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The imbalance between organic matter oxidation and oxygen supply mediates the formation of time-
stable redox zones in the water column. On the shelf, this typically occurs due to the absence of thorough
vertical convection and the formation of localized decomposition zones. The functional mechanisms
of the resistance of certain benthic organisms to such conditions are of particular interest. In this work,
we study a bivalve Anadara kagoshimensis (Tokunaga, 1906) known for its tolerance to hydrogen sul-
fide contamination. Using flow cytometry and light microscopy, we examined the effect of hydrogen
sulfide loading on morphofunctional characteristics of its erythroid cells under experimental condi-
tions. The analysis was carried out on adult specimens with a shell height of 23—34 mm. The control
group of molluscs was kept in an aquarium with an oxygen concentration of 7.0-8.2 mg O,-L™! (nor-
moxia). For the experimental group, oxygen content was first lowered to 0.1 mg O,-L™! for 2 h (via
nitrogen bubbling); then, Na,S was added to water to a final concentration of 6 mg S?"-L™!. Exposure
to hydrogen sulfide revealed a significant increase in the volume of erythroid cells in A. kagoshimen-
sis hemolymph (more than 40%, p < 0.01) accompanied by a substantial rise in fluorescence intensity
of rhodamine 123 (R123) and 2’-7’-dichlorofluorescein-diacetate (DCF-DA) (2-3-fold, p < 0.01). This
evidences for enhanced oxidative processes within cells and their possible lysis. The latter one may facil-
itate the release of hematin-containing granules, and hematin is capable of neutralizing sulfides. The ob-
served response seems to be an adaptive one. A rise in values of side scatter and SYBR Green I fluo-
rescence reflects an increase in abundance of granular inclusions within red blood cells under hydrogen
sulfide loading and a gain in the functional activity of their nuclei.

Keywords: Anadara kagoshimensis, hydrogen sulfide, hemolymph, erythroid cells, morphology,
flow cytometry
A Pacific bivalve Anadara kagoshimensis (Tokunaga, 1906) was first recorded off the coast

of the Caucasus in 1968 [Kiseleva, 1992]. Currently, its abundant populations are primarily registered
along the Caucasian and Romanian coasts of the Black Sea [Revkov, 2016]. This mollusc is actively colo-
nizing the Sea of Azov shelf [Zhivoglyadova et al., 2021], and it has already become one of the dominant
benthic forms [Revkov, 2016]. Such a rapid expansion of the Sea of Azov—Black Sea region is attributed
to the species adaptive plasticity, particularly the ability to survive under low oxygen levels and hydrogen
sulfide contamination.
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Specialized studies have shown that A. kagoshimensis can maintain high energy levels in its tissues
under acute hypoxia [Cortesi et al., 1992]. At the same time, the intensity of aerobic metabolism in its tis-
sues is much lower compared to that of other bivalves [Andreenko et al., 2009]. The mollusc is resistant
to hydrogen sulfide in water [Miyamoto, Iwanaga, 2017], and this is partly attributed to the presence
of hematin-containing granules in its hemolymph cells [Holden et al., 1994; Vismann, 1993]. The density
of these inclusions was shown to increase noticeably under experimental hydrogen sulfide loading [Solda-
tov et al., 2018].

Certain effects have also been revealed in the response of A. kagoshimensis cellular systems to hypoxia
and presence of hydrogen sulfide [Soldatov et al., 2018, 2021]. Those primarily concern the functional
morphology of cells: volume, specific surface area, and nuclear—cytoplasmic ratios. The present research
continues earlier studies.

We aimed at assessing the effect of hydrogen sulfide on functional characteristics of erythroid
cells in Anadara kagoshimensis hemolymph under in vivo experimental conditions using flow cytometry
and light microscopy.

MATERIAL AND METHODS

Adult A. kagoshimensis specimens were studied. Bivalves were sampled in the Laspi Bay
(the Crimea). Shell height ranged 23 to 34 mm (measured from the hinge to the valve edge).

Experimental design. The molluscs were divided into two groups: the control and the experimen-
tal ones. The control group was kept at an oxygen concentration of 7.0-8.2 mg O,-L™". In the experi-
mental group, oxygen content was lowered to 0.1 mg O,-L™! for 2 h (via nitrogen bubbling); then, Na,S
was added to water to a final concentration of 6 mg S*-L™!. The presence of sulfide ions increased water
alkalinity, and it was compensated by using 0.1 N HCI. Values of pH were stabilized at 8.2—8.3. Molluscs
of both groups were kept under these conditions for 48 h. Water temperature was of +17...420 °C.

