study, summer values of total concentrations
of phosphorus compounds (P,y,;) were high. At 50% of the analyzed stations, those exceeded 200 pg-L™!.
The contribution of organic and mineral forms of phosphorus to its total content was different: at 8 sta-
tions, where Py values were higher than 200 pg-L™, its organic compounds with concentrations above
100 pg-L™! prevailed. A maximum of 809.57 ug-L™! was detected in the Yuzhnaya Bay, at sta. 6. In ac-
cordance with the water quality standards for fishery basins [Prikaz Minsel’khoza Rossii no. 552, 2016],
the trophic status can be judged by the concentration of phosphate ions (Py,): up to 50 ug-L™! phos-
phates are characteristic of oligotrophic waters; 50-150 ug-L™!, of mesotrophic (those are highlighted
in bold in Table 2); and more than 200 ug-L™!, of eutrophic. Eutrophic values were not revealed. The ratio
of the stations with oligotrophic and mesotrophic status was approximately 1 : 1 (see Table 2).
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CHM can serve as a microbiological indicator of the total OM level in the aquatic environment, de-
scribing water quality of the marine ecosystem and allowing both to rank OM level in the environment
and to classify pollution. According to a saprobity scale, waters with CHM content of up to 10> cells-mL™
are oligosaprobic; up to 10°, mesosaprobic (subdivided into categories of a lower rank); with abundance
of 10° cells-mL™! and more, polysaprobic [Obshchaya i sanitarnaya mikrobiologiya, 2004]. The ecolog-
ical and bacteriological assessment of surface waters revealed a uniform distribution of CHM abun-
dance at a level of 10> CFU-mL™ in the surface layer (Table 3). This allows to consider waters
as a-mesosaprobic, i. e., enriched with OM. The control station outside the bay was characterized
by the same level of heterotrophic bacteria.

Table 3. Abundance of colony-forming heterotrophic microorganisms (CHM) in the Vladimir Bay surface
waters

Station 2 4 5 8 11 12 13 14 Control (C)

CHM

1.5 5.3 7.2 1.2 1.5 5.2 3.8 7.3 4.5
(x 10° CFU-mL™")

Organic matter in bottom sediments. The content of organic carbon (C,) in soft sediments varied
from 0.11 to 3.64% per 100 g of dry sample weight. The minimum values were recorded in pebbles (fine
psephite) and sands (fine-grained psammite) of the shallowest stations (depth of 3—5 m), while the max-
imum values were registered in silts (siltstones) at depths of 10, 15, 20, and 25 m (Tables 4, 5, Fig. 2).

The spatial distribution of C,, values in the surface layer of the bay bottom sediments has a charac-
teristic manifestation and is determined by a combination of factors: remoteness from the coast, bot-
tom topography, intensity of hydrodynamics and sedimentogenesis, and granulometric composition
of bottom sediments. The maximums are confined to central areas of the Severnaya and Yuzhnaya
bays and to the apex of the Srednyaya Bay, i. e., to zones of accumulation with a prevalence of silt-
stone fractions and the lowest water dynamics. There, active sedimentation occurs of both small remains
of organisms and OM - suspended and dissolved in water.

Table 4. Granulometric composition of the Vladimir Bay bottom sediments (excluding silt fractions)

Sta. | Depth, m Content of sediment fractions (mm), % Sediment type
>10 | 10-5 | 5-2 | 2-1 | 1-0.5 | 0.5-0.25 | 0.25-0.1 | <0.1

1 3 0 05 | 05 0.3 0.6 21 67.3 8.9 | Fine-grained psammite
2 3 0 0 0.7 0.7 0.5 383 59.7 0.1 Fine-grained psammite
3 3 0 0 2.1 2.8 33 24.1 50.8 16.1 Fine-grained psammite
5 4 0 0 3.7 5.7 5.7 26.5 55.5 2.9 | Fine-grained psammite
6 6 0 0 25 | 123 17.3 39.5 26.6 1.8 | Coarse-grained psammite
8 27 0 0 0.9 0.6 1.3 17.8 75 3.7 Fine-grained psammite
9 5 0 0 0.8 1.2 3 24.7 66.5 3 Fine-grained psammite
10 20 39.8 | 2.1 44 59 5.1 14.3 26.1 2.3 | Fine psephite

13 0 0 1.6 1.8 1.6 4 83.3 6.8 | Fine-grained psammite
14 68.5 4.6 8 6.5 8.1 2.8 1.5 | Fine psephite

17 0 0.6 4.3 8.8 23.8 56.9 4.8 | Fine-grained psammite
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Fig. 2. Map of organic carbon (C,,,) distribution in the Vladimir Bay bottom sediments
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Table 5. Granulometric composition of silt fractions of the Vladimir Bay bottom sediments

Depth Content of sediment fractions (mm), % Sum of particles
Lm0 | 505 | 001 | ooos | oo | <0001 | <00 | >o0r | SeATIER
21 1 36 30 18 4 11 33 67 Pelitic siltstone
24 30 43 11 4 7 5 16 84 Fine-grained psammite
11 5 1 12 50 18 10 9 37 63 Psammitic siltstone
12 10 1 66 20 7 4 13 87 Psammitic siltstone
15 18 1 15 59 13 5 25 75 Pelitic siltstone
16 7 1 28 61 3 5 10 90 Psammitic siltstone

Characteristics of macrobenthos. In total, 15 macrobenthic taxa of the highest rank were identified:
11 phyla of marine animals (Porifera, Cnidaria, Nemertea, Annelida, Sipuncula, Arthropoda, Mollusca,
Brachiopoda, Bryozoa, Echinodermata, and Chordata) and 4 divisions of plants (Rhodophyta, Ochro-
phyta, Chlorophyta, and Tracheophyta). The total species richness of the macrobenthos of the Vladimir
Bay sublittoral includes at least 63 species: 45 species of invertebrates and 18 species of plants. The high-
est species richness was recorded in the classes Florideophyceae, Gastropoda, Bivalvia, Malacostraca,
Polychaeta, Phaeophyceae, and Asteroidea.
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The mean biomass of macrobenthos at stations varied from 40.7 to 2,442.3 g-m_z. The minimum
value was registered at sta. 4, in the central Yuzhnaya Bay, where one Bivalvia species and one Polychaeta
species were noted. At 30% of stations, the mean biomass reached 500 g-m™ and the rest were char-
acterized by high values (from 500 g-m™ to maximum ones). Thus, the general background of biomass
values can be described as evenly high. The values of mean biomass for the Vladimir Bay are similar

to those for the Vostok Bay (Table 6).

Table 6. The values of mean biomass and abundance of macrobenthos in different water areas off

the Primorsky Krai marine coast

Area Mean biomass * SD, g-m™> Mean settlement density + SD, ind.-m~>

Udobnaya Bight 4,523.9 +£9,324.2 108.5 £90.3

Kievka Bight 1,634.9 £ 954.5 159.1 £ 124.6

Rudnaya Bight 1,173.5 + 1,268.6 77.0 +54.4
(iiiggflgjr?j‘zkho dka Bight) 1014.9 + 825.2 250.6 + 365.4

Vostok Bay 864.5 £ 662.0 170.2 £762.0

Vladimir Bay 841.2 £583.0 574+123

Trinity Bay 473.7+£627.1 93.7+80.4

Zolotoy Rog Bay 204.2 £50.1 115.0+4.9

Note: SD is standard deviation. The data on all the water areas, except for the Vladimir Bay, are given according
to [Galysheva et al., 2018].

The dominant macrozoobenthic species with mean biomass at station of more than 100 g-m™
included species typical for the Sea of Japan: sea urchin S. infermedius (frequency of occurrence
was 44%); starfish Asterina pectinifera (Muller & Troschel, 1842) (36%); bivalves Mizuhopecten yessoen-
sis (Jay, 1857) (12%), Crenomytilus grayanus (Dunker, 1853) (8%), and Pododesmus macrochisma (De-
shayes, 1839) (4%); and holothurian Cucumaria japonica Semper, 1868 (4%). In macrophytobenthos,
the following species prevailed: brown algae Desmarestia viridis (O. F. Miiller) J. V. Lamouroux, 1813
(frequency of occurrence was 24%), Costaria costata (C. Agardh) De A. Saunders, 1895 (16%),
and Saccharina japonica (Areschoug) C. E. Lane, C. Mayes, L. D. Druehl & G. W. Saun-
ders, 2006 (12%), as well as seagrasses Zostera marina Linnaeus, 1753 (16%) and Phyllospadix
iwatensis Makino, 1931 (12%).

Heavy metals in the environment. The level of HM content in surface waters was determined
by the abundance of metal-resistant microorganisms, which, due to their exceptional specificity, allow
to assess properly environmental pollution with these elements [Bezverbnaya et al., 2003; Kalitina et al.,
2015]. In general, lead-resistant bacteria turned out to be the least common group (those were detected
at two stations only). The most common ecological and trophic group occurring at all stations in high
concentrations (from 10? to 10> CFU-mL™") were cadmium-resistant bacteria (Table 7).

Interestingly, Cu- and Zn-resistant microorganisms were also found at almost all stations and formed
a general background with lower cell concentration. However, at the control station outside the bay,
the abundance of Zn-resistant bacteria was two orders of magnitude higher. In general, bacteria resistant
to several metals were simultaneously registered in microbial communities of the Vladimir Bay surface
waters at most stations. The least common were Pb-, Ni-, and Co-resistant bacteria.
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Table 7. Distribution of the abundance of heavy metal resistant microorganisms (CFU-mL™')
in the Vladimir Bay surface waters (mean * SD)
Sta Ecological and trophic groups of microorganisms
' Cu Cd Ni Co Zn Pb
5 (7.0 £ 0.09) (1.8£0.1) (1.2£0.28) 0 (2.0£0.12) (5.0 0.1)
x 102 x 102 x 102 x 10 x 102
A (2.4 0.09) (1.840.17) (2.0%0.1) 0 (5.0%0.2) (2.0 £0.02)
x 103 x 103 x 102 x 10 x 10
5 (1.02 £0.12) (2.08 £0.1) 0 (8.2 1£0.06) (2.0£0.02) 0
x 10° x 103 x 107 x 10
(1.08 £ 0.08) (1.0 £ 0.03)
8 x 10 x 102 0 0 0 0
T (1.0£0.28) (1.7£0.02) (2.3£0.1) (4.0£0.2) (2.0£0.04) 0
x 102 x 102 x 102 x 102 x 10
. (1.1£0.1) (9.0+0.1) (2.0+0.1) (1.0 0.31) (1.2 £0.05) 0
x 10? x 10? x 10? x 103 x10
(1.0£0.2) (6.0£0.3) (2.0£0.02)
13 0 x 102 x 10 0 x 10 0
(3.5+0.3) (1.8+0.12) (1.8£0.2)
14 x 102 x 103 0 x 102 0 0
C (1.6 £0.3) (9.0+£0.2) 0 (2.0 £ 0.08) (1.1+£0.3) 0
x 10% x 102 x 10 x 102

When assessing the ecological state of bottom sediments, it is recommended to analyze the total
content and the concentration of acid-soluble (conditionally total) and mobile forms of HM. Depending
on HM form under determination, pollution is assessed via comparison with the clarke content of the el-
ement in the Earth’s crust, or with maximum permissible concentration (MPC) and approximate permis-
sible concentration established for soils, or with a background. We determined the total concentrations
compared with the clarke content of the element in the Earth’s crust [Vinogradov, 1962] and background
concentrations for Peter the Great Bay [Shulkin, 2004].

The concentrations of the analyzed compounds (Cd, Ni, Pb, Cu, Zn, Fe, and Cr) varied in differ-
ent ranges. Specifically, the multiplicity of the difference between the maximum and minimum val-
ues ranged from 1.9 to 70.3, indicating the most even background of bottom concentrations for Cr
and the most varying background for Cu (Table 8). For Pb, Fe, and Zn, the max/min ratio was 3.6, 4.6,
and 6.7 times. There was more than 13-fold variation in the range of Ni content in bottom sediments.
The highest concentrations of HM compounds in bottom sediments were as follows: Cd, 0.75 pg-g™";
Ni, 33.0; Pb, 10.9; Cu, 21.1; Zn, 115.3; Fe, 17,437; and Cr, 16.26 pg~g_1.

For almost all elements, the total content of HM in bottom sediments was below the clarke value.
An exception was Cd: for this element, an excess of clarke values was noted at many stations. Max-
imum concentrations of Cd occurred at stations with the highest values of C,,. For several stations,
an excess of the clarke value for Zn was registered. Interestingly, the maximums are associated with
increased OM concentrations in bottom sediments and the prevalence of the fine silt fraction as well.
Apparently, this contributes to accumulation of these elements from the aquatic environment and con-
centration in accumulative zones of the bay. For all studied stations, iron and zinc prevail in the range
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of concentrations, while the content of cadmium is always minimum (compared to that of other
metals). The general sequence of decreasing HM concentrations in bottom sediments is as follows:
Fe > 7Zn > Cu > Cr > Pb > Ni > Cd. At several stations, Cr and Pb “switched places” in this sequence,
while the rest of the pattern was repeated. When comparing our data with the descending clarke sequence
of these elements, Fe > Zn > Cr > Ni > Cu > Pb > Cd [Vinogradov, 1962], it can be seen that positions
of iron, zinc, and cadmium coincide in two sequences.

Table 8. Concentrations of heavy metals (ug: g 1) in the Vladimir Bay bottom sediments (mean * SD)

Station Cd Ni Pb Cu Zn Fe Cr
1 0.75 £0.08 25+0.1 3.0+£0.2 10.9£0.1 26.7x£0.5 4,681 £ 154 | 7.45+0.11
2 0.00 25+0.2 34+0.2 10.2£4.0 349+1.0 6,893 +2,579| 7.80 £0.04
3 0.45 +£0.03 3.8+0.2 7.5+0.2 10.3£0.1 745104 13,168 £ 151 4.43 +£0.38
4 0.69 +£0.03 3.7+04 8.3%0.1 94+0.1 | 1153+£8.7 17,437 £ 169 |16.26 = 0.11
5 0.35+0.01 3.8+0.2 74+0.1 10.1£0.2 61.6+04 14,952 £ 138 | 2.74 £ 0.67
6 0.19 £0.01 3.2+0.1 45%0.1 12714 45.6 £0.8 6,721 £ 19 2.04+£0.13
7 0.00 29+0.1 41%0.1 2.0x0.1 30.3+0.1 10,571 £ 165 |12.00 £ 0.27
8 0.42+0.03 | 33.0+0.7 9.2+0.1 162+ 0.1 97.4+0.2 14,708 £ 77 9.00 + 0.44
9 0.26 £ 0.01 2.8+0.1 6.3+0.1 5.8+0.1 35.8+£0.2 7,085 + 34 3.32+0.20
10 0.11 £0.01 4.6+0.1 8.5%0.1 1.6 £0.1 17.3£0.1 4,289 +4 11.19 £0.07
11 0.73 £0.01 2.6 +0.1 3.2+0.1 10.8 £0.1 35.7+0.1 5,533+ 19 5.59+0.11
12 0.72 £0.01 2.7+0.2 3.3+0.1 11.2£0.1 36.3+0.1 5,609 3 5.91£0.09
13 0.35+0.01 34+0.1 7.1+£0.2 21.1+04 28.5+0.1 6,262+ 8 2.04 £0.04
14 0.64 £ 0.01 2.8+0.1 34+0.1 10.7£0.1 65.3+0.1 11,622 £216 | 6.63 £0.07
15 0.44 +£0.01 5.0%0.1 10.9 + 0.1 185+0.1 |113.6+0.5 12,378 £ 12 |13.46 £ 0.07
16 0.06 £0.01 3.2+0.1 3.1x£0.2 1.4+£0.2 22.5+0.1 3,781 £32 0.66 £ 0.07
17 0.19 £0.01 34+£0.1 5.81£0.2 0.3%0.1 39.2+0.1 11,052 £ 43 2.68 £ 0.07
Max/min 13.6 13.2 3.6 70.3 6.7 4.6 24.64
Clarke 0.13 58 16 47 83 46,500 83
BG4 0.1 £0.05 153 205 8§x2 307 - -
BG,jeuropeiite|  0-2£0.1 45+5 35+5 2+3 100 = 10 - -

Note: clarke content is given according to [Vinogradov, 1962]; background concentrations of metals (BG) are given
for the coastal bottom sediments of the northwestern Sea of Japan [Shulkin, 2004]. Maximum concentrations of heavy
metal compounds are highlighted in bold.

HM spatial distribution over the surface of the Vladimir Bay bottom is characterized by four types.
“Unipolar” is revealed for Ni; it has one area of maximum values: at the Severnaya Bay mouth, at a depth
of 25 m (Fig. 3). “Bipolar” distribution has two areas of maximum concentrations; it is registered for Pb,
Cr, and Cu. “Tripolar” is typical for the most common metals: Zn and Fe; the maximums of their con-
centrations are recorded in the zones of the most pronounced sedimentogenesis. “Vector” distribution
is noted for Cd; it is characterized by a clear gradient of its concentration decrease in bottom sediments
inward from the coast in almost all areas of the bay.
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Fig. 3. Maps of the distribution of heavy metal concentrations (ug-g~') in the Vladimir Bay bottom
sediments (the stations are indicated on the maps with numbers)

Heavy metals in the sea urchin gonads. In S. intermedius gonads, the concentrations of the same
six HM were determined, as in bottom sediments (excluding Fe). The range of concentrations was as fol-
lows: Pb, 2.36-13.46 pg-g”! dry weight; Cd, 0.22-0.62; Cu, 3.05-5.12; Cr, 1.34-2.32; Ni, 0.89-4.65;
and Zn, 32.51-118.94 pg-g™' dry weight. This range was narrower than that for bottom sediments.
The maximum variability (5.70 times) was recorded for Pb content (Table 9). Out of all HM,
the highest concentrations are typical for zinc; the lowest ones, for cadmium. Nickel, copper, lead,
and chromium occupy an intermediate position, replacing each other in a sequence of descending con-
centrations at different stations. On average, decreasing concentrations form the following sequence:
Zn>Pb > Cu>Ni>Cr>Cd.

Table 9. Heavy metal concentrations in Strongylocentrotus intermedius gonads (ug-g~' dry weight)
from the Vladimir Bay

. Metals
Station
Pb Cd Cu Cr Ni 7n
2 2.36 £0.44 0.36 £0.02 3.30£0.77 1.58 £0.21 2.65 %+ 1.20 70.11 £16.58
+
7 3.89 £ 0.85 0.62 + 0.02 3.21 £0.48 2.32 +0.31 2.58 £0.67 1%11'237_
118.94 +
10 5.89+2.23 0.51+£0.08 3.99 +£0.49 2.16+0.14 2.05+£0.58 28.67
11 2.82+0.21 0.28 £0.03 3.05+0.37 1.38 £ 0.16 4.65 + 2.21 84.85 £ 15.68
12 3.01 £0.21 0.59 £ 0.08 3.58 £0.25 1.68 £0.11 1.54 £0.58 92.41 + 15.81
14 13.46 +1.19 0.22 £0.03 5.12 + 0.06 1.34 £ 0.47 0.89 £0.71 32.51+21.47
Max/min 5.70 2.81 1.68 1.73 5.22 3.66

Note: the mean values based on the results of three replicates and SD are given. Maximum values are highlighted
in bold.
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DISCUSSION

In general, the oxygen regime of the Vladimir Bay (DO and BODs) is normal; there are no hypoxia
zones. Nevertheless, in the apex of the Srednyaya Bay and in the apex of the Severnaya Bay, areas with
a high level of BOD5 were recorded, which determines intensive DO consumption for the oxidation
of easy-to-decompose OM. When analyzing the trace of hard-to-decompose OM (inter alia household
wastewater from villages, containing synthetic surfacants and other compounds), it can be concluded that
this trace is not significant in terms of PO values.

The values of the content of phosphorus in organic forms are quite high and reach a maximum,
809.57 ug-L!, in the Yuzhnaya Bay, near the village of Timofeevka. However, the concentrations of min-
eral phosphorus compounds (P,,;,), according to which the trophic status is classified, generally charac-
terize the Vladimir Bay waters in summer as mesotrophic. An even CHM distribution in surface waters
at the level of 10> CFU-mL™! (including the control station outside the bay) indicates a-mesosaprobic
level of OM [Obshchaya 1 sanitarnaya mikrobiologiya, 2004]. Comparison of microbiological data with
a trophicity scale shows oligomesotrophic level, and this coincides with our direct chemical assessment.
Thus, the water mass of the bay in summer has mesotrophic level of OM, which is sufficient to main-
tain the abundance of organisms in biocenoses formed there. Moreover, the water mass successfully
“utilizes” incoming OM of both natural and household origin. In general, villages and the coastal strip
insignificantly affect the formation of eutrophication conditions.

The content of organic carbon in soft sediments reached 3.64% of dry sample weight. In the series
of maximum C,, values obtained for different water areas of the Primorsky Krai marine coast [Galy-
sheva, 2010], the Vladimir Bay is between the Nakhodka Bay (except for Nakhodka Bight) and the Amur
Bay (Fig. 4).
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Fig. 4. Range of the maximum values of organic carbon (C,,,) content (% per 100 g of dry sample weight)
recorded in the bottom sediments off the Primorsky Krai marine coast
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Accordingly, the Vladimir Bay can be attributed to marine areas with a relatively high OM content
in soft sediments. This indicates the severity of the processes of OM accumulation in the bay ecosystem
even under conditions of oligomesotrophic level of seawater. The reasons for the formation of conditions
for OM accumulation in the environment of the bay are natural, since the anthropogenic load there
is weak (compared to the load on the Nakhodka and Amur bays).

Metal-resistant microorganisms, a part of heterotrophs, can help in assessing the level and nature
of the technogenic pressure on the bay surface waters. The abundance of Cd-, Pb-, Co-, and Ni-resistant
forms of bacteria reflects mainly the technogenic load on the environment from which those are sown,
while the abundance of Cu- and Zn-resistant forms serves as an indicator of biological natural or an-
thropogenic load [Khristoforova et al., 2018]. Copper and zinc are part of the molecules of living or-
ganisms; Cu and Zn enter the environment during the decomposition of waste products or the death
of the organisms themselves. Municipal wastewater with faecal effluent also contains these microele-
ments at high concentrations. In general, the microbial association of the Vladimir Bay was mostly
characterized as Cd-resistant. When checking ecological and physiological properties of colonies grown
on a Cd-enriched substrate, more than half of cultivated heterotrophic bacteria showed a high degree
of resistance to this HM.

To transit from microbiological data to an ecological assessment of the degree of pollution for the ma-
rine area, a scale is used that shows correlations between the microbial index (the proportion of a particu-
lar metal-resistant group as a percentage of CHM) and MPC of heavy metals for fishery basins [Bezverb-
naya et al., 2003]. When recalculating the absolute abundance of metal-resistant groups in the format
of the microbial index and comparing it with a scale for assessing the degree of contamination, we can
conclude as follows. A relatively even background of Cd-resistant bacteria indicates a significant de-
gree (> 3 MPC) of cadmium contamination in the Vladimir Bay waters (Table 10). “Vector” distribu-
tion of Cd concentrations in bottom sediments shows the gradient of its content decrease from the coast
towards the central area of the bay, and this gives grounds to assume the presence of a coastal source
of cadmium.

Table 10. Assessment of the ecological state of the Vladimir Bay surface waters on a scale of correlation
of the microbial index with the maximum permissible concentration (MPC) for heavy metals in fishery
basins

Station Cd Cu Zn Pb Ni Co
2 A A * * * O
4 A * * O * O
5 A * * O O *
8 A O O O O O
11 A O * O A A
12 A O * O * *
13 A O * O * O
14 A O O O O *
C A O * O O O

Note: C denotes the control station outside the bay. The symbols indicate the degree of pollution:
O, background (< MPC); *, insignificant (= 1 MPC); A, tangible (1-3 MPC); A, significant (> 3 MPC).
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The correlation analysis of the relationship between OM in the bay bottom sediments and HM
concentrations, grain-size characteristics, and sediment depth confirmed known dependences of an in-
crease in OM content with a rise in proportion of the finest fractions and stabilization of hydrody-
namic conditions associated with depth (Fig. 5) [Romankevich et al., 2009]. A positive correlation
between an increase in HM content due to a rise in C,, concentration in bottom sediments (at low
values of the Pearson coeflicient) was revealed for four elements: Zn, Cd, Cr, and Pb. The data on Cu,
Fe, and Ni content do not show a correlation with the values of OM content. Thus, only in relation
to four out of the seven microelements, one can assume the effect of the accumulated OM concentration
as a possible factor of the binding and deposition in the composition of bottom sediment.

The values of the contamination factor C¢ (Table 11) are ranked as follows (in terms of pollu-
tion levels): G < 1, low; 1 < Cf < 3, moderate; 3 < Cy < 6, high; and C; = 6, very high [Hakan-
son, 1980; Vashchenko et al., 2010]. The Vladimir Bay bottom sediments are characterized by a low
level of Pb and Ni contamination (only one value at sta. 8 for nickel is > 1). Interestingly, this loca-
tion has a high level of Zn pollution as well, while other studied spots are characterized by moder-
ate (10 stations) and low (6 stations) pollution with this compound. Bottom sediments are the most
polluted with Cd and Cu: high and very high Cd and Cu pollution was recorded for sta. 9 and 4, re-
spectively. It is worth noting as follows. Sta. 4, 12, and 15, which are located in the central areas
of the Severnaya and Yuzhnaya bays and in the apex of the Srednyaya Bay (there, OM is actively accu-
mulated), are also characterized by high levels of Cd and Cu pollution. For Zn and Ni, such a relationship
was not revealed.

Table 11. Assessment of the ecological state of the Vladimir Bay bottom sediments by the values
of the contamination factor, the degree of contamination, and the sediment quality guideline quotient

Station & C, SQG-Q
Cd Ni Pb Cu 7Zn
1 7.47 0.17 0.15 1.36 0.89 10.04 0.29
2 0.00 0.17 0.17 1.28 1.16 2.78 0.24
3 452 0.25 0.38 1.29 2.48 8.92 0.31
4 3.47 0.08 0.24 470 1.15 9.64 0.33
5 3.52 0.25 0.37 1.26 2.05 7.46 0.29
6 1.86 0.21 0.23 1.59 1.52 5.41 0.31
7 0.00 0.19 0.21 0.25 1.01 1.66 0.08
8 4.16 2.20 0.46 2.03 3.25 12.09 0.53
9 2.56 0.19 0.32 0.73 1.19 4.98 0.17
10 1.13 0.31 0.43 0.20 0.58 2.64 0.08
11 3.67 0.06 0.09 5.40 0.36 9.58 0.29
12 3.61 0.06 0.09 5.60 0.36 9.73 0.30
13 3.46 0.23 0.36 2.64 0.95 7.63 0.48
14 6.43 0.19 0.17 1.34 2.18 10.30 0.31
15 222 0.11 0.31 9.25 1.14 13.02 0.51
16 0.28 0.07 0.09 0.70 0.23 1.36 0.06
17 1.91 0.23 0.29 0.04 1.31 3.77 0.06
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Fig. 5. Correlation analysis of the relationship of organic matter (OM) in the Vladimir Bay bot-
tom sediments with heavy metal concentrations, grain-size characteristics, and depth of sediments

(R? the coefficient of determination; r, the Pearson correlation coefficient)
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Increased OM concentration in sediments, which is characteristic of finely dispersed fractions, deter-
mines a decrease in the content of inorganic carbon and in pH value and, accordingly, a change in the re-
dox potential of bottom sediments. A drop in pH values enhances the migration ability of elements in-
cluded in the composition of sediments; moreover, it is a risk factor for secondary pollution during accu-
mulation of toxic elements and their compounds in sediments. Thus, based on the values of the microbial
index and C, it can also be concluded that Cd enters the bay water from coastal sources and is deposited
in bottom sediments. However, C,;, accumulation in sediments can contribute to HM binding and then
release HM into a water column later (with a change in the redox potential of sediments themselves
and a decrease in pH values) [Shulkin, 2004].

The values of the degree of contamination Cq for sediments (see Table 11) are ranked in accordance
with the total value of C; for the background area, which is equal to 6 [ Vashchenko et al., 2010], as follows:
Cq < 6, low degree of HM contamination; 6 < C4 < 12, moderate; 12 < C4 < 24, high; and Cy > 24,
very high. Most of the stations (8 out of 17) are characterized by a moderate degree of contamination
of bottom sediments. High contamination is recorded for sta. 8 and 15.

SQG-Q values (Table 11) are ranked as follows [MacDonald et al., 1996; Vashchenko et al.,
2010]: SQG-Q < 0.1, non-toxic sediments, the lowest probability of observing negative biological ef-
fects; 0.1 < SQG-Q < 1, moderately toxic sediments, average probability of observing negative bio-
logical effects; and SQG-Q > 1, highly toxic sediments, high probability of observing negative biological
effects. Despite the fact that the Vladimir Bay bottom sediments are HM-contaminated, in gen-
eral those can be characterized as moderately toxic. The highest potential toxicity was registered
at sta. 8.

In the sea urchin gonads, Zn was accumulated at maximum concentrations. In the bottom sedi-
ments, Zn content was high as well (and even exceeded the clarke values at three stations). However,
when analyzing the correlation of pairs of values (Zn in sediments — Zn in S. intermedius gonads) ob-
tained for each station, a clear inverse relationship was revealed, with the Pearson correlation coeflicient
r=-0.96 (Fig. 6). In other words, the higher Zn concentration in gonads, the lower observed Zn content
in bottom sediments.