Oxygen levels were monitored with a portable dissolved oxygen meter DO Meter ST300D (Ohaus,
the USA). Values of pH were measured with a pocket pH-meter InoLab pH 720 (Germany). Sulfide
ion concentration in water was determined potentiometrically with a sulfide-selective MSBS sensor
(the Netherlands).

Hemolymph sampling. Hemolymph was sampled via syringe puncture of the extrapallial space.
Heparin (Richter, Hungary) served as an anticoagulant. The obtained sample was divided into two parts.
The first one was used to prepare smears. The second part was washed via centrifugation three times
[500 g, 5 minutes, +4 °C, Eppendorf 5424 R refrigerated centrifuge (Germany)] to remove plasma.
The cells were resuspended in sterile seawater. The obtained samples were used for cytometric studies.

Flow cytometry. A part of the erythrocyte suspension was stained with SYBR Green I (Sigma
Aldrich, the USA). The final concentration in the sample was of 10 uM; the incubation in the dark lasted
for 40 min. The fluorescence of this DNA dye was analyzed in the FL.1 channel (excitation at 497 nm,
emission at 521 nm). The pattern of distribution of cells in the suspension was classified based on their
relative size: by forward scatter (FS) and side scatter (SS).

The spontaneous production of reactive oxygen species by erythrocytes was assessed by fluorescence
of 2°,7-dichlorodihydrofluorescein diacetate (DCF-DA, Sigma Aldrich). Thus, 1 mL of the erythrocyte
suspension was incubated with 10 uL. of DCF-DA solution for 40 min in the dark. The final dye con-
centration in the sample was of 10 uM. Its fluorescence was analyzed in the FL1 channel (excitation
at 485 nm, emission at 525 nm).

Marine Biological Journal 2025 Vol. 10 No. 3



Erythroid cells in the hemolymph of a bivalve Anadara kagoshimensis (Tokunaga, 1906)... 5

Changes in the mitochondrial membrane potential of erythrocytes were monitored by fluorescence
intensity of cells stained with rhodamine 123 (R123) (Molecular Probes, the USA). Erythrocytes were
R123-stained for 40 min. The dye concentration in the sample was of 2.5 uM. Fluorescence intensity
was measured in the FL1 channel (excitation at 508 nm, emission at 528 nm).

All measurements were carried out on a Cytomics FC 500 flow cytometer (Beckman Coulter,
the USA) equipped with a single-phase argon laser (wavelength of 488 nm).

Light microscopy. The part of the hemolymph used to prepare smears was stained by the combined
Pappenheim method (May—Griinwald + Romanowsky—Giemsa) [Zolotnitskaya, 1987]. Then, this part
was used to assess the morphometric characteristics of red blood cells. Under a Biomed PR-2 Lum
light microscope (magnification 100x, China—Russia) equipped with a Levenhuk C NG Series camera,
large and small diameters of cells (C; and C,, respectively) and their nuclei (N; and N;) were measured
from photographs (ImageJ 1.44p software). The sample size was 100 cells per smear. Based on ob-
tained values and using established algorithms, mean cell volume (V.) [Houchin et al., 1958], nuclear
volume (V,,) [Tascd, 1976], and nuclear—cytoplasmic ratio (NCR) were calculated:

2
V. = 0.7012 - (@) htV,

V :W’NI'N22
n 6 k4
V
NCR = —.
V

C

Statistical processing. Data are presented as M * m. Statistical comparisons were made using
the Mann—Whitney U test. Difference was considered significant at p < 0.05. The data were processed
and visualized in MS Office Excel 2010. Sample sizes are shown in the graphs.

RESULTS

Flow cytometry. The analysis of forward scatter (FS) and side scatter (SS) in suspensions of ery-
throid cells under hydrogen sulfide loading revealed an increase in both parameters (Fig. 1). In the case
of SS, the differences were statistically significant (p < 0.001).
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. ter (SS) of suspensions of erythroid cells in Anadara kagoshi-
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A noticeable rise in fluorescence intensity in the presence of H,S was observed for SYBR Green I,
R123, and DCF-DA as well (Fig. 2): 1.7-fold (p < 0.05), 1.9-fold (p < 0.01), and 3.2-fold (p < 0.001),
respectively.
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Fig. 2. Fluorescence intensity of SYBR
Green I, R123, and DCF-DA suspensions
of erythroid cells in Anadara kagoshi-
mensis hemolymph under hydrogen sul-
fide loading (*, p < 0.05; **, p < 0.01;
**% p<0.001)
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Morphometry of erythroid cells. As revealed, under hydrogen sulfide loading, there was an increase
in cell volume and the number of granular inclusions in cells (Fig. 3). It was confirmed by morphome-
tric data. Longitudinal and transverse axes of erythroid cells (C; and C,) were increased by 20-21%
(p <0.05 for C,) (Fig. 4). There was a boost in cell volume as well: by more than 40% (p < 0.01). Nuclei
exhibited similar changes, but those were weakly expressed (p > 0.05) (Fig. 5). The calculation of NCR
also revealed no statistically significant shifts: the values for the control group were of (0.120 £ 0.020),
and for the experimental one, (0.090 % 0.004).
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Fig. 3. Erythroid cells in Anadara kagoshimensis hemolymph (A, normoxia; B, hydrogen sulfide
contamination)
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DISCUSSION

The results of our experiment showed that hydrogen sulfide loading induced distinct alterations in ery-
throid cells of A. kagoshimensis hemolymph: an increase in cell volume, a rise in SS of cell suspensions,
and a boost in fluorescence intensity of SYBR Green I, R123, and DCF-DA.

Typically, the presence of hydrogen sulfide in marine environment co-occurs with acute hypoxia,
with the latter one known to induce erythrocyte swelling [Holk, 1996; Nikinmaa et al., 1987]. Ear-
lier, we observed similar responses in A. kagoshimensis under both hypoxia alone and its combined
effect with hydrogen sulfide [Soldatov et al., 2018]. In fish erythrocytes, hypoxia activates Na'/H" an-
tiporters [Salama, Nikinmaa, 1990; Val et al., 1997]. This reaction is further amplified by catecholamines
(e. g., adrenaline and noradrenaline), and their production can be enhanced under experimental loading.
Nuclear erythrocytes were shown to contain f3-adrenergic receptors through which hormones stimulate
cAMP production in cells [Salama, Nikinmaa, 1990; Val et al., 1997]; typically, this results in a cell vol-
ume increase by 5—-6% only [Nikinmaa et al., 1987]. Importantly, in our study, cell volume rose by more
than 40%. This often precedes the apoptosis characterized by production of cell fragments called apop-
totic bodies [Manskikh, 2007]. Our previous studies documented lysis of erythroid cells in A. kagoshi-
mensis under hydrogen sulfide loading [Soldatov et al., 2018]. This reaction seemed to be an adaptive one,
as it was accompanied by the release of granular inclusions capable of neutralizing sulfides [Holden et al.,
1994; Vismann, 1993].

Marine Biological Journal 2025 Vol. 10 No. 3
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The observed rise in SS we recorded aligns well with the increased cytoplasmic granularity of ery-
throid cells, as visually confirmed earlier in hydrogen sulfide—exposed A. kagoshimensis [Soldatov et al.,
2018]. These granules contain hematin [Vismann, 1993] which reacts with sulfides to form sulfur:

2Fe3T + 352 — Fe, S5,
2FeyS5 4+ 304 = Fe,O5 + 650 .

Given that sulfur accumulation has been recorded in other marine invertebrates exposed to sulfides
[Powell et al., 1980], similar reactions may occur in A. kagoshimensis hemolymph.

The increase in SYBR Green I fluorescence intensity in A. kagoshimensis erythrocytes in the presence
of hydrogen sulfide we registered is currently difficult to interpret, since the mechanism of interaction
between this fluorochrome and DNA molecule is not fully known. However, several authors suggest that
in most cases, this phenomenon reflects enhanced functional activity of the cell nucleus [Cerca et al.,
2011]. Given that the volume of nuclei in A. kagoshimensis erythroid cells increased under H,S loading
alongside with cytoplasmic granularity of the cell, we may reasonably accept this perspective as a working
hypothesis.