140

R?=0.9123
120 L2 r=0.96

“ee o y=-0.504x + 78.687

iy
[=}
o

Concentrations of Zn in gonads
of the sea urchin S. intermedius
(mg-kg-' wet weight)

[e2)
o
4.'.0

0 20 40 60 80
Concentrations of Zn (mg-kg-' wet weight) in the bottom sediments

Fig. 6. Correlation analysis of the relationship of Zn concentration values in the bottom sediments
and in gonads of the sea urchin Strongylocentrotus intermedius
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Out of all forms of metals in the environment, living organisms are capable of absorbing and assim-
ilating only biologically available ones, wherein marine invertebrates can regulate the intake of zinc into
their bodies [Shulkin, 2004]. Apparently, despite high Zn concentrations in bottom sediments, the con-
tent of its bioavailable form for hydrobionts in water and marine sediments is low. Accordingly, subse-
quent alimentary absorption by sea urchins also determines its low concentrations in gonads. A similar
pattern was noted earlier for mytilids from the Muravyov-Amursky Peninsula coast [Shulkin, 2004].
The absorption of Zn in a bioavailable form by sea urchins is likely to occur from bottom waters during
continuous passage of water through body cavities (the same as for all hydrobionts).

Sea urchin roe is not only a valuable food product, but also a highly effective therapeutic and pro-
phylactic supplement. Given this fact, one of the tasks for ecologists is to determine whether roe quality
complies with existing standards and to assess the health hazard when consuming it as food. Technical
Regulation of the Customs Union On Food Safety (TR TS 021/2011) determines permissible levels of cer-
tain toxic HM; the values are given in mg-kg™! wet weight. The recalculation of the values obtained by us
in terms of wet weight and comparison of these results (Table 12) with the established permissible levels
showed as follows. Cd and Pb content in the sea urchin gonads at any sampling station in the Vladimir
Bay does not exceed the determined permissible values.

Table 12. Pband Cd concentrations (mg-kg™! wet weight) in gonads of the sea urchin Strongylocentrotus
intermedius from the Vladimir Bay (mean + SD)

Station Pb Cd
2 0.52 £0.09 0.08 £ 0.00
7 0.86 £0.19 0.14 £0.00
10 1.31 £0.49 0.11 £0.02
11 0.63 £0.05 0.06 £ 0.01
12 0.67 £0.05 0.13+0.02
14 2.99+0.26 0.05 £0.01
PL 10.00 2.00

Note: PL denotes a permissible level (Technical Regulation of the Customs Union 021/2011).

However, we assessed the overall health risk from continuous consumption of the sea urchin roe
from the Vladimir Bay during the summer season applying the ILCR calculator. It indicated the existence
of carcinogenic risk. ILCR value, if taking into account actual Cd and Pb concentrations in gonads,
was 5.27-107. The permissible value, which is a criterion for the safety of a marine product, is 107.

Conclusions:

1. The Vladimir Bay ecosystem with a relatively high level of organic matter in summer successfully
“utilizes” organic matter of both natural and household origin. The effect of villages and the coastal
strip on the formation of eutrophication conditions is insignificant. Chemical and environmental
indexes indicate mesotrophic status of surface waters. Ecological and microbiological assessment
in terms of the abundance of colony-forming heterotrophic microorganisms showed o-mesosaprobic
level of the water quality. The conversion of microbiological data into chemical data in accordance
with a comparison scale indicates the oligomesotrophic status of the studied water horizon.
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2. According to the maximum C,, value in the Vladimir Bay, it belongs to marine areas with high
content of organic matter in bottom sediments. Maximum concentrations were recorded in central
and apex areas of its bights.

3. Mass macrozoobenthic species are Strongylocentrotus intermedius, Asterina pectinifera, Mizuhopecten
yessoensis, Crenomytilus grayanus, Pododesmus macrochisma, and Cucumaria japonica. Mass
species of macrophytobenthos are Desmarestia viridis, Costaria costata, Saccharina japonica,
Zostera marina, and Phyllospadix iwatensis. Mean biomass of benthos is (841 * 583) gm™,
and this indicates high levels of bioresources in the bay. In macrozoobenthos, echinoderms prevail,
primarily sea urchins.

4. In general, microbial communities of the Vladimir Bay surface waters are characterized by simulta-
neous presence of ecological and trophic groups resistant to various metals. Comparison of the re-
sults of the microbiological assessment with the MPC scale indicates a significant contamination
of the bay surface waters with Cd (> 3 MPC). The general background with a lower cell abundance
is formed by Cu- and Zn-resistant microorganisms.

5. For most heavy metals (HM), the total content in bottom sediments was below the clarke values.
For several HM, background concentrations were exceeded. The sequence of decreasing concen-
trations of the studied HM in sediments is as follows: Fe > Zn > Cu > Cr > Pb > Ni > Cd. Hori-
zontal spatial distribution of HM concentrations in bottom sediments is characterized by four types:

9 <

“unipolar,” “bipolar,” “tripolar,” and “vector.” In the sea urchin gonads, HM content varied less
than in the bottom sediments. On average, decreasing concentrations form the following sequence:
Zn>Pb>Cu>Ni>Cr>Cd.

6. The correlation analysis confirmed the dependence of an increase in the concentration of organic
matter in bottom sediments on an increase in the proportion of the finest fractions and depth.
A positive correlation was registered for C,, and four elements (Zn, Cd, Cr, and Pb), in relation
to which the effect of the accumulated organic matter concentration is assumed as a possible factor
of the binding and deposition in the composition of bottom sediment. An analysis of the relationship
between HM concentrations in sediments and the sea urchin gonads showed a high negative corre-
lation for Zn. Apparently, the inverse relationship is due to biologically unavaliable form of zinc
compounds in bottom sediments.

7. Cgcharacterizes the contamination of the bay bottom sediments with zinc as high, and with cadmium
and copper, as very high. C4 value indicates a moderate degree of HM contamination for bottom
sediment in general. According to SQG-Q, the bay sediments are classified as moderately toxic.

8. The risk to human health, determined by total presence of Cd and Pb in the sea urchin gonads,
showed compliance with the permissible values specified in Technical Regulation of the Customs
Union On Food Safety. Meanwhile, according to ILCR value, it is possible to predict the existence
of carcinogenic risk driven by long-term consumption of gonads of the sea urchin S. intermedius
from the Vladimir Bay.

The work was supported by the Ministry of Science and Higher Education of the Russian Federation
(project FZNS-2023-0011).
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BaXXHO JIJTsI TIOHMMAaHUsI aKKyMYJISIITHOHHOTO MPOIIeCca B OTHOIIEHUH TTOCTYTAOIINX B CPey aKBATO-
PV TOKCUIECKHX BEIECTB 1 JIEMEHTOB, a TAKKE BBISBJICHUs HETAaTUBHBIX M3MEHEHU! B 9KOCUCTEME
Y TIOTEHIUAIBHBIX SKOJOTMYECKUX PHUCKOB MPU OCYIIECTBIEHUH MPUPOONOIb30Banus. Llens pado-
Thl — MPOAHAIM3UPOBATh 3HAUCHHE OPraHUYECKOro BellecTBa Kak (haKTopa KOHTAMHHALIUM CPelIbl
3anBa Brnagumupa (SInoHcKoe Mope) ¥ OLIeHUTh TOKCUYHOCTh TUAPOOMOHTOB M SKOJIOTMYECKUI PUCK
JUIsL KOCUCTEMBI U 37I0pPOBbsI UesioBeka. KomruiekcHast paboTa BHINOJHEHA C IPUMEHEHUEM XUMHUKO-
AHAJIMTUYECKUX, MUKPOOUOJIOTMYECKUX U IMIPOOHOIOTMUYECKUX METO/IOB; OHA BKJIIOUAeT MaTeMaTu-
YeCKylo U KapTrorpadudeckyo oOpabOTKy JaHHBIX U pacyéT Ko3h(UIIMEHTOB 3arpsi3HEHUS U IKOJIO-
rMYECKOro pucka. [IpoBes€H aHaIU3 MpoO MOPCKOM BOJIB, JOHHBIX OTJIOKEHUA K MaKpOOEHTOCA, OTO-
OpanHbIX B 3asmBe Bragumupa B mone 2014 r. OnpeneneHbl XUMUKO-9KOJIOTHYeCKre U MUKPOOHOIIO-
TMYECKUE MapaMeTpbl BOJI 3a/1MBa, O3BOJIAIOLINE OLIEHUTh MPOLIECCHl HAKOILIEHUSI OPTraHUYeCKOro Be-
1IECTBa B BOAHOM cpejie U JOHHBIX OTJIOKEHHUSIX U YCTAHOBUTH TPOPUUECKUH CTATYC IKOCUCTEMBI B JIET-
HUIA TIepro/i. BHISIBJICHBI MacCOBbIE BUIBI U TPYIIITBI MAKPOOEHTOCA, OTIpe/IesIeHbI MOKa3aTe/ i OOMIHSI
JIOHHOTO HaceJIEHN S, CBUIETEIbCTBYIOIINE O BHICOKMX YPOBHSIX OMOMACCHI. YCTaHOBJIEHA YUCIEHHOCTh
META/UTPE3UCTEHTHRIX TPYIIIT OaKTEpUl B MOBEPXHOCTHBIX Bojgax. OLIEHEHO COAepKaHUE U ITPOCTPaH-
CTBEHHOE pacnpeesieHue TSHKEIBIX MeTaII0B (TM) B JOHHBIX OTIOXEHUSIX. Y CTAaHOBJIEHBI KOHLIEHTpa-
i TM B roHagax MOpCKHX exell. Pe3ybraTel MUKpOOMOIOrHnIecKol olleHKN cooTHeceHs ¢ [T/1K;
OHU BBISIBJISIIOT 3HAYMTEIIbHOE 3arpsi3HeHue Boj 3anvBa (6onee 3 I1/1K) B otHomenun Cd. dis Ni, Cu,
Zn u Cd B IOHHBIX OTJIOKEHUSIX OOHAPYKEHO MpeBbIllIeHe (POHOBBIX KOHIIEHTparmi, anst Cd u Zn —
MIPeBHIIIICHUE KJIAPKOBBIX 3HaueHui. [IpoBepeHa KOppemsIMoHHAs CBSA3b KOHIIEHTPAIW OpraHuye-
CKOTO BeIlleCTBa B JOHHBIX OTJIOXKEHHSIX C cojepkaHueM B HUX TM, a Takxke cBs3b KOHIeHTparuii TM
B IPYHTaX U TOHAJaX MOPCKHX €Xel (3HauMMask KOppessiiys BHIABICHA B OTHOIIEHNH Zn). 11 qoH-
HBIX OTJIOXKEHUN OompesienieHbl (paktop 3arpsasHeHns Cp, XapaKTepU3YIOIINUI UX 3arps3HEHUE B 3aJI1BE
LIMHKOM KaK BBICOKOE, a KaJIMUEM U MEJIbI0 — KaK O4eHb BBICOKOE, a TaKXke CTeleHb 3arpsasHenus Cy,
CBUJIETENILCTBYIONIASA O CPEAHEM YPOBHE 3arpsi3HEHUsI JOHHBIX OCaJKOB B liesioM. IIpoBenéH pacuér
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WHJIEKCOB KoJIorndeckoro pricka. [1o Bemunde SQG-Q TpyHTHI 3aJIMBa OTHECEHBI K KATETOPUH yMe-
PEHHO TOKCHYHBIX. YCTaHOBJIEHO: COIJIACHO HOpMAaTHBaM TeXHWYecKoro perjaMeHTa TamMOXeHHOTO
coro3a «O 6e3onacHocTy muineBol npoaykimu» 021/2011, conepxanne Cd u Pb B roHagax Mopckux
eXell U3 3aJMBa BiaguMupa He TpeBblliaeT JAOMyCTUMBIX YPOBHEH, ofHako 1o 3Hayenuo ILCR (uH-
JIeKC HapacCTalIIEero MoXU3HEHHOr0 PUCKa) MOKHO CIeJIaTh IMPOrHO3 00 ONACHOCTH BO3SHUKHOBEHUSI
OHKOJIOTMYECKHX 3a00JIeBaHUIA TIPU YIIOTPEeOICHUN rOHA B MHIILY.

KuaroueBsle cioBa: 3anuB Brnagumupa, SInoHckoe Mope, OpraHu4eckoe BelecTBO, TPO(pHOCTb, JOH-
Hble OTJIOXKEHUSI, MAKPOOEHTOC, TSIKEINIbIE MeTalIbl, KOI(D(MUIIMEHThl HAKOILICHUS, SKOJOTHYeCKUN
PHICK, PUCK 3[0POBBIO YesIoBeKa
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In biology, it is important to study the ability of organisms to exist under extreme conditions, to which
the phase of the life cycle, related to sexual reproduction and the possibility to leave the next genera-
tion, is especially sensitive. Nitzschia cf. thermaloides Hustedt was found in high abundance in samples
from puddles and lakes formed in the areas of action of mud volcanoes of the Bulganak mud volcano
field (Kerch Peninsula, Crimea). Individual clones were isolated from the samples by the micropipette
technique and introduced into a culture; their crossing made it possible to initiate heterothallic sexual
reproduction. The aim of this work was to study reproductive biology and the life cycle of the alga
from a biotope with extremely high levels of irradiance, temperature, and salinity. For the first time
for this species, a description of the sexual process corresponding to IB2a type according to Geitler
classification is given. The cardinal points have been defined, which represent critical cell sizes that
determine the transition from one phase of the life cycle to another. The full range of cell sizes is given,
from the initial ones that appeared as a result of sexual reproduction to the smallest ones observed
when kept in the culture. The main postulates of the life-cycle theory are considered allowing to an-
alyze the natural population of the alga. The population of N. cf. thermaloides was found to exist
in the sampling site for a long time and to be represented by cells in all phases of the life cycle.

Keywords: diatoms, Nitzschia cf. thermaloides, mud volcanoes, sexual reproduction, life cycle

Diatoms are known not only for their great species diversity, but also for their significant evolution-
ary plasticity, which allowed them to adapt to existence on the bottom and in water column of ma-
rine and freshwater basins, in soils, and on wet surfaces. Some diatom species are tolerant to con-
ditions of extreme temperature [Nikulina, 2010], salinity [Nevrova, Shadrin, 2005; Senicheva et al.,
2008], and high irradiance, including ultraviolet light [Peletier et al., 1996]; in the absence of light,
they can grow mixotrophically [Abdullin, Bagmet, 2016]. In samples of water flowing out of mud vol-
canoes of the Bulganak mud volcano field (Kerch Peninsula, Crimea), 15 microalgal species were reg-
istered; out of them, 6 represented the phylum Bacillariophyta, including Nitzschia cf. thermaloides
Hustedt, 1955 [Ryabushko, Bondarenko, 2020]. Due to this finding, a number of questions arose con-
cerning the fundamental aspects of the biology of these species living under unique conditions of tem-
perature, salinity, and irradiance. First of all, we were interested in reproductive biology of diatoms

42


https://marine-biology.ru/
http://karadag.com.ru/
http://karadag.com.ru/
mailto:nickolaid@yandex.ru

Reproductive biology and the life cycle of the diatom Nitzschia cf. thermaloides. .. 43

and their response to extreme conditions. What is the lifespan of populations found in the mud volca-
noes? What are the rates of division of diatoms in these biotopes? Are the species capable of reproducing
in generations under these conditions, passing through all phases of the life cycle, infer alia the process
of sexual reproduction? These questions determined the aim of our work.

MATERIAL AND METHODS

The objects of the study were isolated from samples taken on 15.10.2020 in the Bulganak mud
volcano field at the points with the coordinates given in Table 1.

Table 1. Sampling points in the Bulganak mud volcano field (Kerch Peninsula, Crimea), 15.10.2020;
water salinity in the samples

Mud volcano GPS coordinates Water salinity, %o
N E
Andrusov 45°25'35.9” 36°2838.9” 30, 35, 68
Pavlov 45°25'33.0” 36°28’44.1” 18, 35, 56
Tishchenko 45°2533.3” 36°28'25.4” 20
Central Lake 45°25"23.7” 36°28'38.4” 19, 26

Four mud volcanoes were explored: Andrusov (Fig. 1A), Pavlov (Fig. 1B), Tishchenko (Fig. 1C),
and Central Lake (Fig. 1D). The Bulganak mud volcano field belongs to mud volcanic formations with
dispersed centers of eruptions (Fig. 2); hills and gryphons (local centers of mud volcanic activity) are lo-
cated in a relatively small area. There are hills slightly rising above the surrounding landscape, from which
gas and liquid silt are released, spreading in a thin layer and forming shallow puddles, and mud lakes
of a smaller or larger area (for example, Central Lake). The second morphotype of volcanoes is cone-
shaped hills, excreting rather viscous mud flowing down the slopes (Tishchenko mud volcano).

Brines of the mud volcanoes are of the hydrocarbonate-sodium type (hydrocarbonate-chloride
sodium or chloride-hydrocarbonate sodium); those are characterized by an increased content
of bromine (85-210 mg‘L'l) and iodine (23-45 mg-L_l) [Matyunina, 2019]. The chemical composi-
tion of the brines of the mud volcanoes is variable: it can change significantly even within a few hours.
The mineralization of erupted brines does not exceed 20-23 g-L_1 [Kayukova, 2018; Kurishko et al.,
1968]. However, under conditions of high irradiance and intense winds, due to water evaporation in ef-
fluent brines, a noticeable increase in the concentration and precipitation of salts is recorded locally.
Mineralization can reach 110 g-L_1 [Kurishko et al., 1968].

In puddles and mud lakes, diatoms form a biofilm of a characteristic brown-green color (Fig. 1A).
The biofilm is located both on the surface of the liquid phase and on the bottom in the spots where
the water column is shallow and the suspension is mostly settled. Depending on the location, the area
of continuous biofilm can be of several square decimeters or more.

Single cells of N. cf. thermaloides were isolated from samples delivered to the laboratory by mi-
cropipette technique using inverted microscopes Nib-100 (China) and Altami INVERT 3 (Rus-
sia) (Fig. 3); those gave rise to 15 clonal cultures. The cultures were kept in 100-mL glass Erlenmeyer
flasks in a modified ESAW medium [Polyakova et al., 2018] and inoculated into fresh medium every
10-14 days. Conditions of maintaining and the method of clones naming are described in more detail
in [Davidovich et al., 2017]. The clones were kept and crossed in glass Petri dishes (40-50 mm in diame-
ter) in a medium with the same salinity as they were in the samples. Initial salinity of the modified ESAW
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medium (36%0) was adjusted to the required level either by diluting it with distilled water or by adding
sodium chloride. Salinity was measured with an RHS-10ATC refractometer (China). In the samples,
salinity differed significantly depending on a sampling point (see Table 1). Specifically, in three samples
of mud flowing out of the Andrusov mud volcano, which were taken on an area of < 1 m?, salinity was 30,
35, and 68%o.. Apparently, the reason for such noticeable differences are salts occurring in the samples
which were deposited on the underlying surface because of water evaporation. In a sample taken directly
from the vent (Tishchenko mud volcano), salinity was 20%o.

Fig. 1. The mud volcanoes — Andrusov (A), Pavlov (B), Tishchenko (C), and Central
Lake (D) — of the Bulganak mud volcano field during the sampling period (Kerch Peninsula, Crimea)

For electron microscopy, frustules were boiled in hydrogen peroxide (35%) and washed (7-8 times)
with distilled water; then, cleansed valves were placed on an object stub and coated with gold. Micro-
photography was carried out under a Hitachi SU3500 scanning electron microscope (Japan). Cell length
and width were measured using a calibrated eyepiece ruler by direct observation under a microscope
or a Moticam 1080 digital camera (China) with the supplied software. The obtained data were statistically
processed in Microsoft Excel. Mean values (M) are given with a standard error (SE) and sample size (N):
M * SE.
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Fig. 2. Location map of the mud volcanoes of the Malo-Tarkhan (left cluster) and the Bulganak (right
cluster) mud volcano fields (Kerch Peninsula, Crimea)

Fig. 3. Nitzschia cf. thermaloides, scanning electron microscopy. Internal (A-D) and external (E-F) valve
view. Scale bar: A, 10 um; B-E, 3 um; F, 2 um

RESULTS

For the first time, we observed N. cf. thermaloides sexual reproduction in samples with the nutrient
medium added even before the isolation of individual clones. In total, 17 initial cells were found and mea-
sured, their mean apical size turned out to be (68.7 £ 0.5) pm (maximum was 71.0 um). The length
of the valves of the empty open frustules of parental cells, lying next to them, averaged (37.4 £ 0.7) um
(N = 14; maximum was 40 um). Even these preliminary data allowed concluding as follows: in the process
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of sexual reproduction, there was a twofold increase in size, and the cell length of slightly more
than 70 um was obviously close to the maximum species-specific length. Subsequent measurements
of cells (not only from the natural population, but also obtained by crossing the isolated clones) made
it possible to identify the sizes that determine the phases of N. cf. thermaloides life cycle (Table 2).

Table 2. The apical size of Nitzschia cf. thermaloides vegetative, gametangial, and initial cells

Cells Sample size (N) - Cell length, ym
min max
Vegetative 1,190 15 84
Gametangial 103 33 43
Initial 202 56 84

Measurement of cells from the natural population (N = 502) showed that their length varied from 15
to 74 um. The histogram of the distribution of cell sizes in terms of the frequency of occurrence in the nat-
ural population is shown in Fig. 4. By crossing the isolated clones, initial cells were obtained; their max-
imum size was 84 um. The length of the largest gametangial cells was 43 um (52% of the maximum
size); this is the transition boundary from the pre-reproductive to the reproductive phase of the life cycle.

20
18 - ! :
' I
1 .

—(1)—> | —— (2) —bl

16 1

14

1
— I .
12 | |

- :

10 1 r |
|
|
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25 125 225 325 425 525 625 72,5 825
Apical cell length, pm

Relative number of cells, %

Fig. 4. Distribution of Nitzschia cf. thermaloides cell length (N = 502) by frequency of occurrence in the nat-
ural population of the mud volcanoes of the Bulganak mud volcano field. The dash-dotted line defines
the maximum species-specific size. Cells smaller than the critical limit (a dashed line) are in the repro-
ductive phase (1) and represent the effective fraction of the population. Larger cells, the size of which
is between a dashed and a dash-dotted line, are in the pre-reproductive phase of the life cycle (2)

There was a direct correlation between length of parental and daughter cells (Fig. 5). After isolation,
the clones were tested for crossability/non-crossability in pairwise combinations, and 15 clones randomly
selected from the samples turned out to be sexually compatible strictly in accordance with their mating
types. For a sample of 10 clones, a table of cross-mating is given (Table 3). The clones were unevenly
distributed by mating types, in a ratio of 4 : 11.
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Fig. 5. Dependence of the initial cell length on the gametangial cell length in Nitzschia cf. thermaloides
(N=18)

Table 3. Cross-mating table (shows reproductive compatibility of Nitzschia cf. thermaloides clones
isolated from the mud volcanoes)

sS85 |5 15 15]¢)¢8

Mud volcano Clone é é é é é % é § § §
= S S S S S S S S S

mt mtl mt2 mtl mt2 mt2 mt2 mt2 mtl mt2 mt2

Andrusov 0.1026-YB | mtl

Andrusov 0.1026-YD | mt2 -

Pavlov 0.1020-OA | mtl 0 2

Pavlov 0.1020-OC | mt2 2 0

Pavlov 0.1029-YE | mt2 0 0

Pavlov 0.1029-YF | mt2 2 0 - 0 0

Pavlov 0.1029-YG | mt2 - 0 0 0 0

Central Lake | 0.1025-YA | mtl 0 2 0 2

Central Lake | 0.1020-OE | mt2 0 0 0 0

Central Lake | 0.1020-OF | mt2 2 0 0 0 0 2 0

Note: mt, mating type; mating types (mtl and mt2) are distinguished conventionally and marked in blue and red,
respectively, for ease of perception. The table shows the maximum scores for the intensity of auxospore formation,
obtained as a result of 3—5 times repeated experiments: 0, no auxospores were observed; 1, single; 2, non-abundant;
3, abundant. Dash indicates lack of data.
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In N. cf. thermaloides, the sexual process is preceded by pairing of parental cells (Fig. 6A); the for-
mation of pairs could be observed on the second day after mixed inoculations were made. Cells in pairs
were arranged more or less parallel to each other and showed a stable relationship. At the same time,
cells did not secrete any mucus and did not form mucous capsules. Gametogenesis in parental cells (ga-
metangial cells) usually began on the third day (after the light—dark period completion) in the morning
and proceeded in pairs almost simultaneously, but not synchronously. Initially, the cell protoplast con-
tracted along the apical axis (Fig. 6B). Resulting from transapical division, two identical gametes were
formed in each gametangial cell (Fig. 6C). The gametes slightly increased in size, which is more typical
of the gametes that were formed first (Fig. 6D). At the end of the formation, the gametes fused in pairs
without any order (Fig. 6E, F); this resulted in the formation of two zygotes. The zygotes began bipolar
growth, extending parallel to the apical axis of the gametangial valves (Fig. 6G). From this point on,
cells should be called auxospores (Fig. 6H). Growing auxospores were usually arranged side by side,
more or less parallel to each other and to the valves of parental cells; occasionally, auxospores were
lined up along one axis (Fig. 6I). There were gametangial pairs characterized by disordered orientation
of auxospores and valves of parental cells, for example, due to deformation of the perizonium, which
determines the bipolar direction of auxospore growth (Fig. 6J).

Fig. 6. The process of Nitzschia cf. ther-
maloides sexual reproduction: A, for-
G H — mation of pairs of gametangial cells;
; B, the beginning of gamete formation,
the protoplast contracts along the apical
- N — axis; C, as a result of transapical divi-

l K sion, two identical gametes are formed;

| [ =P — D, gametes slightly increase in diame-
ter; E, F, gametes fuse in pairs with-
out any order; G, bipolar-growing aux-
ospores; H, usual arrangement of auxo-
spores — side by side and parallel
to each other and to the valves of ga-
metangia; I, occasionally, auxospores
are located along one axis; J, devel-
opmental disorders result in disordered
orientation of auxospores and valves
of parental cells; K, inside fully formed
. auxospores, which have reached a size
J close to the maximum species-specific,
- g the valves of initial cells begin to de-

‘ posit (first epitheca; then hypotheca);
\\ < 1 L, 1p1t1a1 pells, that recently left the; peri-

— i zonium (indicated by arrows); M, initial

cells return to normal mitotic divisions,
’.l giving rise to a new generation of clones.
- . Scale bar: 20 pm
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With a sufficient duration of the light period (October—November), on the same day, aux-
ospores that had grown to the maximum size could be detected; inside them, the valves of ini-
tial cells began to be deposited (Fig. 6K) — first epitheca, and then, after acytokinetic meiosis, hy-
potheca. The process of auxospore formation continued on the fourth day. Since initial cells pro-
ceeded to mitotic division, in the mixed cultures one could detect both initial cells that had re-
cently left the perizonium (Fig. 6L) and the first post-initial cells morphologically slightly different
from them (Fig. 6M).

Interestingly, syngamy was not always successful. Sometimes, only one pair of gametes fused; there-
fore, in some gametangial pairs, only one zygote and, accordingly, one auxospore was formed. Aborting
the development of one of auxospores led to the same result. Sometimes, not a single gametangial pair
could reach syngamy, even in those rare cases when gametangial cells had formed not pairs, but triplets.
However, in general, the process of auxospore formation was intensive, and large cells of the new
generation could be observed in mixed cultures in high abundance.

DISCUSSION

The theory of the life cycle of diatoms is quite well developed [Chepurnov et al., 2004; Drebes,
1977; Gastineau et al., 2014; Poulickova, Mann, 2019; Roshchin, 1994; Round et al., 1990; efc.]. During
the main part of their life cycle, these microalgae are in a diploid state, carrying out mitotic divisions; only
gametes are haploid. Sexual reproduction, accompanied by meiosis, is an obligatory attribute of the life
cycle in almost all diatoms, with rare exceptions. At the same time, one of the most remarkable features
of these microalgae is that their life cycle is closely related to cell size. The following main key points
regarding the vast majority of diatom species must be taken into consideration for performing an analysis
of the natural population studied by us:

* Passing through all phases of the life cycle depends on the change in cell sizes.

* Due to the peculiarities of the structure and the way of frustule formation, the apical size in pennates
and cell diameter in centric diatoms decrease with each vegetative division. In clones, a decrease
in the mean size and an increase in the range of variation in cell sizes occur.

» Restoration of initial (maximum) cell sizes in a population is carried out in the process of sexual
reproduction due to rapidly growing zygotes called auxospores.

* In the life cycle, pre-reproductive, reproductive, and post-reproductive phases can be distin-
guished (the latter one is not observed in all species).

* Duration of the pre-reproductive phase of the life cycle ranges from several months to several years,
depending on the species and the cell division rate.

 Transition from the pre-reproductive to the reproductive phase is related to overcoming the critical
size (one of the cardinal points of the life cycle), which in most diatoms is close to half the maximum
species-specific size.

* Transition to the reproductive phase does not mean an unconditional entry into the sexual process.
Its implementation requires a favorable combination of environmental factors and presence of a sex-
ual partner (in the case of heterothallic reproduction, which prevails in most pennate diatoms).
Most cells that have reached the reproductive phase continue to divide vegetatively and decrease
in size.
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» Regardless of the size of parental cells, auxospores usually grow to the size close to the maximum
species-specific one. However, in some species, the size of daughter (initial) cells depends on the size
of parental cells. In such cases, the size of the arisen initial cells may be less than the critical limit,
which allows them to enter the sexual process immediately. All this results in two-stage auxospore
formation.