A significant rise in R123 and DCF-DA fluorescence in erythroid cells of the mollusc’s hemolymph
under hydrogen sulfide loading we observed indicates an increase in mitochondrial membrane potential
and levels of reactive oxygen species. Overall, this evidences for a substantial intensification of oxidative
processes within cells which would likely lead to their lysis. The previously noted excessive increase
in cell volume seems to reflect this process. The destruction of these cells is accompanied by the release
of hematin-containing granular inclusions, and hematin is capable of neutralizing sulfides in A. kagoshi-
mensis hemolymph. This response appears to be an adaptive mechanism specific to red blood cells.
In other somatic tissues (gills, hepatopancreas, and foot muscle), it is virtually absent [Soldatov et al.,
2022].

Conclusion. Experimental findings revealed as follows: under hydrogen sulfide loading, the volume
of erythroid cells in Anadara kagoshimensis hemolymph significantly increased and was accompanied
by a substantial rise in R123 and DCF-DA fluorescence. This indicates enhanced oxidative processes
in cells and their possible lysis. The latter one seems to facilitate the release of hematin-containing
granular inclusions, and hematin is capable of neutralizing sulfides. This observed response appears
to have an adaptive significance. An increase in side scatter and SYBR Green I fluorescence evidences
for a higher number of granular inclusions in erythroid cells in the presence of hydrogen sulfide, as well
as elevated functional activity of their nuclei.

This work was carried out within the framework of IBSS state research assignment ‘Functional, metabolic,
and molecular genetic mechanisms of marine organism adaptation to conditions of extreme ecotopes of the Black
Sea, the Sea of Azov, and other areas of the World Ocean” (No. 124030100137-6).
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ANADARA KAGOSHIMENSIS (TOKUNAGA, 1906)
B VCJIOBHUAX CEPOBO/IOPOJHOM HATPY3KH:
MNPOTOYHAA INTOMETPUA U CBETOBAS MUKPOCKOIINA
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'®I'BYH OUILL «MucTuTyT 6UoJI0rUK 10kHBIX Moper umenu A. O. KoeaneBckoro PAH»,
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Hapyienue 6anaHca Mexy OKMCIICHHEM OPraHUYeCKOro BEIeCTBA U MOCTYIIEHHEM KUCIIOpOAa Mpu-
BOJUT K (hOPMHUPOBAHUIO B BOJHOM TOJIIIE YCTOMYMBBIX BO BpeMeHHU peljoKc-30H. Ha menbde 310 00b14-
HO ITPOUCXO/IUT BCJIEACTBUE OTCYTCTBUSI CKBO3HOM BEPTUKAIBLHOW KOHBEKIIUK 1 0OPA30BAHUS JIOKAITh-
HBIX 30H THUEHUSI MEPTBOTO OPTaHNIECKOTo BelecTBa. PyHKIIMOHATBHBIE ACTIEKTH YCTOMYMBOCTH Psi-
Ja OEHTOCHBIX OPTaHU3MOB K TIOIOOHBIM YCIIOBHSIM MTPEACTABIIAIOT ONpPeIeIEHHBIN nHTepec. B HacTo-
smel paboTe McceloBaH JBYCTBOpYATHId MOJLTIOCK Anadara kagoshimensis (Tokunaga, 1906), cno-
COOHBIT TIEPEHOCUTD YCIIOBHSI CEPOBOIOPOIHOTO 3apaxeHus. [Ipy MoMoIIy MeToJ0B TPOTOYHOH ITUTO-
METPHHU 1 CBETOBOI MUKPOCKOIIMHU SKCIIEPUMEHTAJIBHO U3YUYEHO BIIMSHUE CEPOBOIOPOAHON HArpy3KH
Ha MOP(O(]YHKIIMOHATLHBIE XapAKTEPUCTUKU SPUTPOUAHBIX JIEMEHTOB MOJUTIOCKA. PaboTa BBINOI-
HEHa Ha B3POCJIBIX 0CO0SIX C BBICOTOM pakoBuHb 23—34 mm. KoHTposbHyto rpymiy A. kagoshimensis
coliepkaiu B akBapvyMe ¢ KOHIeHTparyeit kuciopoaa 7,0-8,2 mr O,-n~! (HopMokcus). V onbITHO#M
I'PYTINBI CHAYasIa B TedeHue 2 4 MOHMKaIM YPoBeHb Kucaopoa o 0,1 Mr O,-n~! (6ap6oTax Bobl a30-
ToM). 3ateM B BoAy BHOCHIH Na,S 10 (puHanbHO# koHuenTpamuu 6 Mr S>~ -1~ !, TIpu Hanmuuuu cepoBo-
JI0OpO/ia BBISIBJIEH 3HAUMTEIIbHBIN POCT 00BbEMA IPUTPOUIHBIX JIEMEHTOB TeMOMM(bI aHanaphl (Oonee
40 %, p < 0,01), mpoucxoasuii Ha (hOHE CYIIECTBEHHOTO MOBHIINIEHNS BETMYUHBI (DITyOpECLISHIINH PO-
mamuHa 123 (R123) u 2’-7'-muxnopduayopecrienn-auarierara (DCF-DA) (2-3 pa3za, p < 0,01), uro ort-
pakaeT yCUJIeHUe OKUCIUTEbHBIX TPOLECCOB B KJIETKAX U UX BO3MOXKHBIN u3uc. [locnenHuil no3so-
JISIET OCBOOOXK/IaTh TPaHYJIbI, COJepKaIlie TeMaThH, KOTOPBIA CIIOCOOEH HEUTPaIU30BaTh CYJIb(DUIHL.
OTMeueHHas1 peakiysi, TIO-BUAMMOMY, UMeeT aJlaliTUBHOE 3HaueHue. PocT BenmurH GOKOBOTO CBETO-
paccesHus u piryopectieHunn SYBR Green I oTpakaeT yBennueHre Yncia rpaHyJ/IpHbIX BKIIOUEHUI
B KJIETKaX KPaCHOHM KPOBY MPH HAJIMYUH CEPOBOJOPO/A U MOBBIIIEHNE (DYHKIIMOHATBHON aKTUBHOCTH
Ux sjep.