Thus, two important events occur in the process of sexual reproduction in a diatom population:
restoration of initial cell sizes and appearance of a new generation of clones with new genetic “patiences.”
Worth noting that a small number of Bacillariophyta species (extremely insignificant compared to the to-
tal number of those studied) do not change cell sizes during vegetative division. Apparently, for this rea-
son, the sexual process has never been observed in them. Those include species which are model in many
aspects but sexually exceptional: Phaeodactylum tricornutum Bohlin, 1897 and Thalassiosira pseudonana
Hasle & Heimdal, 1970. These are the first two diatoms with a complete genome sequenced [Armbrust
et al., 2004; Montsant et al., 2005].

Considering the above principles, it is possible to analyze cell distribution in the natural population
of N. cf. thermaloides (see Fig. 3) by the life cycle phases. At the time of sampling, slightly more than
a half of cells in the population were in the pre-reproductive phase. The effective fraction of the pop-
ulation accounted for 46%. The process of sexual reproduction occurs in the population, as evidenced
by the finding of cells whose size was close to the maximum species-specific one. Obviously, appearance
of such cells could result only from sexual reproduction. The size spectrum covers all phases of the life cy-
cle: cells in the pre-reproductive and reproductive phases are equally represented. This state of the popu-
lation can be called balanced. Moreover, given that it usually takes several years for diatoms to go through
the entire life cycle [Mann, 1988], we can conclude that N. cf. thermaloides population is not ephemeral
and inhabits this spot for quite a long time.

The trend characteristic of most diatoms was confirmed once again: the size boundary (the cardinal
point), passing which cells reach the reproductive phase, is close to half the maximum species-specific
size (in most of the species studied, it ranges from 45 to 55%) [Davidovich, 2000]. A consequence
of the discovered positive correlation between the length of parental and daughter cells (see Fig. 4)
is unequal duration of the life cycle of individual clones.

Isogamous sexual reproduction, accompanied by the formation of two gametes in each gametangial
cell, was recorded in at least 15 genera of diatoms, phylogenetically both close to the genus Nitzschia
Hassall, 1845 (for example, Achnanthes Bory, 1822) and distant from it (for instance, Dickieia Berkeley
ex Kiitzing, 1844 or Berkeleya Greville, 1827), considering the largest phylogenetic tree constructed
from data for 11 genes in 1,151 diatom taxa [Nakov et al., 2018]. However, in addition to number
of gametes and their behavior, an important role in the classification of types of the sexual process
is played by the following details: presence or absence of copulatory mucus secreted by gametan-
gial cells; division of the cell protoplast in the apical or transapical plane during the formation of ga-
metes and presence or absence of rearrangement of the latter; direction of movement of gametes;
and mutual orientation of axes of auxospores and valves of gametangial cells. Given all the details,
the sexual process observed in N. cf. thermaloides can be categorized as IB2a according to Geitler
classification [Geitler, 1973].

In the mating system of the species, heterothallism prevails. Apparently, it is the only way
to reproduce, given that no cases of homothallism have been revealed in clonal cultures so far.
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In the future, the response of N. cf. thermaloides to quite variable (extreme for many other diatoms)
conditions of temperature and high irradiance is to be studied. Moreover, the limits of the halotolerance
of this species living under conditions of relatively high salinity, typical for puddles and lakes of mud
volcanoes, are to be established.

Conclusion. In water bodies formed by emissions from the mud volcanoes of the Kerch Peninsula,
Nitzschia cf. thermaloides 1s represented as a stable population containing cells in all phases of the life
cycle (pre-reproductive, reproductive, and post-reproductive). The analysis of the size distribution of cells
in the population, which became possible due to the established cardinal points of the life cycle, shows
that the population is not ephemeral and is capable of reproducing in generations, despite living under
extreme conditions.

This work was carried out within the framework of KSS — Nature Reserve of RAS — Branch of IBSS state
research assignment ‘Study of fundamental physical, physiological, biochemical, reproductive, population, and be-
havioral characteristics of marine hydrobionts” (No. 121032300019-0). Isolation of clones, measurements, and ob-
servations were carried out using microscopes, digital cameras, laboratory glassware, and software purchased
at the expense of grants from the Russian Foundation for Basic Research “Data finding on reproductive biology
of the genus Ardissonea, which are crucial for understanding of the diatom phylogeny” (No. 15-04-00237_a)
and ‘Study of the species specificity of the evolutionary transition from oogamy to neogamous sexual reproduction
in polar centric diatoms (Mediophyceae)” (No. 19-04-00070_a).
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BHUOJIOTUA BOCITPOU3BE/IEHUA Y JKU3HEHHBIN ITAKJI
JTUATOMOBOM BOJIOPOCJIN NITZSCHIA CF. THERMALOIDES,
HACEJIAIOIIEN T'PA3EBBIE BYJIKAHBI KPHIMA

H. A. laBugoBuu, O. . /IaBugosuy, 0. A. Iloaynai

Kapanarckas nayunas cranmusi uvenu T. V. Bsszemckoro — npupoassiii 3anoBeqank PAH —

duwman GULL UuBIOM, ®eonocust, Poccuiickas eneparms

E-mail: nickolaid@yandex.ru

B Ouosnorny akTyaslbHO M3y4YeHHE CIIOCOOHOCTH OPTraHM3MOB K CYIIECTBOBAHHMIO B IKCTPEMasbHbIX
YCJIOBUSIX, K KOTOPHIM OCOOEHHO UyBCTBHUTEJbHA (ha3a KM3HEHHOIO LIMKJA, CBA3aHHAS C TOJIOBBIM
Pa3MHOXEHHUEM M BO3MOKHOCTBIO OCTaBUThH CJleAyloliee MokojeHne. B mpodax, KoTopsie ObLIM B3s-
THI U3 JIyX U 03Ep, 00pa3yIolIMXCsl B MecTax AEHCTBUS TPA3EBBIX BYJIKAHOB ByiraHakcKoro cormou-
Horo monist (KepueHckuil momyoctpoB, KpbiM), oOHapyxeHa B GonblioM KoiudectBe Nitzschia cf.
thermaloides Hustedt. VI3 mpo6 MUKpONIMIIETOYHBIM CIIOCOOOM BBIJICJICHBI M BBEJICHBI B KYJIBTYPY OT-
JeJbHbIe KJIOHBI, CKPEILMBAHUE KOTOPBIX IO3BOJIMIIO MHULIMMPOBATh TETEPOTATIIMYECKOE TI0JIOBOE BOC-
npousBezenue. Llenpo pa®oTbl ObUIO N3YYUTH OMOJIOTHIO BOCIIPOM3BEICHHS Y )KU3HEHHBIH LIMKJI BOAO-
pocau U3 GUOTONA € IKCTPEMAIBHO BHICOKMMH YPOBHSIMU OCBEILEHHOCTH, TEMIIEPATyPhl U COJIEHOCTH.
BnepBbie 1151 JaHHOTO BU[A [TPUBEIEHO OIMCAHUE MOJIOBOTO MPOIIecca, COOTBETCTRYOIIEro TUity IB2a
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o Kjaccudukanuu [antiaepa. OrnpeaeneHsl KapauHaIbHbIE ITYHKTHI — KPUTUYECKUE Pa3MeEpPhl KJie-
TOK, 00YCJIOBJIMBAIOIIUE MEPEXO/ U3 OHOM (ha3bl KU3HEHHOTO IUKJA B APYrylo. [IprBegH MOJHBINH
JIMANA30H pa3MepoB KJIETOK — OT WHUIMATBHBIX, MOSIBUBIINXCS B pe3yJIbTaTe MOJIOBOTO BOCIIPOU3Be-
JIeHU s, JIO CAMBIX MaJIeHbKUX, HAOJIOIABIIINXCS ITPU COZIEPKAHUM B KyJIbType. PaccMOTpeHB! OCHOBHBIE
TIOJIOKEHUST TEOPHUHU JKU3HEHHOTO IUKJIA JMATOMOBBIX BOJOPOCIIEH, O3BOJISIIOIINE BHITIOJIHUThL aHATN3
UX MIPUPOTHOU MOTYJISIIIAA. Y CTAHOBJIEHO, uTo TiomtyJisiiust N. cf. thermaloides cymmecTByeT B MecTe OT-
6opa Ipo0 AIMTeIbHOE BPeMsI M ITPeACTaB/IeHa KIeTKaMK, HAXOISIIIIMMHUCS BO BeeX (pa3ax sKU3HEHHOTO
LAKJIA.

KuaoueBbie caoBa: guatomoBble, Nitzschia cf. thermaloides, rpsi3eBble ByJKaHBI, MOJOBOE
BOCIIPOU3BE/IEHHE, KU3HEHHBIN ITUKJI
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The changes in the Black Sea hydrological regime recorded since 1990s have altered the state
of epipelagic complexes of marine organisms, primarily the seasonal variability of their biological cy-
cles. This largely affected the spawning phenology of natural fish populations, as well as ichthyoplank-
ton species diversity and spatial distribution, and established trophic relationships within the plank-
ton community. The interactions between links of the food chain in epipelagic complexes, as well
as their seasonal and interannual variations, ultimately affect fish spawning efficiency, especially that
of mass commercial species, and determine the replenishment of their new generations. To establish
ichthyoplankton species composition, abundance, and spatial distribution, the study was carried out
in shelf and open areas of the Black Sea (the Crimean coast) during the 89™ cruise of the RV “Pro-
fessor Vodyanitsky” (30 September — 19 October, 2016). Eggs and larvae of fish and the biomass
of meso- and macroplankton were analyzed. Ichthyoplankton and macroplankton were sampled with
Bogorov—Rass net (inlet area of 0.5 m% mesh size of 300 um) by vertical sampling technique.
In the shelf areas, sampling was carried out from the bottom up to the surface, while in the deep-sea
areas, from the lower boundary of the oxygen zone up to the surface. Ichthyoplankton was fixed with
4% neutralized formaldehyde and investigated under microscope to determine taxonomic composition
and, if possible, to analyze contents of fish larvae intestines. Species composition and spatial distribu-
tion of ichthyo-, meso-, and macroplankton in October 2016 were studied, as well as the feeding of fish
larvae of the Black Sea off the Crimean coast. The research covered the initial phase of the autumn hy-
drological season. In samples, eggs and larvae of 9 warm-water fish species and 6 temperate-water fish
species were found. The mean abundance of eggs was 2.92 ind.-m™, and the mean abundance of lar-
vae was 3.56 ind.-m™. The low percentage (30%) of dead eggs of the warm-water European anchovy
Engraulis encrasicolus and the presence of its different-sized larvae evidenced the ongoing produc-
tive spawning. The zooplankton biomass increased from the shelf towards the deep-sea areas. Small
plankton organisms prevailed in the shelf areas providing enough food for fish larvae to survive. Despite
the significant biomass of gelatinous plankton feeders in October 2016, their effect on ichthyoplankton
complexes of the Black Sea was apparently minor.

Keywords: ichthyoplankton, mesoplankton, gelatinous macroplankton, feeding of fish larvae, species
diversity, spatial distribution, Black Sea
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Climate change is one of the main factors affecting spawning phenology, spatial distribution, species
structure, and trophic relationships in marine ecosystems [Richardson et al., 2009; Robinson et al., 2014;
Turan et al., 2016; Vinogradov et al., 1999]. An increase in temperature in seas with a well-pronounced
seasonality, infer alia in the Black Sea, led to an inversion of life cycles, a shift in the reproduction
timing, and an expansion in the species diversity of hydrobionts at all trophic levels, from primary pro-
ducers to predators [Auth et al., 2017; Fincham et al., 2013; McQueen, Marshall, 2017; Parsons, Lalli,
2002; Purcell et al., 2007]. The autumn hydrological season (October—-November) is usually character-
ized by a restructuring of the surface current system from the summer type of circulation to the winter
one; also, it is distinguished by maximum temporal gradients of the sea surface temperature [ Artamonov
etal., 2018; Troshchenko, Subbotin, 2018]. Interestingly, autumn ichthyoplankton can be formed by both
warm-water and temperate-water fish species. In October, spawning of temperate-water fish begins (their
eggs prevail in ichthyoplankton), and spawning of warm-water fish continues. However, small abundance
of alive eggs and the absence of larvae of younger age groups indicate that the spawning is unproductive.
In October, on a shelf and in deep-sea areas, eggs of temperate-water species Sprattus sprattus (Lin-
naeus, 1758) and Merlangius merlangus (Linnaeus, 1758) are common, as well as larvae of Engraulis en-
crasicolus (Linnaeus, 1758) of older age groups and juveniles of Syngnathus schmidti Popov, 1928.
Eggs, larvae, and juveniles of coastal species brought there by a current are found singly [Dekhnik,
1973; Dekhnik, Pavlovskaya, 1979; Gordina et al., 1991; Klimova et al., 2010].

For gelatinous macroplankton, the autumn hydrological season is important for several reasons.
For the scyphomedusa Aurelia aurita (Linnaeus, 1758), it is a significant stage characterizing the success
of spring generation; for Mnemiopsis leidyi A. Agassiz, 1865, it is the time of maximum elimination under
the pressure of Beroe ovata Bruguiere, 1789 [Finenko et al., 2003]. For many species of mesozooplank-
ton, October is a period of active growth and reproduction against the backdrop of weakened predation
by ctenophores. Although, with a decrease in M. leidyi abundance in a plankton community, a trend to-
wards a rise in the trophic role of jellyfish was recorded; its predatory pressure on zooplankton in recent
years usually does not reach a threshold critical for maintaining prey populations [Anninsky et al., 2016].

Unfortunately, the Black Sea ichthyoplankton in the shelf and open waters at the beginning of the au-
tumn hydrological season was practically not analyzed due to its low abundance and species diver-
sity [Dekhnik, Pavlovskaya, 1979; Klimova, Podrezova, 2018; Klimova et al., 2010, 2019]. The latest
published data of ichthyo-, meso-, and macroplankton studies in the western sector of the Black Sea, in-
cluding the area off the Crimean Peninsula, date back to October 2005 [Klimova et al., 2010]. Therefore,
the results of complex plankton research carried out in October 2016 both in the shelf and deep-sea ar-
eas of the Black Sea off the Crimean Peninsula, from Cape Tarkhankut to the Kerch Strait, during
the transition from the summer hydrological season to the autumn one are of particular interest.

The aim of the work is to analyze species composition, abundance, and spatial distribution
of ichthyo-, meso-, and gelatinous macroplankton in October 2016 against the backdrop of climatic
variability of the Black Sea hydrological regime.

MATERIAL AND METHODS

Plankton studies were carried out during the 89% cruise of the RV “Professor Vodyanitsky” (Septem-
ber 30 — October 19, 2016) in the shelf and deep-sea areas of the Black Sea off the Crimean Peninsula
in the western (Cape Tarkhankut — the city of Alupka) and eastern sectors (Cape Meganom — the Kerch
Strait) in the water area with coordinates from N43.22° to N45.15° and from E31.24° to E36.26° (Fig. 1).
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Fig. 1. Schematic map of sampling stations in the 89" cruise of the RV “Professor Vodyanitsky”

Ichthyo- and macroplankton, as well as large crustacean plankton (Calanus euxinus Hulse-
mann, 1991) was sampled with an inverse conical Bogorov—Rass net (BR-80/113; inlet area of 0.5 m?;
mesh size of 300 pum). Total mesozooplankton was sampled with a Juday net (inlet area of 0.1 m? mesh
size of 112 pm). Plankton was sampled by vertical hauls from the bottom to the sea surface in the shelf
area and from the lower boundary of the oxygen zone (o, = 16.2, according to Sea-Bird 911plus CTD)
to the sea surface in open waters.

With BR-80/113, sampling was carried out in one replication at 62 stations, including 39 stations
in the deep-sea (> 200 m) epipelagic zone, 19 stations on the outer shelf (50-200 m), and 4 stations
on the inner shelf (< 50 m). Large gelatinous macroplankton was filtered through a sieve with a 4-mm
mesh from freshly taken samples and analyzed in vivo onboard the RV for taxonomic composition,
abundance, oral-aboral body length of ctenophores, and umbrella diameter of jellyfish. The remain-
ing plankton fraction, inter alia small (< 5 mm) gelatinous, meso-, and ichthyoplankton, was fixed
and processed under stationary conditions. Species composition and abundance of early size—age stages
of gelatinous, large copepods, and ichthyoplankton were determined under MBS-10 at a magnification
of 8 X2 and 8 x 4. The body weight of the organisms was calculated using known linear weight ratios [ An-
ninsky et al., 2013]. Fish eggs and larvae were identified according to [Dekhnik, 1973; D’Ancona, 1933;
Russell, 1976].

Mesoplankton was sampled with a Juday net in duplicate on the outer shelf (sta. 1, N44.56°, E33.34°)
and in the deep-sea areas (sta. 3, N44.37°, E33.07°), fixed, and identified under stationary conditions
under a microscope (Fig. 1).
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All plankton samples were fixed in 4% (v/v) formaldehyde buffered with borates.

The study of fish larvae feeding was carried out on a fixed material according to the technique
of L. Duka and V. Sinyukova [1976]. Larvae were divided into size groups: E. encrasicolus, in accordance
with [Dekhnik, 1960]; S. schmidti, in accordance with [Gordina et al., 1991].

Using the formulas proposed by Yu. Odum [1986], diversity indices were calculated: species di-
versity [Shannon, Weaver, 1949], species richness [Simpson, 1949], dominance [Margalef, 1958],
and evenness [Pielou, 1966].

To analyze the hydrological regime and the structure of surface currents, we used expeditionary
data of vertical profiling with Sea-Bird 911plus CTD and data of acoustic Doppler current profiler
ADCP 300 kHz WorkHouse [Artamonov et al., 2018]. Additionally, we used material of satellite
observations of the sea surface temperature (hereinafter SST); maps of geostrophic and surface cur-
rents [Copernicus Marine Service, 2019; Marine Portal of the Marine Hydrophysical Institute, 2020; Na-
tional Center for Environmental Information, 2018] for August—October 2016; and data of regular obser-
vations on water temperature and salinity in the coastal areas of Sevastopol and Karadag [Troshchenko,
Subbotin, 2018; Troshchenko et al., 2019].

The relationship between the distribution of the studied plankton components and certain abiotic
environmental factors (seawater temperature and salinity) was measured by ANOSIM in PAST 4.0
statistical program.

RESULTS

Features of the hydrological regime. The period of the survey (September 30 — October 19, 2016)
corresponded to the initial phase of the autumn hydrological season. Intensive cooling of the sea upper
layer with temperature gradients of more than 3-3.5 °C per month began in the third 10-day period
of September and lasted until mid-December [ Artamonov et al., 2018; Copernicus Marine Service, 2019;
Marine Portal of the Marine Hydrophysical Institute, 2020; National Center for Environmental Informa-
tion, 2018; Troshchenko, Subbotin, 2018; Troshchenko et al., 2019]. The autumn hydrological season
is characterized by a restructuring of the surface current system from the summer type of circulation
to the winter one. However, satellite observation data for the previous period and the time of the survey,
geostrophic circulation calculations [Copernicus Marine Service, 2019; Marine Portal of the Marine
Hydrophysical Institute, 2020; National Center for Environmental Information, 2018], and instrumen-
tal observations [Artamonov et al., 2018] indicate that the surface water circulation system in the study
area in the first 10-day period of October 2016 corresponded to the summer one, with the preservation
of its main features [Klimova et al., 2019]. Active meandering of the Rim Current jet along the con-
tinental slope contributed to the preservation of two quasi-stationary synoptic formations: the Sevasto-
pol anticyclone (hereinafter SevAC) over the great topographic trough west of the Heracles Peninsula
and the Crimean anticyclone (hereinafter CrAC) on the shelf south of the Feodosiya Gulf [Ivanov, Be-
lokopytov, 2011]. To the south of the Rim Current area, in the western and eastern sectors of the survey,
peripheral areas of western and eastern cores of the main cyclonic gyre (hereinafter MCG) with weak
and unstable currents were traced (Fig. 2).

The general picture of the seasonal spatial distribution of the SST with a tendency to increase
its values from the northwest (areas of the earliest and most intense SST decrease) to the east was
disturbed by a strong storm on 9-10 October (Fig. 2). As a result, in the second 10-day period of Oc-
tober, background SST values throughout the study area decreased by 2—-3 °C [Artamonov et al., 2018].
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Thus, in the western sector, before the storm, the site of increased SST values (+21.0...421.5 °C) corre-
sponded to the SevAC zone; the site of minimum SST values (+19.0...419.5 °C) was limited to a small
shelf zone in the northwestern sea area [ Artamonov et al., 2018] (Fig. 3).
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In the eastern sector of the survey, ichthyoplankton was sampled in the second 10-day period of Octo-
ber 2016. Background SST values dropped after the storm to +16...+16.5 °C. In the shelf area from Cape
Sarych to Sevastopol, the values decreased to +17 °C (Fig. 4).

Against the backdrop of seasonal cooling of the sea surface layer and intensification of wind-wave
mixing, the thickness of the upper quasi-homogeneous layer increased everywhere compared to that
of the summer period. The maximum values of the thicknesses of the upper quasi-homogeneous
layer (up to 28-30 m) were registered in the SevAC and CrAC zones, while the minimum val-
ues (up to 12-16 m) were recorded in areas of water rise on the northern peripheries of the western
and eastern cores of the MCG.

Over the entire study area, cold intermediate layer differed significantly from “classical” one [Ivanov,
Belokopytov, 2011] in terms of the core temperatures. The range of its spatial temperature variability was
8.30-8.52 °C: up to 8.30-8.36 °C (minimum values), in the areas of water rise on the MCG periphery;
up to 8.42-8.44 °C, in the SevAC; and up to 8.5-8.52 °C, in CrAC. The variability of the depth
of the cold intermediate layer core also corresponded to the position of main circulation structures.
The maximum depth (up to 85-90 m) was noted above the great topographic trough in the SevAC
zone; the values up to 80 m were recorded in the CrAC zone; and the minimum depth was registered
on the periphery of the western (up to 35-40 m) and eastern (up to 40-45 m) cores of the MCG.
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The spatial distribution of salinity of surface waters was determined by the proximity to the main
sources of desalination, the direction of advection of desalinated waters, and the position of quasi-
stationary dynamic formations. Low water salinity (< 18%oc) was recorded in the SevAC and CrAC
zones, where transformed desalinated waters from the northwestern sea area and from the Kerch Strait
occurred. The most saline waters (18.45-18.50%0) corresponded to the peripheral areas of the MCG.

Ichthyoplankton. In ichthyoplankton, eggs and larvae of 15 fish species representing 9 families were
identified (9 species of warm-water and 6 species of temperate-water fish). The mean abundance of eggs
was 2.92, and larvae, 3.56 ind.-m™2 (Table 1).

Table 1. Species composition and relative abundance (%) of fish eggs and larvae off the Crimean
Peninsula in October 2016

Species Eggs Larvae
Family: Engraulidae
Engraulis encrasicolus (Linnaeus, 1758) 27.0 304
Family: Clupeidae
Sprattus sprattus (Linnaeus, 1758) 425 0.8
Family: Gadidae
Merlangius merlangus Linnaeus, 1758 20.5 53
Trisopterus luscus (Linnaeus, 1758) 4.5 10.7
Gadidae sp. - 3.6
Family: Lotidae
Gaidropsarus mediterraneus (Linnaeus, 1758) 4.5 0.8
Molva macrophthalma (Rafinesque, 1810) - 0.8
Family: Syngnathidae
Syngnathus schmidti Popov, 1928 - 28.1
Family: Scorpaenidae
Scorpaena porcus Linnaeus, 1758 - 0.8
Family: Gobiidae
Pomatoschistus marmoratus (Risso, 1810) - 0.8
Pomatoschistus minutus (Pallas, 1770) - 3.7
Pomatoschistus pictus (Malm, 1865) - 1.8
Gobius sp. - 0.8
Family: Mugilidae
Mugil cephalus Linnaeus, 1758 1.0 1.8
Family: Bothidae
Arnoglossus kessleri Schmidt, 1915 - 0.8
Mean abundance in a catch, ind.-m> 292 +1.64 3.56 £1.63

In the western sector of the survey (Cape Tarkhankut — the city of Alupka), ichthyoplankton was
sampled in the first 10-day period of October, when the surface water circulation system, as mentioned
earlier, corresponded to the summer one, with the preservation of its main features. At seawater tempera-
ture reaching +19.0...421.5 °C, eggs and larvae of 10 fish species were recorded; their mean abundance
was 3.4 and 4.7 ind.-m™2, respectively (Fig. 5).

Above the depths of more than 50 m, S. sprattus spawned; maximum abundance of its eggs,
22 ind.-m™%, was recorded near the Cape Khersones above a depth of 92 m. In addition to M. merlan-
gus (a common representative of the family Gadidae), eggs and larvae were found, which we identified
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as Trisopterus luscus (Linnaeus, 1758) (Table 2). This cod species has been described for the North
and Mediterranean Seas [Alonso-Fernandez et al., 2010; D’Ancona, 1933; Russell, 1976]; there,
its eggs and larvae are noted throughout the year with maximum abundance from October to May.
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Fig. 5. Schematic map of ichthyoplankton distribution (ind.-m~2) in October 2016

Table 2. Ichthyoplankton species composition and mean abundance (ind..m~2) in several areas
of the Black Sea (2016)

Cape Tarkhankut — the city of Alupka Cape Meganom' B
Species the Kerch Strait
30.09-09.10 19.10 10.10-17.10
Eggs Larvae Eggs Larvae Eggs Larvae
Engraulis encrasicolus 1.2 2.1 - - - -
Sprattus sprattus 1.4 - 2.0 - 0.6 0.1
Merlangius merlangus 0.5 - 0.5 - 0.9 0.7
Trisopterus luscus 0.2 0.5 - 1.0 - -
Gadidae sp. - 0.2 - - - -
Gaidropsarus mediterraneus - - - - 0.5 0.1
Molva macrophthalma - - - 0.5 - -
Mugil cephalus 0.1 0.1 - - - 0.1
Syngnathus schmidti - 1.5 - 0.5 - 0.4
Scorpaena porcus - 0.1 - - - -
Pomatoschistus marmoratus - - - - - 0.1
Pomatoschistus minutus - 0.1 - - - 0.1
Pomatoschistus pictus - 0.1 - - - 0.1
Gobius sp. - - - 0.5 - -
Arnoglossus kessleri - - - - - 0.1
Mean abundance 34 4.7 2.5 2.5 2.0 1.8
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Out of warm-water species, the European anchovy E. encrasicolus continued its spawning. It was pro-
ductive, as evidenced by the presence in samples of live eggs at different stages of development and lar-
vae on yolk, mixed, and external nutrition. The proportion of dead eggs in samples did not exceed 30%.
Maximum abundance of the European anchovy eggs (18.0 ind.-m™2) was registered on the Cape Kher-
sones traverse; of larvae (14 ind.-m™2), at Cape Tarkhankut. In addition to the anchovy, samples con-
tained larvae of gobies of the genus Pomatoschistus (P. minutus and P. pictus), flathead grey mullet
Mugil cephalus Linnaeus, 1758, pelagic pipefish S. schmidti, and black scorpionfish Scorpaena porcus
Linnaeus, 1758 (Table 2, Fig. 5).

In the second 10-day period of October, ichthyoplankton was sampled at 17 stations in the east-
ern sector of the survey (Cape Meganom — the Kerch Strait) after a sharp decrease in SST val-
ues (Fig. 5). There, eggs and larvae of 9 fish species were identified. The mean abundance of eggs
was 2.0, and the mean abundance of larvae was 1.8 ind.-m™ (Table 2). At coastal stations, in ichthyo-
plankton, in addition to eggs of the temperate-water Gaidropsarus mediterraneus (Linnaeus, 1758), lar-
vae of warm-water species were registered — gobies of the genus Pomatoschistus and scaldback Arnoglos-
sus kessleri Schmidt, 1915. At stations on the slope of depths, ichthyoplankton was mainly represented
by eggs and larvae of fish species common for the winter spawning season — M. merlangus, S. sprattus,
and G. mediterraneus. In ichthyoplankton, there were no European anchovy eggs and larvae. Out of warm-
water species, single S. schmidti juveniles were caught, as well as larvae of gobies, which were proba-
bly brought there by the current along the eastern periphery of the CrAC due to increased northeast
winds [Marine Portal of the Marine Hydrophysical Institute, 2020]. Above depths of more than 2,000 m,
only at 1 out of 8 surveyed stations, S. schmidti larva was recorded.

At the end of the second 10-day period (on 19 October, 2016), 4 stations were surveyed from the city
of Sevastopol to Cape Sarych in the depth range 73-314 m. There, in contrast to the SST in the first
10-day period of October, the SST no longer exceeded +17 °C. In ichthyoplankton, eggs and lar-
vae of only 6 fish species were registered (with the mean abundance of ~ 2.5 ind.-m™2) (Table 2).
Out of warm-water species, single specimens of Gobius sp. larvae were found, and S. schmidti juveniles
were noted. Temperate-water species were represented by eggs of S. sprattus and M. merlangus, as well
as by larvae of Mediterranean predators that have recently invaded the Black Sea — T. luscus and Molva
macrophthalma (the family Lotidae) [D’Ancona, 1933; Russell, 1976]. Those were caught above a depth
of ~ 300 m seaward of the Laspi Bay (Table 2). In recent years, single larvae of these species
are regularly recorded off the Crimean Peninsula from Cape Tarkhankut to the Kerch Strait [Klimova,
Podrezova, 2018].

The nutrition of different-sized larvae of three fish species prevailing in ichthyoplankton was stud-
ied — two warm-water (E. encrasicolus, 21 specimens; S. schmidti, 22 specimens) and one temperate-
water (7. luscus, 6 specimens) (Table 1).

The analysis of the size composition of E. encrasicolus larvae showed as follows: 9% were on yolk nu-
trition; 27%, on mixed; and 64 %, on external. In E. encrasicolus larvae with a total length (TL) from 6.2
to 14.7 mm, which were on external nutrition, food objects in intestines were recorded mainly as an amor-
phous mass, and it could not be identified. Only two larvae had copepod nauplii, 0.15 to 0.2 mm in size,
which retained chitinous membranes; in the intestine of a 14.7-mm larva, a copepodite Acartia clausi
Giesbrecht, 1889 was identified (0.75 mm).

Juvenile stages of Copepoda (Calanoida) were predominantly found in intestines of the pelagic
pipefish 13.2 to 87 mm in size. In certain cases, Cladocera and eggs of hydrobionts were noted.
In the nutrition of S. schmidti of size group II, the proportion of small food items (up to 0.25 mm)
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did not exceed 8%; in larvae of size group III, organisms 0.4—0.7 mm long prevailed in intestines.
Pelagic S. schmidti mostly consumes species predominating in plankton, and it is clear that the prevalence
of larger food items in its intestines is related to their abundance in the sea.

In larvae, identified by us as 7. luscus, with a length (TL) of 2.6—4.0 mm, there were juvenile
stages of copepods (Calanidae and Oithonidae) ranging 0.175-0.375 mm — from 2 to 8 specimens
per intestine.

In general, during the study period (October 2016), low abundance of ichthyoplankton was ob-
served, with a rather large number of species for open waters (15). For entire sample, the species
richness index was 11.5. Due to a lack of pronounced prevalence in ichthyoplankton (dominance in-
dex was 0.2), we recorded rather high values of evenness index (0.7) and species diversity index (2.8)
for the off-season [Odum, 1986; Pielou, 1966; Shannon, Weaver, 1949; Simpson, 1949].

Mesoplankton. Mesozooplankton was dominated by A. clausi, C. euxinus, Paracalanus
parvus (Claus, 1863), Penilia avirostris Dana, 1849, and Parasagitta setosa (J. Miiller, 1847), usu-
ally having a maximum or close to it biomass in autumn months. The only exception is Pseudo-
calanus elongatus (Brady, 1865): its biomass, as a rule, reaches the highest values in March—April.
On the outer shelf and in the deep-sea areas, mesozooplankton composition differed somewhat. There
was a regular increase in the proportion of cold-water species with distance from the coast. In de-
scending order by biomass, on the outer shelf, the following species prevailed: P. setosa (20.4%),
P. parvus (18.3%), A. clausi (12.2%), and P. avirostris (12.1%). At greater depths, the prevailing species
were C. euxinus (32.1%), P. elongatus (21.5%), P. parvus (12.0%), and P. setosa (11.3%).

At 39 stations of the deep-sea epipelagic zone, the biomass of the dominant copepod C. euxinus
varied depending on the position of the lower boundary of the oxygen zone (o, = 16.2). Specifically,
with its shift from 100-125 to 126—150 m, the biomass of this crustacean increased from (6,200 = 800)
to (9,020 % 1,020) mg-m™2. In the deep-sea range of the lower boundary of the oxygen zone, 151-180 m,
the value decreased to (7,300 £ 1,900) mg-m’z. In total, the abundance and biomass of common

and fodder (without Noctiluca species) zooplankton were twice as high in the open pelagic zone than
on the shelf (Table 3).

Table 3. Mesozooplankton composition, abundance (ind.-m~2), and biomass (mg-m~2) on two stations
of the Cape Khersones traverse (above the depth of 92 and 1,800 m) in October 2016

Species Outer shelf (50-200 m) Deep-sea areas (> 200 m)
ind.-m~2 % mg-m~2 % ind.-m~2 % mg-m~> %
Total mesozooplankton 332,153 - 7,570 - 569,524 - 14,840 -
Fodder mesozooplankton 315,599 - 6,700 - 552,134 - 13,950 -
Mesozooplankton < 0.5 mm 134,592 100 1,022 100 222,244 100 983 100
Paracalanus parvus 44,082 32.8 249 24.4 83,225 37.4 352 35.8
Acartia spp. 24,004 17.8 77 7.5 38,615 17.4 126 12.8
Pseudocalanus elongatus 4,885 3.6 22 2.2 23,174 10.4 109 11.1
Centropages ponticus 7,424 5.5 33 3.2 9,662 4.3 42 4.3
Copepoda nauplii 19,000 14.1 14 1.4 32,000 14.4 24 2.4
Penilia avirostris (< 0.5 mm) 2,315 1.7 23 2.3 625 0.3 6 0.1
Oikopleura dioica 14,250 10.6 377 36.8 3,750 1.7 108 11.0
Other organisms 18,632 13.8 227 22.2 31,193 14.0 200 20.3
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This pattern was not observed for small fodder zooplankton (organisms < 0.5 mm), which is the main
food of fish larvae. Its abundance on the outer shelf (134,592 ind.-m™) was inferior to the abundance
in the deep-sea epipelagic zone (222,244 ind.-m™2), but the opposite trend was noted for the values
of the biomass of small organisms: 1,022 mg-m™ on the shelf and 983 mg-m™ at a deeper station.
Out of small species and forms, copepodites P. parvus prevailed everywhere in terms of abundance (32.8
and 37.4%). In terms of biomass, Oikopleura (Vexillaria) dioica Fol, 1872 dominated on the outer
shelf (36.8%), while P. parvus dominated in the deep-sea areas (35.8%).

In total, in the deep-sea areas, the biomass of copepods and, apparently, crustacean zooplankton
was associated with the abundance and biomass of Pleurobrachia pileus (O. F. Miiller, 1776) (p < 0.01),
as well as with the abundance of A. aurita (p < 0.05).

Gelatinous macroplankton was mainly represented by the scyphomedusa A. aurita and three
species of ctenophores (M. leidyi, P. pileus, and B. ovata), occurring together in more than 90%
of samples (Fig. 6).
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Fig. 6. Gelatinous macroplankton abundance (ind.-m~2) and biomass (g-m‘z) in the central Black Sea
in October 2016 (mean values * standard errors)

The mean biomass of A. aurita in areas with depths > 200 m was 203—260 g-m2, and the abun-
dance was 21-24 ind.-m™. High biomass values were observed on the coastal shelf: (676 + 583) g-m™.
The absence of significant differences in the biomass and abundance of the scyphomedusa in various ar-
eas of the epipelagic zone can be traced according to the geometric mean estimates (79-157 g-m™
and 10-21 ind..m™) and is confirmed statistically (p > 0.05). For this species, the maximum
biomass (2,611 g-m™) and abundance (92 ind.-m™2) were noted on the periphery of the eastern core
of the MCG (sta. 79).

On the shelf and in the deep-sea areas, ctenophores P. pileus and M. leidyi competing with the jel-
lyfish had the same mean biomass, but P. pileus prevailed in terms of abundance and distribution.
There were two areas of the largest accumulations of this ctenophore — the periphery of the eastern
core of the MCG (up to 161 g-m™ and 444 ind.-m™) and border areas of the SevAC (up to 93 g-m™
and 331 ind.-m™).
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M. leidyi was found in macroplankton at 58 stations. In total, this ctenophore occurred more often
and in higher abundance in the direction from the inner shelf towards the deep-sea epipelagic zone.
Despite its local concentrations (up to 325 g-m™2 at sta. 79), its biomass usually did not exceed 50 g-m™;
in open waters, the value averaged 26-48 g-m™2. M. leidyi abundance increased closer to the eastern sea
area, where, in rare cases, the value reached 70 ind.-m™ (sta. 63).

The third species, B. ovata, was found almost everywhere in the sea. Its mean biomass ranged
11-22 g-m™2, and the values were higher in the same areas, as the biomass values for M. leidyi (p < 0.01).
A. aurita reached higher abundance there as well (p < 0.05). The abundance of ctenophores was max-
imum in the Feodosiya Gulf area (108-112 ind.-m™?) and decreased with distance from the Crimean
coast. These data give grounds to suggest that B. ovata population initially developed in the coastal zone,
and its spreading to open waters occurred later.

The total abundance of ichthyoplankton, as well as fish eggs and larvae separately,
was higher (p < 0.05) in areas with higher abundance of a ctenophore B. ovata. Moreover, the abun-
dance of fish larvae turned out to be positively related to the abundance of the scyphomedusa
A. aurita (p < 0.05) and, apparently, to the temperature of the sea upper layer (p < 0.07). The occur-
rence of particular ichthyoplankton representatives could be associated with various biotic and abiotic
conditions. The abundance of E. encrasicolus eggs and larvae was related to the abundance of B. ovata
alone (p < 0.05). The abundance of S. schmidti larvae and juveniles mainly correlated with the abun-
dance and biomass of the copepod C. euxinus (p < 0.05), the biomass of all mesoplankton (taking that
on average its value is 1.6 times higher than that of C. euxinus [Anninsky, Timofte, 2009]) (p < 0.05),
and the abundance of the jellyfish A. aurita (p < 0.05). For eggs of S. sprattus and M. merlangus,
no relationship with the habitat conditions of these species was found (p > 0.05).

DISCUSSION

Ichthyoplankton species composition, abundance, and spatial distribution in various areas
of the Black Sea are mostly limited by the hydrological regime, primarily by water temperature as a factor
determining the rhythm of biological processes; also, those are limited by the food supply and the impact
of predators [Dekhnik, Pavlovskaya, 1979].

The period of plankton studies corresponded to the initial stage of the autumn hydrological season
with a rather smooth decrease in the SST during the survey in the western sector in the first 10-day
period of October 2016 and with a sharp drop in SST values in the eastern sector in the second
10-day period, after a strong storm.

In October, warm-water fish species usually complete their spawning, while temperate-water ones
only begin to spawn. Therefore, ichthyoplankton, as a rule, is dominated by larvae of older age groups
of warm-water fish and eggs of temperate-water fish [Dekhnik, 1973]. In the first 10-day period of Oc-
tober 2016, in the western sector of the survey, 10 species were identified in ichthyoplankton, and a rela-
tively high mean abundance of fish eggs and larvae was observed. Out of larvae, the warm-water E. encra-
sicolus prevailed; in terms of abundance of eggs, temperate-water S. sprattus dominated. However, eggs
of the European anchovy accounted for a rather significant proportion in samples, 35.3%. Moreover,
in 2016, unlike the situation in previous years [Dekhnik, 1973; Klimova, Podrezova, 2018; Klimova
et al., 2010], E. encrasicolus spawning was productive, as evidenced by the presence of larvae in sam-
ples (44.7% of the total abundance of all species) of all age groups. At the same time, eggs of 3 species
and larvae of 2 species of temperate-water fish were recorded (see Table 2). On 1-14 October, 2005,
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when the SST was on average 2 °C lower than in 2016, eggs and larvae of 11 fish species were found
in ichthyoplankton [Klimova et al., 2010]. The mean abundance of eggs was twice as low as in 2016. Only
common temperate-water species spawned: S. sprattus, M. merlangus, and G. mediterraneus. Spawning
was productive for M. merlangus alone. Larvae of warm-water fish were represented by 8 species. E. en-
crasicolus completed its spawning; its larvae of older age groups prevailed in samples. This corresponded
to the data of ichthyoplankton studies of the 1950s—1970s [Dekhnik, 1973].

A sharp change in the parameters of thermal stratification after the storm on 9-10 October, 2016,
altered the structure of species composition of ichthyoplankton on the shelf of the southwestern
Crimea (from Cape Sarych to the city of Sevastopol): the proportion of temperate-water fish increased.
The abundance of ichthyoplankton species at the end of the second 10-day period of October has al-
most halved; the mean abundance of fish eggs and larvae did not exceed 2.5 ind.-m™ (Table 2). Eggs
of temperate-water S. sprattus and M. merlangus were registered, but their spawning was unproductive.
Samples contained only larvae of temperate-water invaders 7. luscus and M. macrophthalma. In catches,
there were no E. encrasicolus eggs and larvae. Warm-water species were represented only by single larvae
of gobies and S. schmidti juveniles.

In the eastern sector of the survey, ichthyoplankton was sampled in the second 10-day period
of October 2016. After the storm, background SST values dropped to +16...+16.5 °C. On the shelf
and on the slope of the northeastern water area (from Cape Meganom to the Kerch Strait), eggs and lar-
vae of 9 fish species were noted, and this is almost the same number of species as in the western sector
of the survey before the storm. However, the absence of E. encrasicolus eggs and larvae in samples (those
prevailed in samples of the western sector of the survey in the first 10-day period of October) led to a de-
crease in the mean abundance of eggs to 2.0 ind.-m™2 and larvae to 1.8 ind.-m™ (see Table 2). Temperate-
water species were represented by eggs and larvae of fish common to winter ichthyoplankton (S. sprattus,
M. merlangus, and G. mediterraneus), while warm-water ones were represented only by single larvae
of Pomatoschistus gobies and A. kessleri, as well as by S. schmidti juveniles. Southward, at deep-sea
stations, samples were practically empty (as mentioned earlier, at 8 surveyed stations, just 1 specimen
of the pelagic pipefish was caught).

Both in October 2016 and October 2005, favorable conditions were observed for the survival of lar-
vae of warm-water and temperate-water fish [Klimova et al., 2010]. Larvae on mixed and external nutri-
tion with empty intestines were not found during the daytime. In October 2016, the food of S. sprattus lar-
vae on external nutrition was mostly in the form of an amorphous mass; in the largest specimens, juvenile
stages of copepods were identified. This corresponds to the data of [Duka, Sinyukova, 1976] on feeding
habits and intestinal structure of larvae of this species. A detailed analysis of S. schmidti feeding of var-
ious size groups is given based on material sampled in September 1987, when the SST was comparable
to that in October 2016 [Gordina et al., 1991]. In larvae of size group III, both in September 1987 and Oc-
tober 2016, large food organisms (0.4—0.7 mm long) prevailed in intestines. In the feeding of S. schmidti
larvae of size group II, small food objects prevailed in September 1987; their proportion did not exceed
8% in October 2016. Previously, small Oithona nana Giesbrecht, 1893 accounted for 18-51% of the to-
tal abundance of consumed organisms in intestines of the pelagic pipefish of size group II [Gordina et al.,
1991]. Currently, this species is not recorded in the Black Sea zooplankton.

High amount of food objects in intestines of fish larvae indicated a good food supply; this was con-
firmed by mesoplankton studies. In the initial phase of the autumn hydrological season in 2016, the sea
cooling occurred more slowly than in 2005, and favorable temperature conditions for the development
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of warm-water zooplankton were maintained for longer [Klimova et al., 2010]. Mostly due to the growth
in populations of warm-water species (P. parvus, Centropages ponticus Karavaev, 1895, P. avirostris, etc.),
in 2016, the abundance and biomass of fodder zooplankton, both on the outer shelf and in the deep-sea
areas, reached the level of the upper limit of the corresponding data of 2005 [Klimova et al., 2010].
A small number of samples in 2016 does not allow us to estimate interannual differences in the abun-
dance and biomass of small-sized zooplankton statistically. However, during this period, the abundance
of food organisms < 0.5 mm in size increased by 4-6 times, and their biomass rose by 7-8 times.
This is quite consistent with the trend towards a rise in the abundance of all crustacean plankton
that has emerged in recent years [Anninsky et al., 2016]. An increase in its abundance and biomass
indicates certain (possibly temporary) rise in trophicity of the Black Sea water, which is also con-
firmed by data on predatory jellyfish [Anninsky, Timofte, 2009]. In the deep-sea areas, the biomass
of the jellyfish A. aurita was significantly higher in 2016 (p < 0.01) than in 2005. P. pileus biomass
doubled over this period (p < 0.001). M. leidyi biomass (~ 250 g-m™ prior to a seasonal outbreak
of B. ovata) increased by 2-3 times. All this indicates that there were more gelatinous macroplank-
ton in 2016. Potentially, it could have a stronger effect on entire mesozooplankton, including ichthyo-
plankton complexes, than in 2005. However, considering the abundance of mesozooplankton and that
of fish eggs and larvae, the predatory pressure of gelatinous species did not cause significant damage
to the populations of prey. Apparently, this is also indicated by the positive relationship between the to-
tal abundance of fish larvae and the abundance of A. aurita. Such a dependence, as well as a simi-
lar one (between the abundance of early age stages of the European anchovy and a ctenophore B. ovata),
may indicate obvious trophic vectors of ichthyoplankton distribution in the sea. In the first case, such
a vector could be the abundance of microplankton; in the second case, it could be greater develop-
ment of small feeding zooplankton under a weak predatory pressure of plankton-feeding ctenophores.
It is worth noting that B. ovata has a stronger effect on M. leidyi population than in previous years.
It appears earlier in plankton and adapts more quickly to seasonal shredding of individuals in the prey
population, forming its own, small-sized generation via larval reproduction [Finenko, Datzyk, 2016].
Moreover, B. ovata penetrates the deep-sea epipelagic zone, where M. leidyi used to escaped complete
grazing [Anninsky et al., 2013].

On the one hand, relatively high SST values in the first 10-day period of October 2016 contributed
to the prolongation of spawning of the European anchovy and other warm-water fish species. On the other
hand, those prevented full expansion of the sea surface layer in October by cold-loving gelatinous
species (A. aurita and P. pileus), which prefer lower temperature [Anninsky, 2009]; this could lead
to the displacement of both species into deeper horizons. High abundance of A. aurita and P. pileus
intensified their competition and intraspecific food rivalry at these depths. Apparently, this caused
a decrease in both mean umbrella diameter of jellyfish and growth rate of its generation. Specifically,
in October 2016, the growth rate of A. aurita generation was one of the lowest over the past 15 years.

Conclusions:

1. In October 2016, against the backdrop of climate change, in the hydrological regime of the Black
Sea, eggs and larvae of 15 species representing 9 families of both temperate-water and warm-water
complexes were registered in shelf and deep-sea areas off the Crimean Peninsula. The mean abundance
of eggs was 2.92, and larvae, 3.56 ind.-m™. Relatively high indices of species diversity, a wide size
range of larvae, and the presence of food organisms in their intestines indicated favorable conditions
for ichthyoplankton survival during the study period.
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2. Shifts in the abundance and species structure of ichthyoplankton were mediated by the character-
istics of the hydrological regime during the research. In the first 10-day period of October (the initial
phase of the autumn hydrological season, when the surface water circulation system in the study area
was still consistent with the summer one, and the water temperature exceeded +21 °C), eggs and lar-
vae of 10 fish species were noted in the western sector of the survey. Their mean abundance was 3.4
and 4.7 ind.-m™%, respectively. In the sea, productive spawning of the warm-water Engraulis encrasi-
colus still occurred, as evidenced by a low proportion of dead eggs (30%) and the presence of larvae
of all age groups in samples — on yolk (9%), mixed (27%), and external (64%) nutrition. The spawn-
ing of temperate-water Sprattus sprattus and Merlangius merlangus was unproductive. Single larvae
of two Gadidae species were recorded.

In the second 10-day period of October, with a sharp drop in the sea surface temperature
to +16.5...417 °C against the backdrop of increased wind-wave mixing, in the eastern sector of the sur-
vey, eggs and larvae of 9 more fish species were registered, but their mean abundance decreased to 2.0
and 1.8 ind.-m2, respectively. Species structure was already typical for the autumn spawning season.
In samples, there was no E. encrasicolus. Productive spawning of temperate-water Gaidropsarus mediter-
raneus, S. sprattus, and M. merlangus was noted. Warm-water species were represented only by larvae
of older age groups.

At the end of the survey, on the shelf of the southwestern Crimea, from the city of Sevastopol
to Cape Sarych, ichthyoplankton was represented only by 6 species: single specimens of warm-water
larvae of Gobius sp. and Syngnathus schmidti, eggs of temperate-water S. sprattus and M. merlangus,
and larvae of Mediterranean invaders Trisopterus luscus and Molva macrophthalma.

3. Despite the fact that gelatinous predators were abundant in 2016, they did not cause significant
damage to meso- and ichthyoplankton populations. In 2016, early appearance (in April) of a ctenophore
Beroe ovata and its penetration into the deep-sea epipelagic zone weakened the predatory pressure
of Mnemiopsis leidyi on zooplankton of the upper quasi-homogeneous layer, where eggs and larvae
of most fish species develop. The relatively high sea surface temperature (more than +20 °C) prevented
full expansion of this biotope by cold-loving gelatinous species (Aurelia aurita and Pleurobrachia pileus)
and contributed to their displacement into deeper horizons, where their competition and intraspecific
food rivalry intensified.

This work was carried out within the framework of IBSS state research assignment “Regularities of formation
and anthropogenic transformation of biodiversity and biological resources of the Sea of Azov-Black Sea basin
and other areas of the World Ocean” (No. 121030100028-0), “Investigation of mechanisms of controlling produc-
tion processes in biotechnological complexes with the aim of developing scientific foundations for production of bi-
ologically active substances and technical products of marine genesis” (No. 121030300149-0), and “Functional,
metabolic, and toxicological aspects of hydrobionts and their populations existence in biotopes with different physi-
cal and chemical regimes” (No. 121041400077-1). The research was carried out at the core facility RV “Professor
Vodyanitsky” (IBSS).
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COCTOAHUME UXTUO-, ME30- 1 MAKPOIIJTAHKTOHHbIX KOMIIJIEKCOB
Y KPBIMCKOTI'O ITOJTYOCTPOBA (UEPHOE MOPE)
B CBA3U C OCOBEHHOCTAMMU I'MIPOJIOTUYECKOI'O PEZKUMA
B OKTABPE 2016 I'.

. H. Knmumosal, B. E. Aununckmnii’, A. A. Cy66otun’, . B. Bnoposuu!, I1. C. Iloape3osa

'®I'BYH PUII «HCTUTYT GHOJOriH I0KHBIX Mopeii uvMenn A. O. Kopaneckoro PAH»,

Cesactononb, Poccuiickas ®epepanust
E-mail: mklim@mail.ru

Kiimmatnyeckue n3aMeHeHus B MIPOJIOTHYECKOM pexume Ye€pHoro Mopsi, orMedaembie ¢ 1990-x rr.,
OTPa3WIVCh Ha COCTOSIHUM SITUIETarTIeCKUX KOMIUIEKCOB MOPCKHX OPTaHU3MOB, TTPEsK/Ie BCEro Ha ce-
30HHON W3MEHUYMBOCTU UX OMOJIOTMYECKUX IUKJIOB. DTO OKa3ajo CYIIeCTBEHHOE BIMsHUE Ha (heHO-
JIOTHI0 HEepecTa MPUPOJHBIX MOMYJISIIUA phI0, BUAOBOE pa3HOOOpa3ue W MPOCTPAHCTBEHHOE pacripe-
JieJieHUe UXTUOIUIAHKTOHA, a TaKkKe Ha YCTOSIBIIUECs TPoprueckre B3aUMOOTHOIICHUS B TUIAHKTOH-
HOM c00011ecTBe. B KOHEYHOM UTOre XapaKTep B3aUMOJEHCTBUS MKy pa3IMYHbIMU 3BEHbSIMU TPO-
(praeckoii 1ienu B MUIMETATMUECKUX KOMIUIEKCAX, UX CE30HHAS M MEXroJoBas U3MEHUYMBOCTh BIIH-
10T Ha 3(PEKTUBHOCTh HEPECTa PhIO, MPEkKIe BCEr0 MACCOBBIX MPOMBICIOBBIX BHUIOB, M B 3HAYH-
TEJILHOU CTETIeHH OMPEENISIIOT YCIeX MOMOMHEeHNs uxX Oyaynmx nokojeHuid. C 1esblo N3yJYeHus BU-
JOBOTO COCTaBa, YHCIIEHHOCTH W MPOCTPAHCTBEHHOTO pacHpe/ie/ieHns] MXTUOIIAHKTOHA B OKTSOpe
2016 r. (89-11 peiic HUC «IIpodeccop Bopsuutkuit», 30 centsiops — 19 okTs0ps) Oput mpoBe-
JEHBbI UCCIIEIOBAHUS B IIEeJb(POBBIX M OTKPHITHIX BoAax UE€pHoro mops y KpeIMCKOro moiyocTposa,
MPOAHAIM3UPOBAHBI HE TOJIbKO MKPA U JITYMHKU PhIO, HO M OMOMacca Me30- U MakpoIiaHKToHa. [1po-
Obl UXTHO- ¥ MaKPOILJIAHKTOHA OTOMpasu ceThio Boropoa — Pacca (1io1iiaib BXOJIHOIO OTBEPCTUS —
0,5 M?; s;uest — 300 MKM) METOJIOM TOTAJIbHBIX BEPTHKAIBLHBIX JIOBOB OT JHA JIO TIOBEPXHOCTH MOPSI
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B 00JIaCTH 1eNb(a U OT HIKHEN MPaHUIIbI KUCTIOPOJHOW 30HbI JI0 IOBEPXHOCTU MOPSI B TITyOOKOBO/I-
HOM yacTh. IXTHOTUIaHKTOH (PUKCUPOBaIH 4 %-HBIM PacTBOpOM (hOpMaTMHA U aHATU3UPOBAJIH TTO3KE
T10]] MUK POCKOIIOM, OTpe/ieisisi TAKCOHOMHUYECKHUI COCTaB OPraHU3MOB M 110 BO3MOKHOCTA — HaJIU-
YKe U COCTaB IMUIMY B KUIIEYHUKAX JIMYMHOK pbiO. [IpoaHam3npoBaHbl JaHHBIE O BUJIOBOM COCTaBE
Y IIPOCTPaHCTBEHHOM paclpesieleHUH UXTHO-, Me30- M MaKPOIUIAHKTOHA, a TAKKe O MUTaHUU JINYUHOK
pbi6 YépHoro mMopsi y KpbiMckoro nosryoctpoBa B okTsi0pe 2016 . Ilepruon chbEMKHU COOTBETCTBOBAT
HavyaabHOH (ha3e OCEHHEro MMAPOJIOTMIECKOro ce30Ha. IXTHOIIIAHKTOH ObLT ITPE/ICTaBIIeH UK PO U JIH-
YHUHKaMHU 9 BUJOB TETUIOBOTHBIX U 6 BUJOB YMEPEHHOBOAHBIX pbi0. CpeHsisi YMCIEHHOCTh UKPHI PBIO
coctaBisuia 2,92, a IMYMHOK — 3,56 9k3.-M 2. Huzkas noist (30 %) MEPTBOM UKPHI TEIIOBOAHOM XaM-
col Engraulis encrasicolus, a Takxke Hammune e€ pa3HOpa3MEpPHBIX JIMUMHOK B MOpPE CBHETEILCTBOBA-
JIM O MPOJOJDKEHUN Pe3yJIbTATUBHOTO HepecTa. buomMacca 300I1aHKTOHA BO3pacTalia B HallpaBJIeHUU
oT 1Iesba K TyOOKOBOAHBIM palioHaM. Menkopa3mepHsble (PpaKLIMK MITaHKTOHHBIX OPraHU3MOB TIpe-
obJiaganu Ha menbge, odecrieunBast 3/1eCh JIyqIie KOPMOBBIE YCIOBUS U151 BBKUBAHU S TMYUHOK PHIO.
HecMoTpst Ha 3HaUMTEIbHYIO OMOMACCy KeJleTebIX-TUIaHKTo(aroB B okTsa0pe 2016 r., ux BIUSHKE
Ha MXTHOTUIAHKTOHHBIE KOMITIEKCH YEPHOTO MOpS, MO-BUIUMOMY, OCTABAJIOCh HECYIIIECTBEHHBIM.

KuroueBhle ciaoBa: HUXTUOIIVIAaHKTOH, ME30IINTAaHKTOH, JKEJIETEBIN MAaKPpOIUTAHKTOH, MTUTAHUE IMYUHOK
pBIO, BUIOBOE pa3HOOOpasue, MPOCTPAHCTBEHHOE paciipenesienne, YépHoe Mope
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The aim of the research is to identify regular changes in the abundance, species diversity, and structure
of metazoan microzooplankton (MM) communities under gradient conditions of the sea coast on a rela-
tively small spatial scale. The relevance of the work lies in the paucity of such studies, which allow to as-
sess indirectly the anthropogenic load (pollution, eutrophication) on marine biota and to apply species
diversity indices to evaluate the trophic status of local water areas. The investigation covered three
coastal areas of the city of Sevastopol: the open seaside, the mouth of the Sevastopol Bay, and its inner
area. The localization of sampling stations reflects the gradient of environmental conditions, which
is characterized by various degrees of the effect of natural and anthropogenic factors on the biota.
The study was carried out in summer and autumn seasons. MM was sampled on three horizons of the wa-
ter column: surface, 0-5-m, and 0—10-m layers. In the open seaside and at the bay mouth, MM abun-
dance along the vertical was characterized by a greater evenness; in the inner bay area, the differences
between the layers could reach 5-700 times. Maximum MM abundance (1,837.1 thousand ind.-m™)
was registered in early August in the surface layer in the inner bay area. Since the late summer, the abun-
dance decreased in all the studied water areas. The species diversity of the MM community, which was
assessed applying the Shannon, Simpson, Pielou, and other indices, decreases from the open seashore
towards the inner bay area. This pattern persisted in both seasons. The most informative indices were
the Shannon, Simpson, and Pielou ones. Those reflected well both seasonal changes in species diversity
and direction of changes in the trophic gradient of the local bay waters. Applying multivariate analysis,
cases of significant alterations in the MM community structure were revealed for the bottom water
layer in the inner bay area. The main probable cause of these local changes is the occurrence of hy-
poxic conditions in the lower water horizons of the polluted bay areas, which leads to the degradation
of the abundance and species composition of the studied zooplankton community.