KuroueBrnlie cioBa: Anadara kagoshimensis, cepoBoiopof, reMojauMda, SpUTPOUIHBIE JIEMEHTBI,
MopoJIoTHs, MPOTOYHAS ITUTOMETPHS
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The relevance of research on species new to regions is governed by their interaction with species of local
ecosystems, as it may be negative in some instances. The aim of this work is to clarify the morphology
and variability of some parameters of body and appendages of adult males and females of Stenothoe
cf. tergestina which is similar to Stenothoe tergestina (Nebeski, 1881) but has some morphological
differences not allowing to classify them as different species. Methods of morphology investigations
and analysis under both light and electron microscopes were used. A detailed description of adult
S. cf. tergestina females and males, their appendages, and the sex structure of the population from foul-
ing of constructions of a mussel-and-oyster farm near Sevastopol is provided. New data on the discov-
ered taxon were comparatively analyzed with similar data from other habitats to clarify the species affil-
iation. The variability of several morphological traits was revealed. The length of females in the popula-
tions exceeded the length of males. The finding of individuals on various substrates evidences for high
adaptability of the species to this habitat.

Keywords: Amphipoda, Black Sea, Stenothoe cf. tergestina, morphology

Since 1999, in the Black Sea, several Amphipoda species have been recorded previously unknown
in this region [Grintsov, 2003a, b, 2009a, b, 2010, 2011, 2018, 2021].

The relevance of research on species new to regions is mediated by their interaction with species of lo-
cal ecosystems, as it may be negative in some instances. To date, three species of the genus Stenothoe
Dana, 1852 have been reported for the Black Sea: Stenothoe monoculoides (Montagu, 1813) [Greze,
1977, 1985], Stenothoe marina (Spence Bate, 1857) [Grintsov, Sezgin, 2011], and Stenothoe cf. ter-
gestina [Grintsov, 2024]. S. marina is distributed along the coast of Turkey. S. monoculoides inhab-
its the entire Black Sea area. Since 2018, we register S. cf. fergestina in high abundance (males, fe-
males, and juveniles) on structures of a mussel-and-oyster farm (the outer roadstead of Sevastopol).
These amphipods occur within a depth range of 0—10 m in all seasons.

The aim of this work is to clarify the morphology and variability of some body and appendage
parameters of adult Stenothoe cf. tergestina males and females.

MATERIAL AND METHODS

Periphyton was sampled manually in 2018-2024 from constructions of the mussel-and-oyster farm
located on the outer roadstead of Sevastopol, from a depth of 0-5 m.
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Periphyton was kept in freshwater for 10 min and separated from the substrate. The resulting wash
was filtered through a mill sieve with a mesh size of 0.5 mm and fixed with 96% ethanol. In a labora-
tory, amphipods were identified under a light binocular microscope MBS-9 (Russia) at a magnification
of 8 x2 and 8 x4 and a microscope Mikmed-5 (Russia) at 10 x4 and 10 x 10. Species-specific features
were analyzed [Greze, 1985; Grintsov, Sezgin, 2011; Krapp-Schickel, 1993]. Measurements were car-
ried out with an eyepiece micrometer for MBS-9. Micrographs of the habitus and body details of adult
Amphipoda males and females were taken under a scanning electron microscope (hereinafter SEM)
Hitachi SU3500 (Japan) by the author of the work and the head of the IBSS microscopy laboratory
V. Lishaev.