Keywords: metazoan microzooplankton, abundance, species diversity, community structure,
bay-seaside gradient, trophic status of the water area

Species diversity can serve as one of the indicators of the ecosystem well-being. With an increased
level of pollution of the natural environment, species diversity decreases: there are a drop in species
richness and a change in species distribution in terms of abundance [Magurran, 1992]. At the same
time, the extinction of species affects key processes that are important for productivity and sustainability
of ecosystems. Thus, a decrease in biodiversity itself becomes an active factor affecting the ecosystem
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functioning, and it is comparable with such factors (drivers), as global warming, elevated CO, level,
eutrophication, etc. [Cardinale et al., 2012; Hooper et al., 2012]. Therefore, one of key tasks of ecol-
ogy is to study causes of degradation and ways to preserve and restore the natural level of biodiversity
in ecosystems subject to significant anthropogenic load.

The Sevastopol Bay belongs to marine areas intensively used by man for several centuries. It is a semi-
enclosed water area, oriented in the latitudinal direction from east to west and characterized by hin-
dered water exchange with the open (and less polluted) part of the sea. The bay is shallow, and an-
thropogenic load is high there, which is due to several factors, inter alia the Chernaya River inflow.
Having a significant length from the apex at the river confluence to the bay mouth and exit (about 7 km),
its water area is characterized by the presence of a natural gradient of ecological and anthropogenic
factors.

For many years, monitoring studies of hydrological, hydrochemical, and biological characteristics
of the bay waters are carried out. As a result, several characteristic zones with different thermohaline
and hydrochemical water structure were revealed, and their seasonal changes were determined [Ivanov
et al., 2006]. The trophic indices for various areas of the Sevastopol Bay were calculated [Sovga et al.,
2020]. As shown, differences in zooplankton abundance and mortality are related to the intensity of wa-
ter exchange, surge winds, and seasonal changes in the sea level [Repetin et al., 2003]. Microzoo-
plankton is one of the biological research objects in the bay [Seregin, Popova, 2016, 2017, 2019].
It is one of the key components of marine food webs; it transfers a significant part of matter and en-
ergy from lower trophic levels (phyto- and bacterioplankton) to higher ones [Calbet, 2008]. Specifi-
cally, metazoan microzooplankton (hereinafter MM) plays an important role in feeding of juvenile fish
in the Black Sea [Klimova et al., 2017; Melnikov et al., 2015]. Its crustacean fraction is especially valu-
able: it is the most significant link in the diet of fish larvae, providing conditions for the reproduction
of fish resources in the sea and its local water areas. A detailed study of MM composition, ecological
features, and quantitative characteristics is of great importance, in particular, in terms of the problem
of anthropogenic load on coastal waters. The MM community, formed mainly by short-lived species, can
quickly respond to changes in environmental conditions, which makes these organisms a convenient ob-
ject for diagnosing such transformations, including those under the effect of anthropogenic factors [Dyat-
lov, 2000]. For example, earlier we recorded an increased proportion of rotifers in the MM composition
when coastal seawater is polluted with domestic sewage [Seregin, Popova, 2012].

We aimed at determining possible differences in the abundance, species diversity, and structure
of the metazoan microzooplankton community on a relatively small spatial scale of the gradient
open coast — bay mouth — inner bay area, which is characterized by varying degrees of natural and anthro-
pogenic load. Also, we tried to assess the applicability of some indices of the species diversity to analyze
its changes in several areas with different water trophicity.

MATERIAL AND METHODS

In August (07.08 and 29.08), late October (24.10), and early November (06.11) of 2019, meta-
zooplankton was sampled in three coastal areas of the city of Sevastopol: in the open seaside, abeam
the Karantinaya Bay mouth (sta. 1); at the mouth of the Sevastopol Bay, opposite the Konstanti-
novskaya Battery (sta. 2); and in the inner bay area, abeam the Sukharnaya Bay (sta. 3) (Fig. 1).
These stations correspond to long-term monitoring stations in Sevastopol coastal waters and belong
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to local water areas with varying degrees of effect of natural and anthropogenic environmental fac-
tors on the biota. At each station, samples were taken from the surface (S) ~10-cm water layer
and from the layers of 0-5 and 0—10 m. In summer and autumn, 18 samples were taken; in total,
36 samples. From the surface, water was simply scooped up with a plastic sampler; in the water col-
umn, it was sampled with the Apstein plankton net (an inlet area of 0.025 m?) fitted with a nylon
sieve with 30-um mesh. According to the data of our previous investigations [Seregin, Popova, 2016]
and the conclusions made by other authors [Svetlichny et al., 2016], the use of different sampling tech-
niques for the studied community did not cause significant differences in the results obtained. Simul-
taneously with plankton, water was sampled to determine salinity; water temperature was measured
in the surface and at a depth of 5 and 10 m with a hydrological thermometer; and wind speed and direction

were recorded.

Fig. 1. Schematic map of sampling stations in Sevastopol coastal area: 1, sta. Vekha; 2, sta. Ravelin;
3, sta. Sukharnaya Bay

Samples were prepared and treated in accordance with [ICES Zooplankton Methodology Manual,
2000]. All surface and net samples were delivered to a laboratory, concentrated using a reverse filtration
funnel, and fixed in 40% formaldehyde down to a final content of 4% in a sample. All samples were
analyzed totally in a Bogorov chamber under an MBS-9 microscope at 32-fold magnification. Copepoda
nauplii were identified according to [Sazhina, 1985]. The procedure was described in detail in [Seregin,
Popova, 2016].

The results of quantitative sample treatment were given as the concentration of organisms (ind.-m™)
in the surface, 0.1-5-m (“middle”, Nm), and 5-10-m (“bottom”, Nb) layers. MM abundance (thou-
sand ind.-m™) in the 0.1-5-m (Nm) and 5—-10-m (Nb) layers was calculated according to formulas (1, 2):

Nm = (N5 x5— Ny x0.1)/(hg — hy) , (1)
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Nb = (Nyg x 10 = N5 x 5)/(hyg — hs) , 2)

where Nj is the abundance of metazoan microzooplankton in the surface layer;
N is the abundance in the 0-5-m layer;
Ny is the abundance in the 0—10-m layer;
h is the vertical extent of the layer.

The obtained data were processed in PRIMER v5 program [Clarke et al., 2014]. To include the initial
data on MM abundance in the general matrix of results, those were preliminarily V-transformed to reduce
a possible effect of a significantly higher abundance of mass species. The program makes it possible
to calculate, in particular, species diversity indices. We used several of the most common ones [Magurran,
1992; Shitikov et al., 2003]:

1. Shannon index, H’ = — Zp;In p;, where H’ is the numerical value of the Shannon index; i =1, 2...S;

S is the number of species; p; is the proportion of individuals of the i-th species in a sample; p; =n;/ N;

n; is the abundance of the i-th species; N is the total abundance.

2. Simpson index, D, in two forms:

2.1. Probability of interspecific encounters, PIE = 1 — D = 1 — 2(p;), where D is the probability
that two in a row taken individuals belong to the same species (other designations are the same
as for the Shannon index).

2.2. Polydominance index, 1/ D.

3. Pielou evenness index, E=H'/ H,,,=H’/InS.
4. Margalef species richness index, Dy, =(S—1) /InN.
5. Brillouin index, HB = (InN! — ZInn;!) / N.

A relatively large number of used indices is due to the following considerations. Despite the fact
that estimates of different indices for the same communities often correlate with each other, some
researchers consider it incorrect to apply one of them (richness, diversity, or evenness) without
parallel data on other indices, even those that are close in meaning [Pesenko, 1982]. In parti-
cular, we have shown earlier that the Shannon index turned out to be more informative for assess-
ing the short-term dynamics of changes in the species diversity of the MM community: its value
reacted to changes in the species structure several days earlier than the value of the Simpson
index [Seregin, Popova, 2017].

The similarity/dissimilarity in the structure of the MM community at different stations and depths,
as well as at various points in time, was assessed by the Bray—Curtis index. To present the simi-
larity/dissimilarity graphically, we applied cluster analysis (according to the group average method)
and multidimensional scaling (MDS). The contribution of different species to the similarity/dissimilarity
in the MM structure at different stations and sampling horizons at various points in time was assessed
using SIMPER program (PRIMER v5).

RESULTS

Characteristics of weather and hydrological conditions at the sampling time. On 7 and 29 Au-
gust, sampling almost did not differ in terms of weather conditions. Air temperature (night...day) was
+19...429 and +20.5...430.5 °C, respectively (http://www.sevmeteo.info). On both days, the wind

Mopckoii buosnorrueckuii xypHain Marine Biological Journal 2023 vol. 8 no. 2


http://www.sevmeteo.info

78 S. A. Seregin and E. V. Popova

was of a northwestern direction and of low speed: less than 1 m-s™! at the beginning of the month
and 1-2 m-s™! at the end. At the same time, calm conditions were recorded at the station in the inner bay
area (abeam the Sukharnaya Bay) on both dates. In early August, the temperature of the upper 10-m
water layer was characterized by the following indicators (at a depth of 10 m and on the surface): +21.3
and +25.7 °C in the open seaside; +18.0 and +25.6 °C at the bay mouth; and +24.0 and +26.1 °C in the in-
ner bay area. The salinity of the surface layer varied slightly: 18.00-18.03 and 18.06%o. In late August,
the temperature was +24.2 and +24.4 °C; +24.1 and +24.5 °C; and +23.8 and +24.6 °C, respectively.

In October, the wind speed slightly increased (up to 2—4 m-s!), and its direction was almost
the same (north-north-western). The air temperature varied from +13.0 °C at night to +25.0 °C during
the day. The water temperature at a depth of 10 m and on the surface dropped noticeably and amounted
to +17.4 and +18.1 °C in the open seaside; +17.2 and +17.8 °C at the bay mouth; and +17.4
and +17.7 °C in the inner bay area. The salinity of the surface water layer was 18.28—18.09 and 17.89%o,
respectively.

Early November was marked by an increase in southward winds up to 67 m-s™! and a further
decrease in water temperature. The values were +16.0 and +17.0 °C for the open seaside; +16.5
and +16.8 °C for the bay mouth; and +14.3 and +15.2 °C for the inner bay area. The air temperature
varied from +16.0 to +22.0 °C.

Estimates of metazoan microzooplankton abundance. In early August, the total abundance
of MM in the open seaside was 331.7 thousand ind.-m™ in the surface layer; 110.9 thousand ind.-m™
in the 0.1-5-m layer; and 312.5 thousand ind.-m™ in the 5-10-m layer. At the bay mouth, the val-
ues were as follows: 138.1; 216.1; and 103.0 thousand ind.-m™>, respectively. In the inner bay area,
MM abundance reached 1,837.1; 340.2; and 2.6 thousand ind.-m™, respectively. Thus, in the open sea-
side and at the bay mouth, MM abundance along the vertical was more even, while in the inner bay
area, the differences between the layers reached 5-700 times. The maximum abundance was recorded
in the inner area in the surface layer, and the value was the highest for a 10-year observation period
in the Sevastopol Bay [Seregin, Popova, 2019].

At the end of the month, MM abundance changed significantly in terms of both stations and depths.
Only the abundance in the surface layer of the open seaside remained relatively the same: 311.5 thou-
sand ind.-m™. In the underlying layers, the values decreased by an order of magnitude and amounted
to 24.4 and 24.7 thousand ind.-m™. As a result, the weighted average abundance in the water column
dropped by more than 7 times. At the bay mouth, MM abundance on the surface increased several times
compared to the value in early August (up to 708.4 thousand ind.-m™); in the underlying layers, it was
20 times lower than on the surface. The weighted average abundance of MM decreased compared to that
for the beginning of the month by about 4 times. In the inner bay area, the abundance on the surface
dropped significantly; for the entire studied layer, the weighted average value increased by about 6 times,
primarily due to its rise in the bottom layer. In general, the distribution of abundance along the vertical
became more even (Table 1).

In autumn, a further decrease in the total abundance of MM in the water column occurred at each
studied station. In most cases, the vertical structure of the microplankton community was characterized
by a drop in abundance from the surface to deeper water layers. In November at sta. 3, the situation
was the same as in early August: MM concentration in the lower layer was very low, more than 2 orders
of magnitude lower than in the surface layer (Table 1).
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Table 1. Metazoan microzooplankton total abundance (x 10° ind.-m~3) in Sevastopol coastal area

by sampling dates
Station Layer, m Summer Autumn
07.08.2019 29.08.2019 24.10.2019 06.11.2019

Surface 331.7 311.5 132.5 110.3

(Sttli; (l)pen seaside) 0.1-5 111.0 24 .4 55.9 14.5
5-10 306.8 24.7 37.5 18.2

Sta. 2 Surface 138.1 708.4 420.0 136.6
(the Sevastopol Bay 0.1-5 215.7 30.7 185.5 28.1
mouth) 5-10 88.3 29.8 9.4 46.3
Surface 1,830.2 291.1 274.0 309.1

(Sttl?é i3nner bay area) 0.1-5 314.4 78.2 182.6 182.6
5-10 2.6 125.8 171.7 1.2

Characteristics of the species diversity. In MM composition in the analyzed period, a crus-
tacean and a non-crustaceous fractions were distinguished. The first one consisted of nauplii and cope-
podite stages of Black Sea copepods: species of the genus Acartia Dana, 1846, Paracalanus
parvus (Claus, 1863), Pseudocalanus elongatus (Boeck, 1865), Centropages ponticus Karavaev, 1895,
Oithona davisae Ferrari F. D. & Orsi, 1984, Oithona similis Claus, 1866, Pseudodiaptomus mar-
inus Sato, 1913, Calanus euxinus Hulsemann, 1991, and Harpacticoida representatives. Moreover,
the crustacean fraction included nauplii and cypris larvae of Cirripedia, cladoceran Pleopis polyphe-
moides (Leuckart, 1859), and, very rarely, small-sized Penilia avirostris Dana, 1849. In the non-
crustaceous fraction, Bivalvia and Gastropoda veligers prevailed, as well as Polychaeta larvae. In small
abundance, rotifers were recorded; larvae of appendicularian Oikopleura dioica Fol, 1872, ctenophores
Beroe ovata Bruguiere, 1789 and Pleurobrachia pileus (O. F. Miiller, 1776), and phoronids, and some
other organisms were found as well.

In early August, 22-34 species and life forms of MM were identified in the open seaside, with
noticeably fewer MM on the surface than in deeper layers. A similar dependence of the MM distri-
bution was revealed at the station at the bay mouth: 19-35 species and stages were recorded, with
the maximum number of species in the middle layer. At sta. 3 (in the inner bay area), the diversity
varied within 15-30 species, and the distribution over the horizons was directly opposite compared
to that at sta. 1 and 2: the maximum number of species was noted in the surface layer, and the number
of species decreased with depth. In the lower layer, 2 times less species were found than in the up-
per layers. In the lower layer, crustacean plankton was represented by younger stages of copepods
O. similis, P. parvus, and P. elongatus (all species are relatively cold-water ones), Harpacticoida nauplii,
and cladoceran P. polyphemoides. Out of non-crustaceans, O. dioica, ctenophores B. ovata and P. pileus,
and turbellarians were recorded.

In late August, a more even pattern was observed in terms of species distribution by both stations
and depths. The situation with a sharp decrease in the number of species in the bottom layer repeated
itself in late October at sta. 2 and in early November at sta. 3. In Table 2, seasonally averaged species
diversity indices are given, which were calculated in PRIMER considering all dates, stations, and layers
of the water column.
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Table 2. Seasonal mean values of species diversity indices

Seasonally averaged indices of species richness and diversity
Season | Station | Layer, m Margalef, Shannon, Simpson, Simpson, Brillouin, Pielou,
Dy, H PIE 1/D HB E
0 1.85 1.17 0.45 1.83 1.17 0.36
1 0.1-5 2.72 2.09 0.79 4.64 2.09 0.61
. 5-10 2.74 2.21 0.82 6.20 2.21 0.64
Oé 0 1.58 0.97 0.38 1.78 0.96 0.33
7 2 0.1-5 2.49 1.90 0.70 4.18 1.9 0.58
% 5-10 2.01 1.60 0.64 2.90 1.59 0.51
0 1.96 1.27 0.49 2.54 1.26 0.39
3 0.1-5 2.27 1.49 0.59 2.46 1.49 0.45
5-10 1.78 1.56 0.62 3.36 1.54 0.55
0 1.80 1.81 0.74 3.91 1.81 0.59
1 0.1-5 2.83 1.75 0.71 3.53 1.74 0.52
5-10 2.24 1.77 0.72 4.17 1.76 0.56
g 0 1.94 1.90 0.77 4.28 1.90 0.59
«E 2 0.1-5 2.28 1.80 0.71 3.63 1.80 0.57
< 5-10 1.93 1.73 0.74 3.85 1.73 0.59
0 1.59 1.72 0.70 3.48 1.73 0.57
3 0.1-5 2.22 1.68 0.70 3.45 1.68 0.51
5-10 1.50 1.37 0.58 2.4 1.36 0.53

The Margalef index reflects species richness in a certain habitat according to the ratio of the num-
ber of species and their abundance: the higher the value, the greater the species richness of a given
biotope [Shitikov et al., 2003]. Accordingly, the maximum species richness in summer was ob-
served at sta. 1 (the open seaside): the weighted average Margalef index in the water column
was 2.71. The values for the bay mouth and its inner area were 2.23 and 2.02, respectively. In au-
tumn, there was a slight decrease in species richness upon maintaining the regularity in the gradient
open coast — bay mouth — inner bay area: the weighted average values of the Margalef index were
2.52 - 2.10 - 1.85, respectively.

The Shannon index (see Table 2) combines species richness and evenness into one value and quan-
titatively differentiates systems with the same species richness but with varying degrees of dominance
of certain species [Shitikov et al., 2003]. For summer season, the weighted average values of the in-
dex in the studied 10-m water layer in the gradient open coast — bay mouth — inner bay area were
2.14 — 1.74 — 1.52; this confirmed that the highest species diversity is characteristic of seawater out-
side the bay, and with moving towards its inner area, species richness and evenness decrease. In au-
tumn, the Shannon index values were 1.76 — 1.77 — 1.52, which indicated the status quo of biodiversity
in the inner area and its higher (and similar) state in the geographically nearest water areas of the bay
mouth and the open seaside. At the same time, the level of the species diversity in open waters slightly
decreased compared to that for summer season. The same result was obtained when calculating the Simp-
son index, PIE. In summer, its weighted average values amounted to 0.80 — 0.67 — 0.60; in autumn,
t0 0.72 - 0.72 - 0.64.
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As a control, we applied the Brillouin index, which is used if random selection of objects is not guar-
anteed or not all species of the community are taken into account. Its values almost completely coincide
with the values of the Shannon index and reflect already identified patterns of changes in biodiversity
in the studied water areas (Table 2).

To assess the evenness of species distribution, we additionally used the Pielou index, E. Its
higher value corresponds to a greater evenness of species distribution in terms of their relative
abundance. In summer, the weighted average values of the Pielou index for stations in the gradi-
ent open coast — bay mouth — inner bay area were 0.62 — 0.54 — 0.50, respectively; in autumn,
0.54 — 0.58 — 0.52. Thus, in summer, species distribution in the open seaside is more even compared
to that at the bay mouth, and even more so in its inner area. In autumn, greater evenness is characteristic
of the bay mouth; it remained minimum in the inner area.

Similarity/dissimilarity in the community structure. At first glance, the calculated values
of the Bray—Clurtis index point to a fairly significant variation in the level of similarity of the MM commu-
nity at different stations and horizons in various time periods. In general, according to all data, the simi-
larity coefficient varied from 0.5 to 85.1%. Similarity coefficient values up to 50.0% accounted for 43%
of all cases; other data indicated a higher level of similarity. Cases of low similarity (not higher than 24%)
accounted for about 10% of all pairwise comparisons. These exceptions were the data for the lower layer
atsta. 3 in early August and in November, as well as for the same layer at sta. 2 in late October. The results
obtained using cluster analysis and MDS are graphically presented in Fig. 2.
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s12 A A dept
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Similarity

Fig. 2. Graphical (2D) result of MDS analysis of the structure of the metazoan microzooplankton commu-
nity at different stations (A), at different depths (B), and depending on the season (C); diagram of cluster
analysis of the entire data set (D): V, sta. 1; R, sta. 2; S, sta. 3. Numbers 1 to 12 are successive sample
numbers by horizons and dates: 1-6, for summer season; 7—12, for autumn season
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The mean level of similarity for stations (including all horizons and sampling times) was 34.4%
for sta. 1; 35.8% for sta. 2; and 35.0% for sta. 3. The average level of dissimilarities between the stations
varied within 63.2-72.1%. The mean level of similarity for the sampling layers was as follows: 41.9%
for the surface layer; 41.2% for the middle layer; and only 26.7% for the bottom layer. The level of dis-
similarities ranged from 63.8 to 74.4%. The similarity by seasons (for all stations and depths) was 30.8%
for summer and 39.3% for autumn; the dissimilarities were much higher: 67.9%.

Let us consider the cases of the lowest similarity. On 7 August at sta. 3 (in the inner bay area), the level
of similarity in the bottom layer compared to that in the surface and middle layers was only 8.2 and 4.4%,
respectively. In terms of other stations, horizons, and seasons, it was lower than 24.0%. As shown above,
the abundance and species composition at this station in the bottom layer were significantly lower than
in the upper layers and at other stations. A similar situation occurred for the same habitat in early Novem-
ber (06.11.2019): the level of similarity of the MM community was 5.2 and 6.7% in relation to the up-
per layers (between them, the level of similarity according to Bray—Curtis was 83.7%) and did not ex-
ceed 23.0% in terms of other stations, horizons, and seasons. Quantitative and qualitative indicators
of the MM community were also much lower in comparison with those for other stations and sampling
depths. Indicators of abundance and species richness of the community at sta. 2 in the 5-10-m layer
on 24.10.2019 occupy an intermediate position between the main data array and the above MM indi-
cators for the inner bay area. The level of similarity with the surface and middle layers (the Bray—Cur-
tis index between them is 72.9%) was 33.3 and 29.9%, respectively; with other indicators, it varied
from 19 to 45%.

The results of the MM species composition analysis using SIMPER program indicate that the most
abundant species have the greatest effect on the similarity/dissimilarity in the structure of the studied
community. In the crustacean fraction, those are various age stages of copepod O. davisae, Acartia
naupliar stages, and, occasionally, P. parvus nauplii. In the non-crustaceous fraction, the most signifi-
cant ones were Bivalvia veligers and Polychaeta larvae; less significant ones were Gastropoda veligers
and O. dioica larvae. Interestingly, changes in O. davisae abundance determined 73.7-84.3% in the pro-
portion of station similarities (for all depths and sampling times); 65.5-81.7% in the proportion of depth
similarities (for all stations and times); and 69.2—82.2% in the proportion of season similarities (for all
stations and depths).

DISCUSSION

Species diversity and trophic conditions of water areas. According to the data of long-term mon-
itoring by researchers of the Marine Hydrophysical Institute of RAS, the open sea area in the immediate
vicinity of the bay mouth is less polluted than the bay waters due to hindered water exchange between
the bay and the sea [Ivanov et al., 2006; Kondratev, Vidnichuk, 2020; Slepchuk et al., 2017; Sovga et al.,
2020]. While the water area near sta. 1 (in the open seaside) is regarded as conditionally clean, the water
area of sta. 2 (at the Sevastopol Bay mouth) is characterized by low pollution, and the water area of sta. 3
is characterized by high pollution (Fig. 3).

It should be taken into account that the vertical structure of currents in the Sevastopol Bay, especially
in its deeper area, has a pronounced two-layer structure: in the surface layer, the current is directed inside
the bay, to the east, and in the bottom layer, it is directed towards the bay mouth, to the west [Lemeshko
etal., 2014]. Accordingly, the flow of conditionally unpolluted waters (under appropriate hydrodynamic
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and meteorological conditions) is directed inside the bay along the surface, while the distribution
of polluted and more trophic waters from the apex and center bay areas towards its mouth occurs
in the lower horizon.

1 1 1 1 1 1 1 1 1 1 1

Sevastopol

Holland bay

01l harbor

Kilen bay

4 bay

Karantinnaya r. Black

Southern bay

T T T T T T T T T T

Fig. 3. Zoning of the Sevastopol Bay by the level of water pollution (according to [Ivanov et al., 2006]):
areas of low (W), moderate (E), high (C), and very high (S) pollution. Our sampling stations are marked
with red circles

Usually, eutrophication of water bodies results from an excessive supply of biogenic elements and eas-
ily oxidizable organic matter, the main sources of which are river runoff and industrial wastewater.
In the Sevastopol Bay, it is caused by the Chernaya River inflow, untreated or conditionally treated
sewage, and storm water from the drainage basin. Because of their effect, there are differences in the level
of primary production of organic matter in various spots of the bay [Ivanov et al., 2006]. Considering
the main sources of pollution and eutrophication, the trophic level of the bay waters is higher in its apex
and especially in its center area and much lower in the mouth area. In general, the trophic level of the Se-
vastopol Bay waters is characterized as transitional from low to medium, and the main determining factor
is inorganic forms of nitrogen [Slepchuk et al., 2017; Sovga et al., 2020].

The use of alpha diversity indices for aquatic ecosystems allows not only to determine the species
diversity of the biota in a water body or its part (water area), but also to indirectly assess their trophic
status. This approach is implemented in the schemes for the integrated use and protection of water re-
sources when analyzing the state of aquatic ecosystems [Metod otsenki, 2021]. The results obtained
by us on the biodiversity of the MM community on a relatively small spatial scale of the studied wa-
ter area are in complete agreement with the general provisions of this approach. A greater biodiversity
of the community was registered for less polluted water areas, and vice versa: a decrease in biodiver-
sity was recorded under higher anthropogenic load on the water area. Considering the similarity of the sys-
tematic composition of MM within the investigated area, we assume that the dissimilarities in biodi-
versity and community structure between the stations are mainly due to differences in the abundance
and degree of dominance of the most abundant species.
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Based on the schemes for the integrated use and protection of water resources, the trophic status
of the studied water areas in terms of the obtained values of the Shannon index can be assessed as fol-
lows. In summer season, the open seaside was characterized by the oligotrophic status of waters; the bay
mouth, by the mesotrophic status; and the inner area, by transitional from mesotrophic to hypertrophic.
In autumn, the trophic status in the gradient open coast — bay mouth — inner bay area was characterized
as mesotrophic — mesotrophic — transitional to hypertrophic. Apparently, a certain rise in the trophic
level of open waters results from an increase in the phytoplankton abundance in the Black Sea in Octo-
ber—-November [Finenko et al., 2019] and a concomitant increase in the concentration of organic matter
in water. An assessment of the trophic level of Sevastopol coastal waters applying E-TRIX [Vollenweider
et al., 1998] also showed that seasonal maximum trophic levels coincide with the peaks of phytoplank-
ton blooms — autumn and spring ones. The trophic level of the Sevastopol Bay waters was assessed
as transitional from low to medium [Slepchuk et al., 2017]. The Shannon index is often used in monitor-
ing environmental pollution and assessing the trophic status of aquatic ecosystems. For example, it was
shown as follows: when analyzing fish diversity, the value of the index sharply increases with distance
from the spot of waste discharges into water [Magurran, 1992]. In the study of zooplankton in the lakes
of the Chebarkul group, a clear dependence of the Shannon index (in terms of the abundance of dif-
ferent species) on the trophic status of the water body was revealed [Puznetskite, Marushkina, 2005].
According to the results of our investigations of the species diversity in May—June 2013 in the Sevasto-
pol Bay mouth, its waters were characterized as mesotrophic [Seregin, Popova, 2017]. A similar result
was obtained earlier when applying pollution indices and E-TRIX [Gubanov et al., 2002].

The Simpson index, PIE, characterized the species diversity of the MM community as high in sum-
mer and autumn in the open seaside and in autumn in the bay mouth. In the bay, the diversity of MM
was assessed as moderate. Some inconvenience of using this index seems to be its insufficient visibility
and “resolution”: its values have a narrow range of variation even with great changes in habitat conditions
and community characteristics, as do the values of the Pielou evenness index [Puznetskite, Marushkina,
2005]. Moreover, as shown in our study of short-term MM variability, PIE may respond to alterations
in species composition of the community with a delay compared to the Shannon index [Seregin, Popova,
2017]. Many researchers consider the Simpson polydominance index the best measure of alpha diver-
sity assessment [Shitikov et al., 2003]. Its weighted average values for the water column showed more
obvious dissimilarities in the species diversity in the gradient open coast — bay mouth — inner bay area.
For summer season, those were 5.46 — 3.51 — 2.90, respectively; for autumn season, 3.85 — 3.78 — 2.92.
Thus, the values reflected both differences in the station location in the trophic gradient and, partly,
seasonal changes in the species diversity.

Low values of the Pielou evenness index generally indicated a pronounced dominance of abundant
species in the MM community of Sevastopol coastal area. Indeed, in recent years, in summer and au-
tumn zooplankton of the studied waters, a neritic Copepoda species O. davisae prevails — a recent invader
in the Black Sea. The abundance of its various age stages, especially within the bay, can account for 90%
or more of the total abundance of MM, strongly affecting the evenness of the community species com-
position [Seregin, Popova, 2016, 2019]. Earlier, for the Mediterranean Sea coast, it was shown that high
abundance of Oithonidae representatives is often related to an increased level of anthropogenic load
on coastal marine areas, and these species can serve as bioindicators of anthropogenic pollution [Drira
et al., 2018; Serranito et al., 2016]. In our case, the proportion of O. davisae effect on the similarity
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of the community structure in the investigated station gradient increased from 73.7% at sta. 1 (in the open
seaside) to 79.3% at sta. 2 (at the bay mouth) and 84.3% at sta. 3 (in the inner bay area). This species
has bioindicator features, since the parameters of its abundance can reflect an increased trophic level
for water areas. Interestingly, simultaneously with a rise in O. davisae contribution along the gradient
open coast — bay mouth — inner bay area, the proportion of Acartia effect decreased (7.9 — 6.7 — 4.3%,
respectively), as well as that of Bivalvia veligers (6.5 — 5.6 — 2.6%).

Dissimilarities in the community structure and the effect of environmental factors on it.
The results of the study showed that the most significant changes in the structure of the MM com-
munity occurred in the lower water layer in the inner bay area (sta. 3). Those were accompanied by both
a noticeable decrease in the total abundance and a reduction in the species numbers.

The situation at the bay mouth (sta. 2) in the 5—-10-m layer on 24.10.2019 occupies an intermediate
position between the state of the MM community in the inner bay area and in open waters. The species
composition at sta. 2 was richer than at sta. 3 in November, but poorer than in summer. The crustacean
fraction included small nauplii and copepodites of stage I of P. parvus, late nauplii and copepodites ITI-ITI
of O. davisae, copepodites 11 of A. clausi, junior copepodites of P. marinus, Harpacticoida nauplii, clado-
ceran P. polyphemoides, and Isopoda. In the non-crustaceous fraction, small Bivalvia veligers prevailed.
Compared to the upper layers, there were no Cirripedia, copepodite stages of Harpacticoida, a full
range of stages of P. parvus, O. davisae, A. clausi, and P. marinus. Moreover, out of the non-crustaceous
plankton, there were no O. dioica, Pleurobrachia, polychaetes, and hydromedusae. The dissimilarity coef-
ficients with the overlying layers were 66.7% with the surface one and 70.1% with the middle one; those
were lower than the corresponding coefficients at sta. 3 (91.7 and 95.6% in summer; 94.8 and 93.3%
in autumn). This fact can be due to lower intensity of the negative effect of unfavorable environmental
factors on the MM at the bay mouth compared to its inner area.

Analysis of weather and hydrological conditions during sampling showed that at sta. 3 in early August,
the highest temperature (+24...426.1 °C) and calm wind were recorded. Such conditions, with a devel-
oped summer vertical stratification of the bay waters, can result in a lower oxygen content in deeper water
layers. “...In years with hot, low-wind summer seasons, due to the weakening of dynamic processes, ad-
verse effects on the ecosystem increase. Specifically, hypoxia phenomena were observed in the bottom
layers of the bay, when the water saturation with oxygen was lower than 50%” [Ivanov et al., 2006, p. 24].
This results from a discharge of untreated domestic wastewater and a so-called summer peak in phyto-
plankton development, which is not characteristic of open sea areas but characteristic only of polluted
waters [Ivanov et al., 2006]. The process of deoxygenation of marine coastal waters because of human ac-
tivities is a challenge for the entire World Ocean [Rabalais et al., 2014]. Analysis of summer survey data
for the Sevastopol Bay over the past 10 years revealed regular occurrence of hypoxic conditions and for-
mation of hydrogen sulfide near the bottom at sta. 8 neighboring sta. 3 [Kondratev, Vidnichuk, 2020].
According to their information, relative oxygen content in the bottom layer at sta. 3 in August 2019
was also reduced and accounted for only 56% of saturation. Apparently, the situation with a decrease
in the abundance and species richness of MM at sta. 2 (in the bay mouth) in October is related to spread-
ing of polluted waters from the center area of the bay with the bottom current there [Lemeshko et al.,
2014]. In the direction towards the bay mouth, the concentration of contaminants dropped due to di-
lution; accordingly, the degrading effect on the structure of the community decreased. Such negative
phenomena in the MM community in autumn can be caused by seasonal changes in the Black Sea level
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as well, which play the greatest role in the processes of water exchange in the Sevastopol Bay. Long-term
studies have shown that minimum sea levels are most often observed in October—November [Goryachkin,
Ivanov, 2006]. At this time, the inflow of cleaner waters from the open sea into the bay decreases, and this
can lead to a general drop in biomass and abundance of zooplankton organisms [Repetin et al., 2003].

Conclusion. In summer, in the surface water layer of the open seaside, the abundance of metazoan
microzooplankton (MM) was characterized by relative stability, and the values were from 310 x 10°
to 330 x 10%ind.-m™. Fluctuations in MM abundance at the bay mouth in this layer were more significant:
from 140 x 10° to 700 x 10% ind.-m™. The maximum abundance was recorded on the surface in the inner
area of the Sevastopol Bay and was the highest for a 10-year observation period there. MM abundance
along the vertical in the open seaside and at the bay mouth was more even, while in the inner area,
the differences between the layers could reach 5-700 times. In autumn season, a decrease in the total
abundance of MM in the water column was registered for all studied stations. In most cases, the vertical
structure was characterized by a drop in abundance from the surface to deeper water layers.

The direction of changes in the species diversity of the MM community was characterized by a de-
crease in the gradient open coast — bay mouth — inner bay area in accordance with increasing pollution
and trophicity of the bay waters due to an increase in anthropogenic load on the biota. This pattern
persisted in both summer and autumn seasons. The most informative of the indices used were the Shan-
non index, the Simpson polydominance index, and the Pielou evenness index. They reflected seasonal
changes in the species diversity and the direction in the trophic gradient of the local water areas of the bay.
The weighted average indicators of the biodiversity index for the entire water column showed that the sta-
tus of open waters was most often characterized as oligotrophic; of the bay mouth, as mesotrophic;
and of the inner bay area, as transitional from meso- to hypertrophic.

Low values of the Pielou evenness index generally indicated a pronounced degree of dominance
of mass species in the MM community of the coastal area of the city of Sevastopol, in particular,
copepod Oithona davisae — a recent invader in the Black Sea. The species has bioindicator features;
its quantitative characteristics can be used in assessing the trophic status of water areas. Its contribution
to the index of community structure similarity in the studied gradient from open waters to the inner
bay area increased from 73.7% at sta. 1 (in the open seaside) to 79.3% at sta. 2 (at the bay mouth)
and 84.3% at sta. 3 (in the inner bay area). At the same time, the proportion of Acartia effect decreased
along the gradient (7.9 — 6.7 — 4.3%, respectively), as well as that of Bivalvia veligers (6.5 — 5.6 —2.6%).

Situations of significant changes in the structure of the MM community are typical for the bottom
water layer in the inner bay area and at the mouth. The main factor determining the periodic degrada-
tion of the species composition and MM abundance in these habitats seems to be low water saturation
with oxygen, which is caused by increased trophicity of waters and disturbances in the process of water
exchange in the Sevastopol Bay.

This work was carried out within the framework of IBSS state research assignment “Functional, metabolic,
and toxicological aspects of hydrobionts and their populations existence in biotopes with different physical and chem-
ical regimes” (No. 121041400077-1) and “Regularities of formation and anthropogenic transformation of bio-
diversity and biological resources of the Sea of Azov-Black Sea basin and other areas of the World Ocean”
(No. 121030100028-0).
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Llens mccnenoBaHusi — BBISIBUTh 3aKOHOMEPHBIE M3MEHEHMsI B OOWIMH, BHIOBOM pPasHOOOpAsvH
U CTPYKTYpe COOOIIECTB METa30iHOr0 MUKpo30oriaHkToHa (MM) B rpagueHTHBIX YCJIOBUSIX MOP-
CKOTO MpUOpexkbsi HA OTHOCUTEIbHO HEOOJBIIMX MPOCTPAHCTBEHHBIX MacITabax. AKTyalbHOCTb pa-
0OTHI OnpenesseTcss MATOYUCIICHHOCTBIO MOAOOHBIX UCCIIENOBAHMIA, TO3BOJISIIOIIMX OMOCPEI0BAHHO
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OLICHUTb CTENEHb aHTPOIIOTEHHOTO BO3/EHCTBISA HA MOPCKYIO OMOTY 1 YCTAaHOBUTH TPO(UUECKHIA CTa-
TYC JIOKaJIbHBIX aKBATOPHMI C IOMOLLbIO HHIEKCOB BUAOBOIo pa3HooOpasus. [IpoaHann3upoBaHbl TpU
akBaTopuu Mpuopexbs ropoga CeBacToNoJIsl: OTKPBITOE B3MOpbE, yCThe CeBacTONONBCKOH OYXThI
1 BHYTpeHHss e€ vacTb. JIokanmzauus ctaHmid oTOopa mpod OoTpakaeT rpaJueHT YCJIOBHN CpEeadl,
XapaKTepHU3YIOIIHICS Pa3HOM CTENEHbI0 BO3/ICHCTBIS Ha OMOTY MPUPOAHBIX M AHTPOTIOTeHHBIX (DAKTO-
poB. HccrenoBaHust poBe/ieHbl B JIETHUH M OCEHHUIA niepropl rofa. [Ipoos MM oTt6rpanu u3 Tpéx
TOPU30HTOB BOJHOIO CTOJI0a — MOBEpXHOCTHOro, 0—5-merpoBoro u 0—10-merpoBoro cioée. B or-
KPBITOM B3MOpPbE U YCTbe OYXThl YHCIeHHOCTh MM 1o BepTHKaaM Oblia Oosiee BRIpAaBHEHHOM, TOra
Kak B [IyOMHe OyXTHI pa3inyusi MeXIy cJIOsMHU Mo gocturats 5—700 pa3. MakcumasbHasi YrcieH-
HocTh MM (1837,1 ThiC. 9K3.-M™>) OTMeUeHa B Hayajle aBrycTa B OBEPXHOCTHOM CJIO€ BO BHYTDEH-
Heil yacti OyxThl. C KOHLA JIeTa MPOUCXOANIIO CHIKEHHE OOMJIMS BO BCEX MCCJIEJI0OBAHHBIX aKBATO-
pusix. BuoBoe pazHooOpasue coodiectsa MM, onieHEHHOE ¢ iomortibio uHekcos IllenHona, Cumri-
cona, [Iueny u [p., YMEHBINATIOCH B HATIPABJIEHUU OT OTKPBHITOTO B3MOPbs BIIYOb OYyXTHL. DTa 3aK0-
HOMEPHOCTh COXpaHsiiach B 00a ce3oHa. Hanbonee nadopmaruBabiME okazauch uHaekc [lleHHoHa,
MHJIEKC TIOIMAOMUHAHTHOCTH CHMIICOHA U MHIEKC BhipaBHeHHOCTH [Ineny. OHM XOpoIo oTpaxanu
KaK Ce30HHBIE U3MEHEHMsI BUIOBOTO pa3HOOOpa3usl, TaK U HAIPaBJIEHHOCTb U3MEHEHUI B IpaJjueHTe
TPOHOCTH JIOKIBHBIX aKBATOPHUi OyXThI. C MOMOLIBI0 MHOTOMEPHOIO aHAIN3A BBISIBJICHBI CTy4aH Cy-
HIECTBEHHOH TpaHchOpMalii B CTPYKType coobiiectBa MM NpUIOHHOTO €105 BOJL B ITTyOMHE OYXTHI.
OCHOBHOI1 BepOSITHON MPUIMHOU ITUX JIOKATHHBIX U3MEHEHUH SIBJISETCS] BOSHUKHOBEHUE B 3arPSI3HEH-
HBIX y4YacTKax OyXThl TMIIOKCUIHBIX YCJIOBUM B HIXKHUX TOPU30HTAaX BOJI, IPUBOJIAIIEE K JIerpalaliuu
YKCJIEHHOCTH U BUAOBOIO COCTaBa UCCIELYyEeMOrO 300ILIAHKTOHHOIO COOOIIECTBA.

KuiroueBbie cjioBa: MeTa3oWHbI MUKPO30OIUIAHKTOH, OOWJINE, BUIOBOE pa3HOOOpasue, CTPyKTypa
COoO0IIECTBa, TPAAUEHT OYXTa — B3MOPbE, TPOPHUUIECKHIT CTAaTyC aKBATOPHUH

Mopckoii buonoruueckuii kypHan Marine Biological Journal 2023 vol. 8 no. 2



8 71 Mopckoii GUOJIOrHYeCKUH KypHAI

Marine Biological Journal

D]]Dl'l'l'lﬂIIEI“

e [Tt 2023, vol. 8, no. 2, pp. 91-103
WHBIOM — IBSS https://marine-biology.ru

UDC [582.26/.27:57.013]:542.943"78

ASSESSMENT OF ANTIOXIDANT ACTIVITY
OF SEAWEED EXTRACTS FROM THE SEA OF JAPAN
IN VITRO AND IN VIVO

©2023 S.E.Fomenko, N. F. Kushnerova, V. G. Sprygin, E. S. Drugova,
L. N. Lesnikova, and V. Yu. Merzlyakov

V. I. I'ichev Pacific Oceanological Institute FEB RAS, Vladivostok, Russian Federation
E-mail: sfomenko@poi.dvo.ru

Received by the Editor 12.01.2022; after reviewing 25.05.2022;
accepted for publication 16.02.2023;  published online 31.05.2023.

Seaweeds are a source of important biologically active substances: lipids, amino acids, phenolic com-
pounds, polycarbohydrates, efc. Polyphenolic compounds are one of the perspective groups of con-
stituents of marine origin with high antioxidant activity; those play a key role in the life of marine
macrophytes, allowing them to quickly respond to external stress and to perform protective functions.
At the same time, the multicomponent composition of the phenolic fraction of the seaweed extract
provides a wide spectrum of its pharmacological activity, infer alia a regulatory effect on numer-
ous homeostasis disorders occurring during pathological processes in humans and animals. Wherein,
the available opportunities for the practical use of seaweed extracts have not yet been depleted,
and this is of undoubted interest for modern science. The aim of the work was to carry out a com-
parative assessment of the antioxidant activity of hydroalcoholic extracts isolated from the thalli
of three classes of algae [brown (Sargassum pallidum), green (Ulva lactuca), and red (Ahnfeltia fasti-
giata var. tobuchiensis)] and to analyze their effect on indices of the endogenous antioxidant system
of liver and blood in mice under experimental stress. Seaweeds were sampled in summer in the coastal
waters of the Peter the Great Bay (the Sea of Japan). Sampled seaweeds were dried at a temperature
of about +50 °C, grinded in a laboratory mill to particles 0.5—1 mm in size, and extracted with 70%
ethanol via repercolation. In the extract of the brown alga S. pallidum, the highest content of polyphe-
nols was recorded — (218.2 +20.3) mg-Eq GA-g ™! dry weight. In the extract of the green alga U. lactuca,
the value was (16.2 + 1.8) mg-Eq GA-g™! dry weight; in the extract of the red alga A. fastigiata var. to-
buchiensis, (9.1 + 1.6) mg-Eq GA-g™' dry weight. Accordingly, the antiradical activity of S. pallidum
extract towards the cation radical ABTS" and the alkyl peroxyl radical was significantly higher than that
of U. lactuca and A. fastigiata var. tobuchiensis extracts. The effect of these seaweed extracts on the an-
tioxidant defense indices of liver and plasma in mice under acute stress was studied experimentally.
Weight indicators (weight of animals and weight coefficients of their internal organs) and biochemical
indices (level of antiradical activity, malondialdehyde and reduced glutathione content, and activity
of antioxidant enzymes) were established. The experiment was carried out on white outbred male
mice (weight of 20-30 g). To model conditions of acute stress, mice were fixed vertically by the dorsal
neck crease for 24 h. Alcohol-free seaweed extracts were injected into mice stomachs as an aqueous sus-
pension (a dose of 100 mg of total polyphenols per kg of body weight) through a tube twice: right before
vertical fixation and in 6 h. Into stomachs of the animals of the control and the “stress” groups, distilled
water was injected in a volume equal to that of the injected extracts. In this model, all the attributes
of stress manifested themselves: adrenal hypertrophy, involution of the thymus and spleen, and ulcera-
tion of the gastric and intestinal mucosa. Moreover, disturbances of the antioxidant defense system were
recorded: a decrease of antioxidant enzymes activity in blood plasma, a drop in reduced glutathione
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content in liver, and an increase of the malondialdehyde level. Under the effect of the extracts, in all
the groups of animals under stress, a tendency to stabilization of the studied antioxidant defense indices
was observed. Interestingly, the values in mice receiving U. lactuca and A. fastigiata var. tobuchiensis
extracts were inferior to those in the group of animals receiving S. pallidum extract. In the latter group
of mice, there were no significant differences from the control values in terms of antioxidant defense
indices. This is due to the fact the main components of the polyphenolic fractions of green and red algae
are monomeric flavonoids, while brown algae contain high molecular weight phlorotannins. The latter
ones are characterized by higher antioxidant activity than low molecular weight polyphenolic fractions
of green and red algae.

Keywords: seaweeds, polyphenols, antioxidant activity, stress, mice

An important component of marine ecosystems and a key link in food chains of many species
of marine organisms are seaweeds serving as a source of organic matter and energy. Due to their di-
verse composition, they are used as a raw material for production of several substances with beneficial
properties. Specifically, seaweeds contain easily digestible proteins, amino acids, lipids, polysaccharides,
carotenoids, minerals, polyphenolic compounds, efc. [Michalak, Chojnacka, 2015].

Among secondary metabolites that make up seaweeds, an important group of substances are polyphe-
nolic compounds with pronounced antioxidant properties. These compounds are produced by seaweeds
and seagrasses to perform protective, structural, and reproductive functions [Pradhan et al., 2021].
Polyphenols are involved in growth and reproduction processes of seaweed cells and in formation
and early development of cell walls, forming a complex with alginic acid, a structural polysaccharide
of a cell wall [Imbs, Zvyagintseva, 2018]. Polyphenols are capable of protecting macrophytes from dam-
age by pathogenic bacteria, grazing by herbivores, and UV exposure. According to international clas-
sification, polyphenolic compounds include various subclasses: phenolic acids, flavonoids, lignans, stil-
benes, and so on [Zhong et al., 2020]. In composition of brown algae and some species of red algae,
a special group of phenolic compounds was found — phlorotannins, which are oligomers of phlorogluci-
nol (1,3,5-trihydroxybenzene) [Ragan, Glombitza, 1986]. Phlorotannins are the main cytoplasmic com-
ponents of seaweeds; those are contained in specific organelles — physodes [Ragan, Glombitza, 1986]. Un-
like other polyphenolic compounds, phlorotannins are characterized by the fact that about 90% of their
total amount is in free form [Bogolitsyn et al., 2018]. These compounds are accumulated mainly in outer
layers of the epidermis and in cortical layer of the thallus [Shibata et al., 2004], which allows them
to quickly respond to external stress and to perform protective functions.

A rising interest in seaweeds is due to the content of bioactive components in them, which can be used
as pharmaceuticals, nutraceuticals, and food additives. As known, preparations derived from seaweeds
exhibit a wide range of pharmacological properties: antibacterial, antiviral, antitumor, antimicrobial,
hepatoprotective, etc. [Cotas et al., 2020; Manach et al., 2004].

Health benefits of seaweeds for humans and animals are largely due to the ability of their polyphe-
nolic compounds to scavenge free radicals, which may help in reducing oxidative stress [Zhong
et al., 2020]. The mechanism of active binding of free radicals involved in the development of sev-
eral pathological processes in the body is based on the presence of a branched structure of con-
jugated double bonds of high mobility and a large number of free hydroxyl groups in macrophyte
polyphenols.

In previous studies, we found that extracts isolated from a number of marine macrophytes rep-
resenting different classes [brown, Sargassum pallidum (Turner) C. Agardh, 1820; green, Ulva lac-
tuca Linnaeus, 1753; and red, Ahnfeltia fastigiata var. tobuchiensis (Kanno & Matsubara) Skriptsova
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& Zhigadlova, 2022] have shown a pronounced protective effect in various experimental models. Thus,
an extract from the brown alga S. pallidum, enriched with polyphenolic compounds, had a hepatopro-
tective effect in modelling hepatosis in rats [Sprygin et al., 2017]. The lipid fraction of an extract
from the green alga U. lactuca showed a preventive effect under acute stress, which manifested itself
in the preservation of carbohydrate—lipid metabolism in liver and a decrease in the level of lipid per-
oxidation [Fomenko et al., 2019]. The pharmacological effect of an extract from the red alga A. fasti-
giata var. tobuchiensis was expressed in the ability to restore the lipid composition of blood and the ra-
tio of phospholipid fractions in erythrocyte membranes [Kushnerova et al., 2020]. As a continua-
tion of the studies carried out, it seems relevant to acquire new knowledge on the biological activity
of the investigated seaweed extracts and to clarify the prospects for their use as antioxidant agents.

The aim of the work is to compare antioxidant activity of hydroalcoholic extracts isolated from thalli
of the brown alga Sargassum pallidum, green alga Ulva lactuca, and red alga Ahnfeltia fastigiata var. to-
buchiensis and to determine their effect on antioxidant defense indices of liver and blood plasma of mice
under experimental stress.

MATERIAL AND METHODS

The objects of the study were seaweeds:

* Ulva lactuca [= Ulva fenestrata], division Chlorophyta, class Ulvophyceae, order Ulvales,
family Ulvaceae;
o Sargassum pallidum, division Phaeophyta, class Cyclosporophyceae, order Fucales, family

Sargassaceae;

» Ahnfeltia fastigiata var. tobuchiensis [= Ahnfeltia tobuchiensis], division Rhodophyta, class

Florideophyceae, order Ahnfeltiales, family Ahnfeltiaceae [Skriptsova, Zhigadlova, 2022].

The selected seaweeds are the most widespread in the seas of the Far East and are the main,
mass species.

Seaweeds were sampled in August—September 2021 in the Peter the Great Bay coastal wa-
ters (the Sea of Japan). A sample included 20 thalli of each species. All thalli were cleaned of epiphytes
and zoobenthos, washed with seawater and then distilled water, and dried. A thallus in the air-dried state
was grinded using a laboratory mill to 0.5—1-mm particles and extracted with 70% ethanol via reperco-
lation. The extract yield was 1 L per 1 kg of dry raw material. Extraction with ethanol is an effective
method of seaweed processing: during it, most mineral and organic substances exhibiting biological activ-
ity are extracted, and ethanol, due to its low toxicity, is the most preferable for the extraction of phenolic
compounds among all solvents [Cotas et al., 2020].

Seaweed extracts were evaporated in a vacuum until ethanol was completely removed; then, those
were extracted with chloroform to scavenge lipophilic substances and pigments — in accordance
with the technique described earlier [Sprygin et al., 2013]. The resulting aqueous fraction contain-
ing polyphenols was evaporated to dryness in a vacuum and resuspended in water to obtain stock
solutions (10 mg-mL™), in which total polyphenols (hereinafter PP) and antiradical activity (here-
inafter ARA) were preliminarily determined. All biochemical studies were carried out on a Shimadzu
UV-2550 spectrophotometer (Japan). Total PP were determined using the Folin—Ciocalteu reagent
at a wavelength of 765 nm [Parys et al., 2007]. Gallic acid (GA) was used as a reference standard;
total PP were expressed in mg-Eq GA-g™' dry extract. The level of ARA was also assessed spectropho-
tometrically towards the cation radical ABTS" (A = 734 nm) [Re et al., 1999] and the alkyl peroxyl
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radical (A = 414 nm) [Bartosz et al., 1998]. When determining ARA, Trolox (a water-soluble analog
of vitamin E) was used as a reference standard. ARA was expressed in umol Trolox-mg™' PP. The re-
sults were statistically processed with Instat 3.0 software package and GraphPad Prism program, with
the second one including the function of checking a sample compliance with the normal distribution
law. To determine the statistical significance of differences depending on the distribution parameters,
the parametric Student’s 7-test or the nonparametric Mann—Whitney U-test were used.

The experiment was carried out on white outbred male mice (weight of 20-30 g). Animals were kept
under vivarium conditions in cages of 5 individuals on a standard diet, with natural light, and at a constant
air temperature of +20...+22 °C.

To model conditions of acute stress, mice were fixed vertically by the dorsal neck crease for 24 h. This
stress model is used in laboratory animals in experimental studies [Kushnerova et al., 2005]. Alcohol-
free seaweed extracts were injected into mice stomachs as an aqueous suspension (a dose of 100 mg
of total PP per kg of body weight) through a tube twice: right before vertical fixation and in 6 h. This
concentration corresponds to a known therapeutic dose for polyphenolic hepatoprotectors [ Vengerovsky
et al., 1999]. Into stomachs of the animals of control and “stress” groups, distilled water was injected
in a volume equal to that of the injected extracts.

In the course of the study, there were five groups of animals, 10 mice each: 1, control (intact);
2, “stress” (vertical fixation by the dorsal neck crease); 3, “stress + Sargassum extract”; 4, “stress + Ulva
extract”; and 5, “stress + Ahnfeltia extract.” Animals were taken out of the experiment by decapitation
under light ether anesthesia in compliance with the rules and international recommendations of the Euro-
pean Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific
Purposes [1986].

After exposure to acute stress, weight of animal, the mass index of internal organs (mg of organ
weight per 100 g of body weight), and the number of ulcerations of the gastric mucosa were determined.
The latter ones were counted visually: we determined the number of formed ulcerative lesions. The de-
sign of the study was approved by the ethics committee of V. I. II'ichev Pacific Oceanological Institute
FEB RAS.

Blood for research was sampled from neck vein of animals into vacuettes with 1% heparin so-
lution. To separate plasma, blood was centrifuged for 10 min at 3,000 rpm. Then, plasma samples
were frozen at a temperature of —80 °C for further determination of biochemical parameters. After
extraction, liver was washed in physiological saline and frozen in a refrigerator at —80 °C as well.
The state of the antioxidant system was assessed in blood plasma of animals by a spectrophotomet-
ric method by the value of total ARA (A = 734 nm) [Re et al., 1999], the level of malonic dialde-
hyde (hereinafter MDA) (A = 532 nm) [Buege, Aust, 1978], activity of superoxide dismutase (herein-
after SOD) (A = 550 nm) [Paoletti et al., 1986], and glutathione enzymes — glutathione reductase (here-
inafter GR) [Goldberg, Spoone, 1983] and glutathione peroxidase (hereinafter GPx) (A = 340 nm) [Burk
et al., 1980], as well as by the value of the level of reduced glutathione (hereinafter G-SH) in liver
tissue (A = 412 nm) [Ellman, 1959].

RESULTS

Prior to conducting the experiment aimed at analyzing the state of the antioxidant defense system
of an animal body under stress, total PP and ARA were determined in samples of extracts of the macro-
phytes studied. Evaluation of the quantitative composition of PP in them showed that their content
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varies significantly in different macrophyte species (Table 1). The highest amount of PP was registered
in the extract of the brown alga S. pallidum, and the value was 13.5 times higher than in U. lactuca

and 24 times higher than in A. fastigiata var. tobuchiensis.

Table 1. Polyphenol content and antiradical activity of the seaweed extracts (M * m)

Seaweed

Total polyphenols,
mg-Eq GA-g! dry extract

Antiradical activity
towards ABTS™,
umol Trolox-mg™' PP

Antiradical activity towards
alkyl peroxyl radicals,
umol Trolox-mg™' PP

Sargassum pallidum 218.2+20.3 1.62 £ 0.04 0.64 £ 0.02
Ulva lactuca 16.2+1.8 0.32+£0.03 0.15+0.02
Ahnfeliia fastigiata 9.1+1.6 0.13 +0.03 0.06 + 0.01

var. tobuchiensis

An important aspect of investigating the antioxidant potential of the studied seaweed extracts
is the assessment of their ARA towards the cation radical ABTS" and the alkyl peroxyl radical. The level
of ARA in the extracts of the macrophytes varied significantly, as well as PP content. Specifically, S. pal-
lidum extract was characterized by a higher level of ARA towards ABTS": the value was 5 times higher
than the corresponding value in U. lactuca and 12.5 times higher than in A. fastigiata var. tobuchiensis.
A similar trend was observed for ARA indices towards the alkyl peroxyl radical. Alkyl peroxyl rad-
icals are formed in the body during lipid peroxidation and are one of the main initiators of free
radical reactions. In S. pallidum extract, this index was 4 times higher than the corresponding value
for U. lactuca. An even lower level of APA towards the alkyl peroxyl radical was recorded in A. fasti-
glata var. tobuchiensis: its value was 2.5 times less than that for U. lactuca and 10 times less than that
for S. pallidum.

The next stage of the experimental studies was the investigation of the effect of the seaweed extracts
on the state of the antioxidant defense system in animals under stress. Their vertical fixation by the dor-
sal neck crease for 24 h was accompanied by the manifestation of all known attributes of stress, such
as adrenal hypertrophy, involution of the thymus and spleen, and ulceration of the gastric and intesti-
nal mucosa. These alterations were recorded in all animals subjected to stress (the groups 2-5). How-
ever, there were significant differences between the groups in terms of severity. Thus, in the group
2 (“stress”), weight of animals decreased by 23% (p < 0.01) with a simultaneous decrease in the mass
index of internal organs (liver and spleen) by an average of 19-23% (p < 0.05) (Fig. 1). In the group 2,
under stress, the number of recorded ulcerations of the gastric mucosa was (2.6 + 0.1) pcs per animal;
in the control, it was O.