During late August—early September 2024, ratios of juveniles and adults of this amphipod,
as well as males and females, were determined in 35 samples; 981 ind. were analyzed. In total,
more than 10,000 ind. of S. cf. tergestina have been studied since 2018.

Morphological variability was assessed on 30 adult males and females. The following traits were
analyzed: the body length (in mm), the ratio of antenna I length and antenna II length (LAI/LAII),
the ratio of the length of the stalk of antenna II and the length of its flagellum (LAIISt/LAIIF]),
the ratio of the maximum width of coxal plates II and III (CoxIl/CoxIII), and the ratio of the telson
length and the uropod III length (LTI/LUIII). All ratios were calculated for the left side of the body.
The arithmetic mean, standard deviation, minimum value, and maximum value were determined as well.

RESULTS AND DISCUSSION
Description of Stenothoe cf. tergestina morphology. Female (Fig. 1), length 4.50 mm, 6 eggs.

Fig. 1. Habitus of an adult Stenothoe cf. tergestina female (a scanning electron microscope). Scale line
is 1 mm; from [Grintsov, 2024]

Head. Rostrum small. Eyes 0.15 mm, 3.33 times shorter than head length. Rounded, white in ethanol.
Interantennal lobes trapezoidal.

Antenna I. Length 1.40 mm. Peduncle: ratio of lengths of 1:2:3 segments (articles) — 1.0:0.8:0.5;
thickness of segments decreases successively from the 1! to the 3" one; the 1% segment slightly narrows
distally; a seta extero-laterally, a spine ventro-distally; the 2™ segment cylindrical, setae intero-laterally
and distally, spines ventrally; the 3" segment cylindrical, setae distally. Flagellum longer than peduncle,
includes 14 segments; segments with setae and aesthetasc sensillae distally.
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Antenna II. Length 1.40 mm. Peduncle: ratio of lengths of 3:4:5 segments — 0.5:1.0:1.0;
the 3" segment almost round, inflated, with curved spines intero-ventrally; the 4™ segment cylindri-
cal, slightly curved, spines extero-laterally, intero-laterally, and distally; the 5™ segment slightly curved,
spines and setae extero-laterally, intero-laterally, and distally. Flagellum longer than peduncle, includes
15 segments, segments with setae distally.

Mouthparts. Epistome and labrum. Labrum with a deep notch on ventral margin (Fig. 2A).

Fig. 2. Mouthparts of an adult Stenothoe cf. tergestina female (a scanning electron microscope). A, upper
lip; B, right mandible; C, maxilla I; D, maxilla II; E, maxilliped. Scale lines are 0.1 mm; original photo

Right and left mandibles (Fig. 2B). Cutting edge with 6 denticles. Additional plate short, with 4 den-
ticles. Row of denticles with 2 setae. Molar in the form of a small tubercle with setae. Labium. In-
ner and outer lobes fused and pubescent distally. Maxilla I (Fig. 2C). Inner lobe small, rounded, with
1 long seta; outer lobe several times larger than inner lobe, with strong spines distally. Palp 2-articulate,
the 2" segment twice longer than the 1°%; the 2" segment of palp with setae and spines along mar-
gin. Maxilla II (Fig. 2D). Inner lobe almost not expressed. Outer lobe convex along margin, with setae.
Maxillipeds (Fig. 2E). Inner lobes small, much smaller than the 1% segment of palp, with 2 setae dis-
tally. No outer lobes. Palp 4-articulate, the 4™ segment claw-like. Ratio of lengths of 1:2:3:4 seg-
ments — 1.0:1.0:1.2:1.0; the 1%, 2", and 3™ segments with setae along inner margin. Pereon.
Width of segments increases from the 1% to the 7™ one. Cuticular structures not expressed.