When assessing the state of the antioxidant system of animals under stress, a drop in ARA value
of blood plasma by 46% was revealed (p < 0.001) compared to the value in the control. At the same
time, there was a decrease in the activity of one of key enzymes of the antioxidant defense system, SOD,
by 40% (p < 0.001) (Fig. 2). The level of G-SH in liver dropped by almost 2 times (Fig. 3), while
the activity of GR, an enzyme which plays the main role in maintaining a certain concentration of G-SH
inside the cell, decreased by 26% (p < 0.001). The activity of another key enzyme of the glutathione unit,
GPx, which catalyzes the reduction of hydrogen peroxide (H,O,) and organic peroxides in the presence
of G-SH, was reduced by 35% (p < 0.001). Such changes in the antioxidant defense indices can be
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defined as its weakening. Disturbances in the functioning of the antioxidant defense system under stress
conditions also manifested themselves in an increase in MDA content by 68% (p < 0.001) (Fig. 3), which
is a biomarker of oxidative stress.

Spleen (mg/ 100 g weight) Liver (mg/ 100 g weight)
Stress+Ahnfeltia _ Stress+Ahnfeltia 7_
Stress+Ulva | '_|_‘ Stress+Ulva 7| + *
Stress+Sargassum | - Stress+Sargassum | = S
Stress . stress [+
control + Control | +
0 0,65 0,1 O,iS 0,‘2 025 03 0,35 6 i 4‘| 6‘
Animal weight (g)
Stress+Ahnfeltia — *kk
Stress+Ulva ] [ i
Stress+Sargassum ] T alha
Stress *kk
Control ] +

0 5 10 15 20 25 30 35

Fig. 1. The effect of the seaweed extracts on the total weight of mice and weight coefficients of their
internal organs under stress. Differences are statistically significant compared to the control: p < 0.05 (*);
p <0.01 (**%); p<0.001 (¥**)
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Fig. 2. The effect of the seaweed extracts on the antioxidant defense indices of mice under stress. MDA,
malondialdehyde; ARA, antiradical activity; SOD, superoxide dismutase. Differences are statistically
significant compared to the control: p < 0.05 (*); p < 0.01 (**); p < 0.001 (**%*)
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Fig. 3. The effect of the seaweed extracts on the glutathione system indices in mice under stress. GPx,
glutathione peroxidase; GR, glutathione reductase; G-SH, reduced glutathione. Differences are statistically
significant compared to the control: p < 0.05 (*); p < 0.01 (**); p < 0.001 (¥**)

The administration of the seaweed extracts against the backdrop of acute stress (the groups 3-5)
was accompanied by a tendency to reduce the severity of involutional alterations in internal or-
gans compared with their severity in the group 2 (“stress”). Specifically, in the groups of mice
treated with U. lactuca and S. pallidum extracts, the relative mass of liver increased by an average
of 6-8% (p < 0.05), while in the group 5, under the effect of A. fastigiata var. tobuchiensis extract,
the value was 15% higher (p < 0.05). Moreover, in mice receiving the seaweed extracts, the relative
mass of spleen increased by an average of 12-24% (p < 0.001). As noted, the injection of the seaweed
extracts did not lead to the complete restoration of the relative mass of internal organs, but contributed
to a significant increase in these indicators compared to the group 2 (see Fig. 1). In terms of the body
weight parameters of mice in the groups 3-5, these indicators significantly differed from the control.
Importantly, these animals had no ulcerations of the gastric mucosa.

In all groups of animals treated with the seaweed extracts, against the backdrop of stress, there was
a tendency to stabilize the studied antioxidant defense indices (Figs 2, 3). Thus, in the group 3 (S. pal-
lidum extract), the values corresponded to the control ones. The comparison with the group 2 (“stress”)
revealed as follows: in these mice, the level of MDA in blood plasma decreased by 33% (p < 0.001),
ARA value increased by 1.8 times (p < 0.001), and the activity of SOD rose by 46% (p < 0.001). Un-
der the effect of S. pallidum extract, there was also an increase in the level of G-SH in liver tissue
by 40% (p < 0.001), while the activity of antioxidant enzymes, GPx and GR, in blood plasma rose
by an average of 38-54% (p < 0.001).

The state of the antioxidant system in animals of the groups 4 and 5 (mice treated with U. lac-
tuca and A. fastigiata var. tobuchiensis extracts under acute stress) was characterized by positive dynam-
ics as well. However, the studied biochemical parameters still differed significantly from the control.
At the same time, when compared with the group 2 (“stress”), it was recorded as follows: in blood
plasma of mice of the groups 4 and 5, there was an increase in the level of ARA by 37% (p < 0.001)
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and 54% (p < 0.001), respectively. The activity of SOD in animals of the group 4 (U. lactuca) rose
by 51% (p < 0.001); in mice of the group 5 (A. fastigiata var. tobuchiensis), it rose by 36% (p < 0.001).
Meanwhile, MDA in blood plasma of these animals decreased on average by 14-16% (p < 0.001).
In terms of the level of G-SH in liver tissue and the activity of glutathione enzymes, there was posi-
tive dynamics as well. Specifically, the use of U. lactuca and A. fastigiata var. tobuchiensis extracts was
accompanied by an increase in G-SH content by 27 and 32%, respectively (p < 0.05). In its turn, the ac-
tivity of GPx in animals in these groups rose on average by 22-27% (p < 0.05), and the activity of GR,
by 12-20% (p < 0.05).

DISCUSSION

From the results obtained, it follows that under conditions of acute stress, the complex functional bal-
ance of organs and systems of the whole organism is disturbed. This is evidenced by a drop in the relative
mass of internal organs (liver and spleen). Interestingly, a significant decrease in the spleen mass index re-
sults from the involution of the lymphatic system, which is associated with increased secretion of steroid
hormones by the adrenal cortex causing the breakdown of lymphocytes and inhibition of metabolic pro-
cesses in cells [Chrousos, 2009]. The antioxidant defense system is stressed due to overproduction of free
radicals under certain exposure [Sahm, Giimiiglii, 2007]. As a result, the antioxidant system of the body
is incapable of coping with their excessive production, while the activity of antioxidant enzymes (SOD,
GPx, and GR) and G-SH content decrease. This phenomenon underlies the violations of many metabolic
reactions in the body. Evidence of increased generation of free radicals is a significant decrease in ARA
value along with a rise in the level of MDA in blood plasma of mice; it is characterized by high activity
of peroxidation of fatty acids making up membrane lipids and is accompanied by a rise in the permeabil-
ity of cell membranes in various tissues [Sahin, Giimiislii, 2007]. Subsequently, the lack of antioxidant
defense factors leads to an uncontrolled increase in lipid peroxidation processes and to development
of oxidative stress.

The administration of the seaweed extracts against the backdrop of stress was accompanied by a rise
in the activity of antioxidant enzymes and G-SH content with a simultaneous drop in the level of MDA.
However, in the groups 4 and 5, as it was noted earlier, the values of the antioxidant defense in-
dices (MDA, G-SH, GPx, and GR) still differed from the control ones. At the same time, the values
of the antioxidant defense indices in mice treated with U. lactuca and A. fastigiata var. tobuchiensis ex-
tracts were inferior to those in animals of the group 3 (S. pallidum). This fact is confirmed by the calcula-
tion of statistical significance between the values of the studied biochemical parameters in blood plasma
and liver tissue of mice of the groups 3-5. Thus, the values of the activity of GPx and GR for blood
plasma in animals treated with U. lactuca and A. fastigiata var. tobuchiensis extracts (the groups 4 and 5,
respectively) were lower on average by 17-21% (p < 0.05) compared with the values in the group 3 (S. pal-
lidum extract). Significant differences between these groups were also revealed for other indices: the level
of MDA was higher by 27-28% (p < 0.01); G-SH content was lower by 7-9% (p < 0.05); and ARA
was lower by 13-23% (p < 0.001).

In our opinion, this effect is driven by the fact that metabolic activity of polyphenols in the extract
of the brown alga S. pallidum is noticeably higher than in the extracts of U. lactuca and A. fastigiata var. to-
buchiensis. Accordingly, S. pallidum extract has a higher level of ARA, and this is confirmed by the data
obtained (see Table 1). As known, the main components of the polyphenolic fractions of green and red al-
gae are monomeric flavonoids [Alagan et al., 2017; de Quirds et al., 2010]. In turn, high molecular weight
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phlorotannins of brown algae and their extracts enriched with phlorotannins exhibit high antioxidant

activity [Ferreres et al., 2012; Wang et al., 2012], in contrast to low molecular weight polyphenolic frac-

tions of green and red algae. According to the researchers [Agregan et al., 2018], seaweed extracts with
high content of polyphenolic compounds have a pronounced antioxidant potential.

Based on the data obtained, it can be concluded as follows: under stress, the administration of seaweed
extracts contributed to the restoration of the indices of the antioxidant defense system, which plays a key
role in the course of most vital processes.

Conclusions:

1. In mice, under conditions of experimental acute stress, a violation of metabolic reactions of the body
was registered, which was accompanied by involution of the lymphatic system, appearance of ulcera-
tions of the gastric mucosa, decrease in the weight of internal organs, stress in the antioxidant defense
system, and activation of lipid peroxidation reactions.

2. The administration of seaweed extracts contributed to the stabilization of the antioxidant defense
system, which is involved in the course of most vital processes.

3. A prophylactic use of seaweed extracts enriched with polyphenolic compounds under stress con-
ditions contributed to the restoration of weight coefficients of internal organs of animals (liver
and spleen) and the absence of ulcerations of the gastric mucosa.

4. Seaweeds Sargassum pallidum, Ulva lactuca, and Ahnfeltia fastigiata var. tobuchiensis are a promis-
ing raw material for the production of drugs capable of increasing the potential of the endogenous
antioxidant defense system of the body under conditions of stress-induced disorders.

5. The predominant effect of the extract of the brown alga S. pallidum under stress is deter-
mined by the high-molecular structure of phlorotannins, which provides higher antioxidant activity
compared to that of monomeric flavonoids in U. lactuca and A. fastigiata var. tobuchiensis extracts.

This work was carried out within the framework of the state research assignment of V. I Ilichev Pacific

Oceanological Institute FEB RAS “Ecological and biogeochemical processes in marine ecosystems: The role of natural
and anthropogenic factors” (0211-2021-0014, registration number 121-21500052-9).

REFERENCES

1. Bogolitsyn K. G., Druzhinina A. S, vol. 44, mno. 4, pp. 217-227. (in Russ.).
Ovchinnikov D. V., Kaplitsyn P. A., https://doi.org/10.1134/S0134347518040010

Shulgin E. V., Parshina A. E. Polyphe- 4. Kushnerova N. F. Sprygin V. G,

nols of brown algae. Khimiya rastitel nogo Fomenko S. Ye., Rakhmanin Yu. A. Impact

syr’ya, 2018, no. 3, pp. 5-21. (in Russ.).
https://doi.org/10.14258/jcprm.2018031898
. Vengerovsky A. 1., Markova 1. V.,
Saratikov A. S. Doklinicheskoe izuche-
nie gepatozashchitnykh sredstv. Vedomosti
farmakologicheskogo komiteta, 1999, no. 2,
pp- 9-12. (in Russ.)

. Imbs T. I., Zvyagintseva T. N. Phlorotan-
nins are polyphenolic metabolites

of brown algae. Biologiya morya, 2018,

of stress on hepatic lipid and carbohydrate

metabolism, prevention. Gigiena i sanitariya,
2005, no. 5, pp. 17-21. (in Russ.)

. Kushnerova N. F., Fomenko S. E., Spry-

gin V. G, Momot T. V. The effects
of the lipid complex of extract from the ma-
rine red alga Ahnfeltia tobuchiensis (Kanno
et Matsubara) Makienko on the biochemical
parameters of blood plasma and erythro-
cyte membranes during experimental

Mopckoii buosnorrueckuii xypHain Marine Biological Journal 2023 vol. 8 no. 2


https://doi.org/10.14258/jcprm.2018031898
https://doi.org/10.1134/S0134347518040010

100  S. E. Fomenko, N. F. Kushnerova, V. G. Sprygin, E. S. Drugova, L. N. Lesnikova, and V. Yu. Merzlyakov

10.

. Sprygin

. Sprygin

stress exposure. Biologiya morya, 2020,
vol. 46, no. 4, pp. 269-276. (in Russ.).
https://doi.org/10.31857/S0134347520040051
V. G., Kushnerova N. F,
Fomenko S. E., Sizova L. A., Momot T. V.
The hepatoprotective properties of an extract
from the brown alga Saccharina japonica. Bio-
logiya morya, 2013, vol. 39, no. 1, pp. 50-54.
(in Russ.)

V. G, F.,
Fomenko S. E., Drugova E. S,
Lesnikova L. N., Merzlyakov V. Y., Mo-
mot T. V. The influence of an extract

Kushnerova N.

from the marine brown alga Sargassum pal-
lidum on the metabolic reactions in the liver
under experimental toxic hepatitis. Biologiya
morya, 2017, vol. 43, no. 6, pp. 444-449.
(in Russ.)

. Fomenko S. E., Kushnerova N. F., Spry-

gin V. G., Drugova E. S., Lesnikova L. N.,
Merzlyakov V. Yu. Lipid composition
and membranoprotective action of ex-
tract from marine green algae Ulva lac-
tuca (L.). rastitel’nogo  syr’ya,
2019, no. 3, pp. 41-51. (in Russ.).
https://doi.org/10.14258/jcprm.2019035116

Khimiya

. Agregan R., Munekata P. E. S., Franco D.,

Carballo J., Barba F. J., Lorenzo J. M. An-

tioxidant potential of extracts obtained
from macro- (Ascophyllum  nodosum,
Fucus vesiculosus and Bifurcaria bifur-

cata) and micro-algae (Chlorella vulgaris
and Spirulina platensis) assisted by ul-
trasound. Medicines, 2018, vol. 5, iss. 2,
art. no. 33 (9 p.). https://doi.org/10.3390/
medicines5020033

Alagan V. T., Valsala R. N., Rajesh K. D.
Bioactive chemical constituent analysis,
in vitro antioxidant and antimicrobial activity
of whole plant methanol extracts of Ulva
lactuca Linn. British Journal of Pharmaceuti-
cal Research, 2017, vol. 15, no. 1, pp. 1-14.
https://doi.org/10.9734/BJPR/2017/31818

11.

12.

13.

14.

15.

16.

17.

Bartosz G., A., Ertel D.,
Bartosz M. Simple determination of per-

Janaszewska
oxyl radical-trapping capacity. Biochem-
istry and Molecular Biology Interna-
tional, 1998, vol. 46, iss. 3, pp. 519-528.
https://doi.org/10.1080/15216549800204042
Buege J. A., Aust S. D. Microsomal lipid per-
oxidation. In: Biomembranes. Part C, Biologi-
cal Oxidants, Microsomal, Cytochrome P-450,
and Other Hemoprotein Systems | F. Sidney,
P. Lester (Eds). New York : Academic Press,
1978, pp. 302-310. (Methods in Enzymol-
ogy ; vol. 52). https://doi.org/10.1016/s0076-
6879(78)52032-6

Burk R. F., Lawrence R. A., Lane J. M.
Liver lipid peroxidation
in the rat as the result of paraquat and di-
Effect of selenium

necrosis and
quat administration:
deficiency. The Journal of Clinical Investi-
gation, 1980, vol. 65, iss. 5, pp. 1024-1031.
https://doi.org/10.1172/JC1109754

Chrousos G. P. Stress
of the stress system. Nature Reviews En-
docrinology, 2009, no. 5, pp. 374-381.
https://doi.org/10.1038/nrendo.2009.106
Cotas I, Leandro A., Mon-
teiro P., Pacheco D., Figueirinha A.,
Gongalves A. M. M., da Silva G. ],
Pereira L. Seaweed phenolics: From ex-

and disorders

traction to applications. Marine Drugs,
2020, wvol. 18, 1iss. 8, pp. 384-431.
https://doi.org/10.3390/md 18080384

de Quirés A. R.-B., Lage-Yusty M. A,
Loépez-Hernandez J. Determination of pheno-
lic compounds in macroalgae for human con-
sumption. Food Chemistry, 2010, vol. 121,
iss. 2, pp. 634-638. https://doi.org/10.1016/
j-foodchem.2009.12.078
Ellman G. L.
group. Archives of Biochemistry
and Biophysics, 1959, vol. 82, iss. 1,
pp. 70-77. https://doi.org/10.1016/0003-
9861(59)90090-6

Tissue  sulfhydryl

Mopckoii buonoruueckuii kypHan Marine Biological Journal 2023 vol. 8 no. 2


https://doi.org/10.31857/S0134347520040051
https://doi.org/10.14258/jcprm.2019035116
https://doi.org/10.3390/medicines5020033
https://doi.org/10.3390/medicines5020033
https://doi.org/10.9734/BJPR/2017/31818
https://doi.org/10.1080/15216549800204042
https://doi.org/10.1016/s0076-6879(78)52032-6
https://doi.org/10.1016/s0076-6879(78)52032-6
https://doi.org/10.1172/JCI109754
https://doi.org/10.1038/nrendo.2009.106
https://doi.org/10.3390/md18080384
https://doi.org/10.1016/j.foodchem.2009.12.078
https://doi.org/10.1016/j.foodchem.2009.12.078
https://doi.org/10.1016/0003-9861(59)90090-6
https://doi.org/10.1016/0003-9861(59)90090-6

Assessment of antioxidant activity of seaweed extracts from the Sea of Japan in vitro and in vivo

101

18.

19.

20.

21.

22.

23.

24.

European Convention for the Protection
of Vertebrate Animals Used for Exper-
and Other Scientific
Strasbourg : Council of Europe, 1986, 11 p.
(European Treaty Series ; no. 123). URL:
https://rm.coe.int/168007a67b
28.12.2021].

Ferreres F., Lopes G., Gil-Izquierdo A., An-
drade P. B., Sousa C., Mouga T., Valen-
tdo P. Phlorotannin extracts from Fucales
characterized by HPLC-DAD-ESI-MSn: Ap-
proaches to hyaluronidase inhibitory capac-
ity and antioxidant properties. Marine Drugs,
2012, vol. 10, iss. 12, pp. 2766-278]1.
https://doi.org/10.3390/md 10122766
Goldberg D. M.,
of glutathione

imental Purposes.

[accessed:

Spoone R. J. Assay
In:  Methods
of Enzymatic Vol. 3: En-
Oxidoreductases, transferases.
(Ed.).
1983,

reductase.
Analysis.
zymes 1.
3 edition / H. U. Bergmeyer
Weinheim Verlag  Chemie,
pp- 258-265.
Manach C,
Rémésy C.,
nols: Food sources and bioavailability.
The American Journal of Clinical Nutri-
tion, 2004, vol. 79, iss. 5, pp. 727-747.
https://doi.org/10.1093/ajcn/79.5.727
Michalak 1., Chojnacka K. Algae as pro-
of  bioactive
pounds. Engineering in Life Sciences,
2015, wvol. 15, iss. 2, pp. 160-176.
https://doi.org/10.1002/elsc.201400191
Paoletti F., Aldinucci D., Mocali A., Ca-
parrini A. A sensitive spectrophotometric
method for the determination of superoxide-
dismutase activity in tissue extracts. Ana-
Wytical Biochemistry, 1986, vol. 154, iss. 2,
pp- 536-541. https://doi.org/10.1016/
0003-2697(86)90026-6

Parys S., Rosenbaum A., Kehraus S., Re-
her G., Glombitza K.-W., Konig G. M.
Evaluation  of methods

Scalbert A., Morand C.,
Jiménez L.  Polyphe-

duction  systems com-

quantitative

25.

26.

27.

28.

29.

30.

for the determination of polyphenols in al-
gal extracts. Journal of Natural Products,
2007, vol. 70, iss. 12, pp. 1865-1870.
https://doi.org/10.1021/np070302f

Pradhan B., Patra S., Behera C., Nayak R.,
Jit B. P., Ragusa A., Jena M. Preliminary
investigation of the antioxidant, anti-diabetic,
and anti-inflammatory activity of Entero-
morpha intestinalis  extracts.  Molecules,
2021, vol. 26, iss. 4, pp. 1171-1187.
https://doi.org/10.3390/molecules26041171
Ragan M. A., Glombitza K. W. Phlorotannins,
brown algal polyphenols. In: Progress in Phyco-
logical Research. Bristol : Biopress Ltd, 1986,
vol. 4, pp. 129-241.

Re R., Pellegrini N., Proteggente A., Pan-
nala A., Yang M., Rice-Evans C. Antioxidant
activity applying an improved ABTS radical
cation decolorization assay. Free Radical Bio-
logy and Medicine, 1999, vol. 26, iss. 9-10,
pp. 1231-1237.  https://doi.org/10.1016/
s0891-5849(98)00315-3

Sahin E., Giimiiglii S. Stress-dependent in-
duction of protein oxidation, lipid peroxida-
tion and anti-oxidants in peripheral tissues
of rats: Comparison of three stress mod-
els (immobilization, cold and immobiliza-
tion—cold). Clinical and Experimental Pharma-
cology and Physiology, 2007, vol. 34, iss. 5-6,
pp- 425-431. https://doi.org/10.1111/j.1440-
1681.2007.04584 .x

Shibata T., Kawaguchi S., Hama Y., Ina-
gaki M., Yamaguchi K., Nakamura T. Lo-
cal and chemical distribution of phlorotannins
in brown algae. Journal of Applied Phycology,
2004, vol. 16, pp. 291-296. https://doi.org/
10.1023/B:JAPH.0000047781.24993.0a
Skriptsova A. V., Zhigadlova G. G. A re-
vision of the red algal genus Ahnfeltia
on the Russian coast of the North Pa-
cific. Phycologia, 2022, vol. 61, iss. 4,
pp- 396-402. https://doi.org/10.1080/
00318884.2022.2061154

Mopckoii buosnorrueckuii xypHain Marine Biological Journal 2023 vol. 8 no. 2


https://rm.coe.int/168007a67b
https://doi.org/10.3390/md10122766
https://doi.org/10.1093/ajcn/79.5.727
https://doi.org/10.1002/elsc.201400191
https://doi.org/10.1016/0003-2697(86)90026-6
https://doi.org/10.1016/0003-2697(86)90026-6
https://doi.org/10.1021/np070302f
https://doi.org/10.3390/molecules26041171
https://doi.org/10.1016/s0891-5849(98)00315-3
https://doi.org/10.1016/s0891-5849(98)00315-3
https://doi.org/10.1111/j.1440-1681.2007.04584.x
https://doi.org/10.1111/j.1440-1681.2007.04584.x
https://doi.org/10.1023/B:JAPH.0000047781.24993.0a
https://doi.org/10.1023/B:JAPH.0000047781.24993.0a
https://doi.org/10.1080/00318884.2022.2061154
https://doi.org/10.1080/00318884.2022.2061154

102  S. E. Fomenko, N. F. Kushnerova, V. G. Sprygin, E. S. Drugova, L. N. Lesnikova, and V. Yu. Merzlyakov

31. Wang T., Jonsdéttir R., Liu H.,, Gu L., 32. Zhong B., Robinson N. A., Warner R. D.,

Kristinsson H. G., Raghavan S., Olafsdéttir G. Barrow C. J.,, Dunshea F. R., Sule-
Antioxidant capacities of phlorotannins ex- ria. H. A. R. LC-ESI-QTOF-MS/MS
tracted from the brown algae Fucus vesiculo- characterization of seaweed phenolics
sus. Journal of Agricultural and Food Chem- and their antioxidant potential. Marine
istry, 2012, vol. 60, iss. 23, pp. 5874-5883. Drugs, 2020, vol. 18, iss. 6, pp. 331-352.
https://doi.org/10.1021/j£3003653 https://doi.org/10.3390/md 18060331

OIIEHKA AHTUOKCHJIAHTHOM AKTUBHOCTH
3KCTPAKTOB U3 MOPCKHUX BOJOPOCJIEA AITIOHCKOI'O MOPS
IN VITROWMN IN VIVO

C. E. ®omenko, H. ®. Kymueposa, B. I'. Cnpsirus, E. C. /Ipyrosa,
JI. H. JlecuukoBa, B. 10. Mep3isikoB

TuxookeaHckuit okeaHosornyeckuit MHCTUTYT umenu B. W. Wnenuésa IBO PAH,
BrnapuBoctok, Poccuiickas ®enepanus
E-mail: sfomenko@poi.dvo.ru

Mopckre BOJOPOCH SBISIIOTCS NCTOUHUKOM BaKHBIX OMOJIOTMYECKH aKTUBHBIX COETMHEHUI — JINIH-
JIOB, aMIHOKUCJIOT, (heHOJIOB, MOJIMcaXapuioB U Ap. [lepcrieKTBHYIO TpyIIITy BemeCTB MOPCKOTO IPO-
WCXOXJEHUS COCTABJISIOT MOJIM(EHOIbHbIE COeTMHEeHU 1, 00JIaJAl0II1e BHICOKOM aHTUOKCUIAHTHOM aK-
TUBHOCTBIO, KOTOPBIE UT'PAIOT KJIIOYEBYIO POJIb B KU3HEAESATEIBHOCTH MOPCKUX MaKpO(UTOB, YTO MO3-
BOJISIET UM OBICTPO pearrpoBaTh HA BHEIIHWN CTPECC M BBHINOJHATDH 3allUTHbIE (PYHKIMH. B TO xe
BpeMsI MHOTOKOMITIOHEHTHBIN cOCTaB (heHOIbHOM (ppaKiluK IKCTPAKTa U3 BOAOPOCIEH 00yCIIOB/IMBA-
€T IIUPOKMUI CIIeKTp e€ (papMaKOoIOTHUECKON aKTMBHOCTH, BKJIIOUAIOINEH peryiupyloliee BIUSHUE
Ha MHOTOYHCJIEHHbIe HAPYIIIEHNsI TOMEOCTa3a MpH MaTOJIOTMIECKHUX MPOolleccax B OpraHu3Me KHUBOT-
HBIX U yenoBeka. [Ipy 3ToM uMeroiyiecss BO3MOKHOCTU TTPAKTHYECKOTO MCIOJIb30BAHUS SKCTPAKTOB
Y3 BOJOpPOCTIE el He MCUepIiaHbl, YTO MPEJICTAB/IsIeT HECOMHEHHBI UHTEpeC )i COBPEMEHHOW
Hayku. Lesb paboThl — BBHIMOJHUTE CPABHUTENIBHYIO OLIEHKY AaHTUOKCHUAAHTHON aKTUBHOCTH BOJIHO-
CIIUPTOBBIX IKCTPAKTOB, BBIICJICHHBIX U3 TAJUIOMOB IPEICTABUTENEH TPEX KIACCOB BOJOpoCIei [Oy-
poIx (Sargassum pallidum), 3enénnix (Ulva lactuca) u xpacHwix (Ahnfeltia fastigiata var. tobuchiensis)],
a TaK)Xe MPOaHATM3UPOBATH X BIIMSIHYE Ha TIOKA3aTe M AHTHOKCUAAHTHOM 3aIllUThI TEYEHH 1 TUIa3MBbI
KPOBH MBIIIIEH PH IKCIIEpIMEHTATIbHOM cTpecce. Bomopociii cobupany B JieTHE MeCSIIbI B IPUOPEK-
HBIX BoJlax 3amBa [lerpa Benmkoro AAnoHckoro mMopsi, 3aTeM cymwiy npu Temmeparype okoso +50 °C,
M3MeJbuay Ha JabopaTopHO MeJbHUIIE 10 YacTul] pasMepoM 0,5—1 MM u axkcTparupoBaiut 70%-HbM
STWJIOBBIM CIHMPTOM METOJOM periepKojsiiuy. Hanbosblliee KOMMYECTBO MOMU(PEHOTIOB OTMEUESHO
B 9KCTpaKTe 6ypoit Bogopocin S. pallidum — (218,2 + 20,3) mr-sks I'K-r~! cyxoro Beca. B sxcrpakTe
3enéHoi Bogopocu U. lactuca 3nadyenne 5Toro nokasarens coctapnsio (16,2 + 1,8) mr-sks TK-r™! cy-
XOT0 Beca, B IKCTPaKTe KPacHOl Bogopociu A. fastigiata var. tobuchiensis — (9,1 £ 1,6) mr-sxs TK-r~!
cyxoro Beca. COOTBETCTBEHHO, aHTHpaJUKaJIbHasI aKTUBHOCTh SKCTpakTa S. pallidum mo oTHoIIe-
HUIO K KaTHOH-pafuKaty 2,2’-a3uHo-01c(3-3THII0eH30 THA30IMH-60-CYIIb(hOHOBOM KHUCIOTH) (ABTS™)
Y JIKWJIITEPOKCUIIFHOMY payKaly Obljla CYIIECTBEHHO BbIIIe, YeM TakoBasi 9kcTpaktoB U. lactuca
u A. fastigiata var. tobuchiensis. IIpoBejeHa IKCIEpUMEHTaIbHASI POBEPKA C LIENbI0 ONpPEAEIUTh
BJIMSIHUAE UCCIIeyeMbIX SKCTPAKTOB BOJOPOCIIEH Ha MOKa3aTesld aHTUOKCUIAHTHOW 3allUTHI TIEUYeHU
Y TUIa3Mbl MBIIIEH B YCIOBUSAX OCTPOro crpecca. B 3ajaum sKcriepuMeHTa BXOAWJIO YCTAaHOBJIEHHE
BECOBBIX MOKa3aTesiell (Bec )UBOTHBIX, MHIEKC MAaCChl BHYTPEHHUX OPraHOB) U OMOXMMHYECKHUX Ma-
paMeTpoB (YpOBEHb aHTHUPAAWKAILHON aKTMBHOCTH, COJEpKaHWEe MaJOHOBOTO AMANBAETHA U BOC-
CTAHOBJIEHHOTO TJTyTaTHOHA, aKTUBHOCTh AHTMOKCHIAHTHBIX (DEPMEHTOB). DKCIIEPUMEHT TI0 CTPECCO-
BOMY BO3JEUCTBUIO IPOBOAMIN Ha OeJbIX OecriopoAHbIX Mblmax-camiiax mMaccoi 20-30 r. Octpoiid
CTpecc MOJIEJIMPOBAIIH ITYyTEM BEPTHUKAIBHOM (PHKCAIMN )KUBOTHBIX 32 JOPCAIBHYIO MEHHYIO CKIAAKY
Ha 24 4. OcBOOOXIEHHBIE OT CIIMPTA SKCTPAKTHI BOJOPOCICH BBOIWIN B BUJIe BOJHON B3BECH B JI03€
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100 mr o6umx nonudeHoI0B Ha KI' MAaCChl TeJIa B JKETYI0K MBIIIaM Yepe3 30H[] ABaK bl — HEerocpe.-
CTBEHHO Iepe], BEPTUKAIBHOM pukcalye u crycTs 6 4. JKUBOTHBIM KOHTPOJIBHOM I'PYMITBl U TPYII-
IBl «CTPECC» BBOAWIN TUCTUIMPOBAHHYIO BOAY B 0OBEME, paBHOM OOBEMY BBOAMMBIX IIPENIAPATOB.
B naHHO# Mozenn NposIBUIIMCH BCe aTpuOyThI cTpecca: TUnepTpodus HaAOYeYHUKOB, HHBOJIOIHS
THMYyCa U CeNIe36HKH, U3bSI3BICHUS CJIM3UCTON XKeNlyIKa M KUIeuHUKa. Takske ObUT OTMEUYeHbI Hapy-
IIEHUsI CUCTEMbl AHTUOKCHIAHTHOM 3aIIUThI, KOTOPbIE BHIPAXKAIUCH B CHUKEHUU aKTUBHOCTU aHTHUOK-
CUIAHTHBIX (DEPMEHTOB B IIIa3Me KPOBH, YMEHBILEHNH COAEPKaHUsI BOCCTAHOBJIEHHOIO IIyTaTUOHA
B [IEYEHHU U YBEJIMUEHUH YPOBHS MaJIOHOBOTO Auaiibaernaa. Ilon neficTBueM SKCTpaKTOB BO BCEX IPYII-
Iax )KMBOTHBIX Ha (pOHE cTpecca MpocyekeHa TEHACHIMS K CTaOMIM3aLK UCCIIelyeMbIX ITOKa3aTeNlei
AHTHOKCHJIAHTHOM 3amuThl. [1pr 9TOM MokasaTenu y MbllIeH, MoayyaBIMx SKCTpakTol u3 U. lactuca
u A. fastigiata var. tobuchiensis, yCTynany aHaJJOTMYHBIM NTapaMeTpaM B I'PyIIIe )KHUBOTHBIX, [TOJTy4aB-
IIUX 3KCTPAKT S. pallidum. B Tpymnrie KUBOTHBIX, MOJYYaBUIMX IKCTPAKT S. pallidum, B mokazatensax
AHTHOKCUJIAHTHOM 3allIUThl HEe ObLIO BBISBJIEHO JOCTOBEPHBIX OTIIMYUIA OT KOHTPOJIbHBIX 3HAUCHUIL.
JlanHbI pakT 0OYCIOBIEH TeM, YTO OCHOBHBIMU KOMITOHEHTAMH TOJM(EHONIBHBIX (ppakumii 3ené-
HBIX M KPacHBIX BOAOPOCIIEH SIBJISIOTCS MOHOMEPHBIE (DJIABOHOMIBI, TOIZA KaK B OYpBIX BOAOPOCIIAX
MIPUCYTCTBYIOT BHICOKOMOJIEKYJISIpHBIE (hIIOPOTAHHUHBI, KOTOPBIE MTPOSIBIISIOT 00JIee BHICOKYIO aHTHOK-
CHAAHTHYIO aKTHBHOCTb, YeM HU3KOMOJIEKY/ISIpHbIE MOTM(EHONbHbIE (PPaKIMU 3€EHBIX M KPaCHBIX
BOJIOPOCJICH.

KiroueBnie ciaoBa: MOpPCKHUE BOAOPOCIIH, l'IOJ'II/I(bCHOJ'IbI, AHTUOKCUAAHTHAA AKTUBHOCTb, CTPECC,
MbIIIN
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Comparative investigation of morphological variability of the black scorpionfish, Scorpaena porcus
Linnaeus, 1758, from two distant Black Sea localities — Foros village (Crimean Peninsula) and Malyi
Utrish village (Krasnodar Krai) — was carried out. Due to sexual dimorphism in the black scorpionfish
and small abundance of males in the samples, only mature females were analyzed. A total of 54 indi-
viduals were examined (29 from Foros and 25 from Malyi Utrish). We used 5 meristic and 26 morpho-
metric characters. In the meristic characters, there were no region-related differences between black
scorpionfish females from Foros and Malyi Utrish; in the morphometric characters (maximum body
height, length of the first dorsal fin, distance between pectoral and abdominal fin, length of snout,
eye diameter, and length of lower jaw), the differences were statistically significant. The canonical
discriminant analysis showed that S. porcus females from Foros were correctly classified with an ac-
curacy of 97%, while females from Malyi Utrish — with an accuracy of 100%. It was suggested that
the obtained results are a manifestation of modification variability. However, there were no signifi-
cant differences between black scorpionfish females from two localities in the total length and body
mass, which could result from differences in trophic conditions and fish abundance. This may indicate
the existence of a complex of modification and interpopulation variability in S. porcus from the investi-
gated Black Sea localities. Though black scorpionfish pelagic eggs can be transported via sea currents,
spatial isolation and limited migrations may lead to the formation of local populations of S. porcus.
Nevertheless, analysis of genetic markers is required to test the hypothesis.

Keywords: Scorpaena porcus, morphological variability, interpopulation variability, isolation,
Black Sea

The aim of the study is to carry out a comparative morphological analysis of the black scorpionfish
Scorpaena porcus Linnaeus, 1758 from two distant Black Sea localities — the coastal zone off Foros
village (Crimean Peninsula) and the coastal zone off Malyi Utrish village (Krasnodar Krai).

S. porcus were caught with hook fishing gear (spinning rods with different equipment) in the coastal
zone off Foros village (44°3882.88”N, 33°78’17.94”E) in July—August 2019 and in the vicinity
of Malyi Utrish village (44°70°48.25”N, 37°47°04.52”E) in September 2019. Due to small abundance
of males in the samples and possible sexual dimorphism in size characteristics [Peskov, Manilo, 2016],
only females of the black scorpionfish were examined.
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Morphometric measurements were carried out according to the scheme by I. Pravdin [1966],
with 5 meristic and 26 morphometric characters being used. Body mass (m) was registered as well.

RESULTS

In the samples, the absolute length of females ranged from 14 to 26 cm; mass, from 46 to 304 g.
The studied individuals of the black scorpionfish from the Foros and Malyi Utrish villages did not differ
in meristic characters, while the differences in several morphometric characters were significant (Table 1).
Interestingly, in all cases, the mean values of the characters were higher in fish caught in the coastal zone
off Malyi Utrish village than in S. porcus caught in the coastal zone off Foros village.

Table 1. Significantly different measurement means, standard deviations, and #-test results for Scorpaena
porcus females from two Black Sea localities

Locality

Character Foros (n = 29) Malyi Utrish (n = 25) rtest

Standard Standard Standard Standard

Mean .. Mean ..
deviation error deviation error

gh 4.56 0.89 0.17 5.13 0.73 0.15 2.56
tu 2.15 0.35 0.06 3.12 1.61 0.32 3.17
vz 1.99 0.46 0.09 2.27 0.39 0.08 2.37
an 1.39 0.31 0.06 1.62 0.23 0.05 3.04
np 1.37 0.18 0.03 1.53 0.16 0.03 3.26
k111 1.99 0.38 0.07 2.24 0.36 0.07 2.53

Note: gh, maximum body height; tu, maximum height of dorsal fin; vz, distance between pectoral and abdominal fin;
an, length of snout; np, eye diameter; k111, length of lower jaw.

Moreover, according to the results of the discriminant analysis, which was carried out for the en-
tire complex of morphometric characters, we obtained 98% of correct classifications of the black scor-
pionfish individuals by the localities. At the same time, 28 fish caught off the coast of Foros were
in their own group (97%); only 1 S. porcus was classified by the value of the discriminant function
with the individuals caught off the coast of Malyi Utrish. As for the individuals from Malyi Utrish,
all 25 females (100%) were classified in their own group by the values of the discriminant function.

It is worth noting that observed high degree of discrimination of the black scorpionfish from Foros
and Malyi1 Utrish villages was provided by the characters, the differences between the mean values
of which were statistically significant. It cannot be ruled out that this is a manifestation of modifica-
tion variability. However, it should be noted as follows: according to our data, there are no statistically
significant differences in the body length and mass of female S. porcus from the coastal zones of Foros
and Malyi Utrish, which could primarily be related to differences in trophic conditions and species
population density in these localities.

S. porcus 1s known to lead a sedentary lifestyle [Smirnov, 1986]. Despite the presence of pelagic
eggs in this species [Smirnov, 1986], which can be transported via sea currents, we believe that spa-
tial isolation can play a significant role in the formation of local populations of the black scorpionfish.
This is partly confirmed by the morphological differences revealed. Apparently, in this case, we deal
with a combination of modification and interpopulation variability. However, to verify this assumption,
analysis of genetic markers is required.
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N3MEHYUBOCTDb MOPCKOT'O EPIIA
SCORPAENA PORCUS LINNAEUS, 1758 (SCORPAENIDAE)
13 IBYX MECTOOBUTAHUI B YEPHOM MOPE
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[IpoBenieHO cpaBHUTENBHOE HCCIeJOBaHUE MOP(QOJOTMYECKON U3MEHYMBOCTH CKOPIEHBI Scorpaena
porcus Linnaeus, 1758 w3 OByX OTHAIEHHBIX UYEPHOMOPCKMX MECTOOOUTaHU — MOCENKoB Po-
poc (Kpbivckuit mosmyoctpoB) u Mansiii Ypum (KpacHogapekwuii kpaii). 3-3a mosoBoro tumopdus-
Ma Y MOPCKOTO €pllia ¥ MaJIOro KOJMYECTBa CaMIIOB B IPo0ax AJIsl aHAJIM3a UCIOIb30BAIN TOJIBKO
T0JIOBO3pEBIX caMOK. Beero o0cienoBaHo 54 ckoprieHs! (29 u3 ®opoca u 25 u3 Manoro Yrpuiia).
Hcnonp30Banbl 5 MepucTHUECKUX U 26 MOPOMETPUYECKUX MPU3HAKOB. [I0 MepHCTUYECKUM IpU-
3HAKaM PerMoHajbHbIE pa3nyuus MEXAy caMKaMu cKopriensl u3 ®opoca u Masoro Ytpuiia He oT-
MeYeHbI, TOr/a Kak Mo MopoMeTpuyeckuM (MakcUMaJibHasl BBICOTA TeJa, AJIMHA MEPBOro CIMHHOTO
IUIABHUKA, PACCTOSIHUE MEX[Y I'PYAHBIMU U OPIONIHBIMYU IJIaBHUKAMM, UIMHA pbUIA, JUaMeTp Iiias3a
U JIJIMHA HYDKHEH YeTI0CTH) Pa3inyrsi ObUTH CTATUCTUYECKH 3HAYMMBL. KaHOHMUYEeCKUI IUCK PUMITHAHT-
HBIA aHAJIM3 [OKA3aJl, 4TO CaMKH S. porcus u3 Popoca NpaBUIbHO KIACCU(PULIMPYIOTCSA ¢ TOUHOCTHIO
97 %, a camku u3 Manoro VYrpuma — 100 %. BeickazaHo npeanonoxkeHue, 4To MOJTydYeHHBIE pe-
3yJIbTAaThl SIBJISIOTCS TPOSIBICHUEM MOIU(HUKALMOHHON N3MEHYMBOCTH. MeXIy TeM CyIIeCTBEHHbIX
pa3unii Mexay caMKaMd MOPCKOTO epllia U3 JIByX MECTOHaXOXAEHHUH Mo oOled UIMHe ¥ Macce
TeJla He 3apervCTPUPOBAHO, YTO MOIJIO ObITh OOYCJIOBJICHO Pa3iMYUsMHU B TPOPUIECKUX YCIOBUSX
Y B YUCJICHHOCTH PHIO. DTO 0OCTOSATENLCTBO MOXET CBUIECTEICTBOBAT O HAJIMIUU KOMIUIEKCA MOJIH-
(bUKaIMOHHON M MEXXTIOIYJISILMOHHON N3MEHYMBOCTH Y CKOPIIEHBI U3 UCCIIEI0OBAHHBIX YEPHOMOPCKUX
6uotonoB. HecmoTpst Ha To, 4TO meyaruyeckast MKpa S. porcus MOXeT NepeHOCUThCSI MOPCKUMH Tede-
HUSIMM, IPOCTPAHCTBEHHAS U30JISILIKMS U OTPAHUUEHHOCTh MUTPALIM CHOCOOHBI TPUBECTU K (POPMUPO-
BaHMIO JIOKAJIbHBIX MOMYJISIMA MOPCKOTO epiia. OQHAKO IS POBEPKH HPETIOIOKEeHUsT HEOOXOIUM
aHaJIM3 TeHETUYECKUX MapKEpOB.

KumroueBble caoBa: Scorpaena porcus, Mopdonoruyeckass U3MEHYUBOCTb, MEXIIOMYJISILIMOHHAS
W3MEHYMBOCTb, U30JIsA1Ms, YépHOE MOpe
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Information is given on the finding of the golden goby Gobius xanthocephalus Heymer & Zan-
der, 1992 (Gobiidae, Perciformes) off the southeastern coast of Crimea (the Black Sea), where this
species was not previously recorded. An individual was registered during underwater ichthyological
studies in the Dvuyakornaya Bay water area, in the vicinity of the northeastern tip of the Kiik-Atlama
Peninsula (44°57’N, 35°23’E). The golden goby was recorded at a depth of 8.5 m at the foot of the un-
derwater part of the rocky slope, in a shaded niche among a cluster of boulders. The finding of this
species in the Southeastern Crimea indicates the expansion of its range in polyhaline water areas
of the northern Black Sea.

Keywords: range, Dvuyakornaya Bay, Kiik-Atlama Peninsula

The golden goby Gobius xanthocephalus Heymer & Zander, 1992 (Gobiidae, Perciformes) is a rep-
resentative of the East Atlantic-Mediterranean faunistic complex [Manilo, 2014; Manilo et al., 2013].
This fish is distributed in the Eastern Atlantic along the coast of Portugal and the Canary Islands.
In the Mediterranean Sea, it is common off the coast of France [Manilo, 2014]. In the Black Sea,
the golden goby was recorded for the first time in 1967 in the Kruglaya Bay water area (Sevastopol);
there, 6 individuals were caught. Initially, this species was mistakenly identified as Cabotia schmidti
de Buen, 1930; then, as Gobius auratus Risso, 1810 [Gordina, 1976]. Later, a reidentification showed
that those individuals belong to the species Gobius xanthocephalus [Boltachev et al., 2009; Vasilyeva, Bo-
gorodskii, 2004]. Subsequently, the golden goby was found in the Black Sea off the southeastern [Kar-
pova, Saksaganskii, 2011] and western [Boltachev et al., 2009; Manilo et al., 2013] coast of Crimea,
as well as off the coast of the Caucasus in the vicinity of Abkhazia [Vasilyeva, Bogorodskii, 2004].
In the waters of the Southeastern Crimea, this species has not been previously registered.

On 14 August, 2020, in the Dvuyakornaya Bay water area, in the vicinity of the northeastern tip
of the Kiik-Atlama Peninsula (44°57’'N, 35°23’E) (Fig. 1), during underwater ichthyological observa-
tions, we detected a single individual of this species. The golden goby was found at a depth of 8.5 m
at the foot of the underwater part of the rocky slope, in a shaded niche among a cluster of boul-
ders. The inner area of the niche was covered with sand and shells of large mussels; on the periphery,
there were boulders with sparse vegetation.
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Fig. 1. Spot of finding (marked with —) of the golden goby Gobius xanthocephalus in the Southeastern
Crimea

The golden goby is characterized by a bright color distinguishing it from other gobies in the area.
This fact served as the basis for initial underwater species identification of the individual and for sub-
sequent analysis of the photos taken. The general color background of the fish is pale yellow, lighter
on the belly. Along the entire body, there are narrow longitudinal stripes formed by small, dotted, red-
dish spots. The head to its back is golden yellow. Two parallel red stripes run along the eyes: the first one
along the upper vertical of the eye, while the second one through the pupil. There is a V-shaped strip
from the anterior vertical of the eye to the middle of the upper jaw. The pectoral fins are transparent,
with black spots at the base. On the dorsal fins, the spots form parallel dashed lines. The anal and cau-
dal fins are bluish at their base (Fig. 2). In general, the coloration of the individual corresponds to that
described earlier [Manilo, 2014; Vasil’eva, 2007; Villegas-Rios, Bafién, 2010].

R ¥

Fig. 2. The golden goby Gobius xanthocephalus, the Dvuyakornaya Bay, the Kiik-Atlama Penin-
sula (original photo by P. Donchik)
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The fish stayed near the bottom and moved in short and sharp movements. While the diver was
taking photos, the golden goby was very cautious not to let him get close. As the diver approached,
the fish gradually disappeared into the inner area of the niche.

Based on the fact of the golden goby finding off the southeastern coast of Crimea, one can conclude
on the expansion of the range of this species in polyhaline water areas of the northern Black Sea.

This work was carried out within the framework of IBSS state research assignment “Regularities of formation
and anthropogenic transformation of biodiversity and biological resources of the Sea of Azov—Black Sea basin
and other areas of the World Ocean” (No. 121030100028-0).
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OBHAPYKEHUE 30JIOTUCTOI'O BBIYKA
GOBIUS XANTHOCEPHALUS (GOBIIDAE)
B PAMOHE IOT'O-BOCTOYHOI'O ITIOBEPE Kb KPBIMA
(4YEPHOE MOPE)
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[IpuBenensl cBeeHusi 00 OOHApYKEHHUM 30JI0THCTOro Obluka Gobius xanthocephalus Heymer
& Zander, 1992 (Gobiidae, Perciformes) B paiione 1oro-BoctouHoro nodepexbss Kpeima (Y€pHoe
Mope), TJie paHee JaHHbIA BUj He Haxoauau. OcoOb 9TOro BUja OTMEUeHa MPH MPOBEICHUHU TIO/IBOI-
HBIX UXTHOJIOTMYECKUX MCCIIEAOBAHUI B akBaTtopuu JIBysKOpHOUW OyXThI, Y CEBEPO-BOCTOYHOM OKO-
HEYHOCTH nojiyoctpoBa Kunk-Atnama (44°57” ¢. 1., 35°23° B. 11.). BBIYOK 3aperucTpupoBaH Ha TIIy-
OuHe 8,5 M y TIOIHOXMSI TIOAIBOTHOW YacTH CKAJIUCTOTO CKJIOHA, B 3aTeHEHHOUW HUIIE CPE/Id CKOILIe-
Hus b0, OOHapYyKeHue 30J0THCTOro Obluka B paiione IOro-Bocrounoro Kprima cBunerenscTByer
O pacIIMpeHUH ero apeaia B MOJUTATMHHBIX aKBATOPHUAX CEBEPHOM YacT YEPHOTO MODSI.

KuaroueBrble cioBa: apeai, [IByskopHast OyxTa, nonyoctpoB Kunk-Atiama
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CHRONICLE AND INFORMATION

ON THE 90" ANNIVERSARY OF PROFESSOR OLEG MIRONOYV (1933-2022)

9 March, 2023, marks the 90™ anniversary of the birth
of Oleg Mironov — a well-known hydrobiologist, D. Sc. (1971),
Professor, and organizer of the first marine sanitary hydro-
biology laboratory in the USSR (1964), which was later
transformed into the department (1971).

Almost all his scientific activity was connected with the Se-
vastopol Biological Station (until 1963) and A. O. Kovalevsky
Institute of Biology of the Southern Seas. He worked as a li-
brarian at IBSS even prior to going to university. In 1952, he en-
tered Kirov Military Medical Academy in Leningrad and be-
gan specializing in marine sanitary ecology. Thus, he car-
ried out a range of scientific works aimed at solving medical
and environmental issues for the Black Sea Fleet. When teach-
ing at the general hygiene department at the Grodno State Med-
ical Institute, O. Mironov started active research on the radioac-
tivity levels of environmental objects in the Grodno vicinity.
His studies on radioactivity were continued at IBSS. Here, he carried out a series of works on the biomi-
gration of artificial radionuclides from sea to land (in particular, on strontium-90 and cesium-137
transport into human body by commercial hydrobionts).

In 1963, after defending his PhD thesis in medicine, he began working at IBSS of the Academy of Sci-
ences of the Ukrainian SSR as a junior researcher. In 1964, IBSS scientific council decided to develop
research on marine sanitary biology, and Oleg Mironov organized and headed the laboratory. In 1970,
after defending his D. Sc. dissertation in biology, he launched experimental and field studies, the results
of which are still of great practical and scientific interest.

He concentrated on investigating dangerous pollutants of seas and oceans — oil and oil prod-
ucts. By the mid-1970s, he substantiated the fundamental concept of interaction of marine organ-

isms and their communities with pollution as a part of the general natural process of matter trans-
formation and energy transfer to the marine environment. This concept determined the main re-
search trends of IBSS marine sanitary biology department for decades. Moreover, it formed the ba-
sis of the international program on oil pollution biomonitoring in the Mediterranean basin. His inves-
tigations were of high relevance. This was confirmed by the fact that his team was involved in car-
rying out key state programs and projects, including “The World Ocean”, GIZM, “Environment”,
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and GESAMP (Joint group of experts on the scientific aspects of marine environmental protection).
Our colleagues studied the water areas of the Black, Caspian, and Barents seas, inter alia certain spots
of the Pacific Ocean.

O. Mironov was the first one to analyze the effect of oil and oil products on mass species
of the Black Sea hydrobionts: representatives of phyto- and zooplankton, fish, and benthos. Under ex-
peditionary conditions, new data were obtained on the patterns of distribution, abundance, biochemical
characteristics, and species composition of oil-oxidizing microorganisms in the Black, Mediterranean,
and Red seas, as well as in various areas of the Pacific, Atlantic, and Indian oceans. Extensive studies
of the destructive activity of oil-oxidizing microflora made it possible to calculate the potential ability
of the Black Sea to self-purify from oil pollution.

Oleg Mironov authored the experimentally substantiated concept of the purposeful use of marine
organisms and their communities for the purification of oil-containing (polluted) seawater and for san-
itation of coastal water areas. The concept was implemented: technical hydrobiological systems were
placed in several anthropogenically stressed areas off Sevastopol. This repeatedly confirmed the ap-
plied significance of fundamental research of the marine sanitary hydrobiology department. Cur-
rently, scientific trends laid down by O. Mironov are developed, and the effect of oil and oil products
on the environment is studied in the chemoecology laboratory of IBSS radiation and chemical
biology department.

His contribution to the organization of long-term monitoring studies in Sevastopol coastal and ma-
rine areas is invaluable. In 1973, he was the first to organize complex chemical and biological surveys
of almost all the city bays. The investigations are carried out till now.

The results of his research were summarized in several monographs edited by him: Interaction Be-
tween Sea Organisms and Oil Hydrocarbons (1985), Sanitary-Biological Aspects of the Sevastopol Bays
Ecology in XX Century (2003), and Sanitary-Biological Investigations in Coastal Area of Sevastopol Re-
gion (2009). Those represent a unique and scientifically based anthropogenic history of the region. Oleg
Mironov published more than 400 scientific papers. His works are widely recognized not only in Russia,
but worldwide.

A talented scientist and an excellent organizer, Oleg Mironov created a school of marine sanitary
hydrobiologists—ecologists. Under his scientific supervision, more than 20 PhD theses were defended,
aswell as 1 D. Sc. dissertation. He was an active science communicator — he repeatedly appeared on tele-
vision and gave comments in other media on actual environmental problems of our city and country.
His articles were published in several newspapers and popular science magazines: Native Nature,
Chemistry and Life, Nature, Man and the Element, and so on.

The bright memory of a remarkable scientist and an amazing person will forever remain in the hearts
of his students, colleagues, and friends.

K 90-JIETHEMY IOBIJIEIO IPO®ECCOPA OJIET'A IVIEBOBUYA MUPOHOBA
(1933-2022)

9 mapra 2023 r. ucomHUinock 90 ner co gus poxaenus Onera [medosmua MupoHOBa — KaHAU-
JaTa MEJULMHCKUX U JOKTOpa OMONOrMYecKUX Hayk, mpodeccopa, opranuszaropa nepsoii B CCCP
JMabopaTopuy MOPCKOM CAHUTAPHOM TUIPOOHOJIOTHH, a Takxke aBTopa Oosee yeM 400 myOnukanmii.
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ON THE 80" ANNIVERSARY OF PROFESSOR YURIY TOKAREV

On 19 August, 2023, Yuriy Tokarev would have turned 80.
He was deputy director for research at the Institute of Biol-
ogy of the Southern Seas, scientific supervisor of IBSS, lau-
reate of the State Prize of Ukraine in Science and Technol-
ogy, Honored Worker of Science and Technology of the Re-
public of Crimea, D. Sc., Professor, and head of the biophysical
ecology department.

Yu. Tokarev was born in the city of Poti (Georgian SSR)
into a military family. In 1945, they moved to the city of Se-
vastopol. There, he entered school in 1950 and graduated with
a silver medal in 1960. The same year, he became a stu-
dent of the radio electronics faculty at the Sevastopol Branch
of the Odessa Polytechnic Institute (since 1963, the Sevasto-
pol Instrument Engineering Institute). In 1965, he graduated

with honors and received the qualification of a radio engineer.
In 1967, Yuriy Tokarev was invited to the bioluminescence laboratory of the plankton department
at IBSS of the Academy of Sciences of the Ukrainian SSR to work as a senior engineer. In 1972, he was
elected to the position of a junior researcher in this department; in 1976, he was appointed deputy
director for general affairs. Since 2002, he headed the biophysical ecology department; since 2015,
he was also scientific supervisor at our institute.

In 1990, Yu. Tokarev defended his PhD thesis, and in 2001, his D. Sc. dissertation. Both scientific
works covered biophysical aspects of pelagic ecology.

He published over 250 scientific papers in prestigious domestic and foreign journals, as well
as 8 monographs. He was involved in dozens of scientific projects, from regional to international ones,
and headed some of them. His activities were marked by the award For Scientific Achievements of the Na-
tional Academy of Sciences of Ukraine (2006) and the State Prize of Ukraine in Science and Tech-
nology (2007). Moreover, he was awarded the title of Honored Worker of Science and Technology
of the Republic of Crimea (2011).

Since 19609, participating in numerous scientific expeditions on research vessels and making presen-
tations at international conferences, forums, and symposiums, Yuriy Tokarev visited more than 50 coun-
tries. He worked in the Pacific, Indian, and Atlantic oceans as a head of a scientific group and expedition
scientific secretary, deputy head, and head.
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Yu. Tokarev proposed a new direction in marine research —
biophysical ecology, i. e., study of environmental issues using bio-
physical techniques. It is difficult to enumerate all the achieve-
ments of this scientist and the staff of his department in an im-
portant and promising direction of modern hydrobiology — in bio-
physical ecology of hydrobionts. The main ones are: establishing
patterns of formation of the biological field structure at a small-
scale level, which play a key role in increasing the efficiency
of fishing; development of recommendations and new approaches
for the assessment and rational use of the World Ocean biological
resources; and elaboration of modern hydrobiological terminol-
ogy and new ideas about non-trophic interactions of pelagic com-

munities having great general biological and practical significance.

High demands on himself and others, adherence to principles
in investigations, benevolence, erudition, intelligence, decency, outstanding talent as a scientist, teacher,
and leader, and exceptional human qualities earned Yuriy Tokarev the well-deserved respect of his col-
leagues, graduate students, and junior researchers. Under his supervision, a number of PhD theses were
defended, and several more works were prepared for defense. Being one of the most respected and expe-
rienced professors at IBSS, he taught a course in biophysics at the Sevastopol Technical University, was
involved in various educational and pedagogical activities, and curated the Junior Academy of Sciences
in Sevastopol.

Yu. Tokarev was a talented person with a subtle sense of humor and a profound knowledge in history,
art, literature, music, and sports. He was very passionate about poetry and wrote himself; his poems
always reflected an insatiable thirst for life, optimism, and love for everything beautiful.

IAMATH YYEHOTI'O: K 80-JIETUIO CO JTHA POKIEHIA
IMPOPECCOPA IOPUA HUKOJIAEBUYA TOKAPEBA

19 aBrycra 2023 r. ucnonHmwioch Obl 80 JIET 3aMECTUTENIO AUPEKTOpa IO Hay4yHOW padote
U 3aBenyolieMy otnaesoMm Ouodusndeckorr sxosorun MHBIOM IOpuio Hukonaesuuy TokapeBy.
OH cran aBropom Gojiee yeM 260 myOMKanuil v ObUT aKTUBHBIM YYACTHUKOM HAYUHBIX SKCIIEAUIIVA.
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