Gnathopod I (Fig. 3A). Coxal plate small, almost completely hidden by coxal plate II, rectangular
in shape, with sparse small setae on ventral margin. Basipodite 1.1 times longer than ischium, propodus
slightly narrowed in middle part, anterior margin proximally convex, subdistally with a notch, middle
part of posterior margin straight; a tiny seta intero-distally. Ischium equal to merus in length, curved.
A small seta in middle part of posterior margin. Merus 0.8 times as long as carpus; posterodistally forms
a lobe with a brush of tiny setae at distal end and several larger setae and spines. Carpus 0.4 times as long
as propodus, convex at anterior margin and with a small lobe posterodistally; setae and spines distally
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on a lobe. Propodus twice as long as claw, subtly trapezoidal; anterior margin convex, with several setae,
posterior margin straight, shorter than anterior margin, inner plane with several setae. Claw-side palmar
margin slightly convex, with spines and setae, the largest spines are locking. Claw equal to claw-side
palmar margin, with several setae.

Fig. 3. Gnathopodes of an adult Stenothoe cf. tergestina female (a scanning electron microscope).
A, gnathopod I; B, gnathopod II. Scale lines are 0.1 mm; original photo

Gnathopod II (Fig. 3B). Larger than gnathopod 1. Coxal plate elongated dorsoventrally, widens ven-
trally, anterior and ventral margins convex, posterior concave, small spines posterodistally. Basipodite
twice as long as ischium + carpus, widens distally, curved toward distal end, anterior margin weakly con-
vex proximally, concave distally, posterior margin straight proximally, convex distally, setae posterodis-
tally and distally. Ischium 0.9 times as long as merus, curved, anterior margin concave, posterior margin
convex; one seta in middle part and one distally on posterior margin. Merus slightly larger than carpus,
forms a triangular lobe along entire posterior margin, posterior margin convex; setae in posterodistal
angle of posterior margin. Carpus 0.4 times as long as propodus, anterior margin convex, posterior mar-
gin with a narrow long lobe; 2 setae and 1 spine at distal end of lobe. Propodus 1.8 times the length
of claw, oval, anterior margin convex proximally and straighter distally, posterior margin uniformly
convex, with a small notch proximally; anterior margin with setae distally, posterior margin with setae
and spines. Claw-side palmar margin about 0.5 times the length of inner margin, uniformly convex, with
setae and spines, the largest spines are locking. Claw equal to claw-side palmar margin; setae on outer
and inner margins, a denticle at distal end.

Pereopod III (Fig. 4A). Coxal plate III rectangular, elongated dorsoventrally, anterior and ventral
margins convex, posterior margin concave; small spines along posterior margin. Basipodite 0.8 as long
as ischium — propodus, curved, widening distally, anterior margin proximally convex, distally concave,
posterior margin convex, setae in distal half of posterior margin, a seta entero-distally. Ischium 0.7 as long
as merus, curved, anterior margin proximally concave, distally convex, posterior margin convex; setae
in middle part of posterior margin. Merus equal to carpus in length, anterior margin forms a convex
lobe, with its distal end not reaching middle part of carpus, a lobe ends in 3 different-sized spines, a seta
in proximal part of a lobe; posterior margin convex proximally and concave distally, a seta in middle
part of margin and distally. Carpus 0.7 as long as propodus, convex along anterior margin and straight
along posterior one; spines along posterior margin and distally. Propodus 1.7 times the length of claw,
slightly curved, convex along anterior margin and concave along posterior one; small setae along anterior
margin and developed spines along posterior margin. Claw with no cuticular structures.
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Fig. 4. Pereopodes of an adult Stenothoe cf. tergestina female (a scanning electron microscope).
A, pereopod III; B, pereopod IV; C, pereopod V; D, pereopod VI. Scale lines are 1 mm; original photo

Pereopod IV (Fig. 4B). Similar in size to pereopod III. Coxal plate IV the largest, trapezoidal, width
exceeds height; anterior, ventral, and posterior margins convex, with no cuticular structures. Basipodite
equal to ischium + carpus in length, straight, not widen distally, spines distally and along posterior margin,
especially in its distal half. Ischium + claw same as in pereopod III, but with more massive spines.

Pereopod V (Fig. 4C). Slightly longer than pereopod IV. Coxal plate V bilobed, posterior lobe longer
and thinner, anterior lobe slightly convex, with setae. Basipodite + merus as in pereopod IV, but cuticular
structures more developed. Carpus widens distally, armature similar to that of pereopod IV, but more
massive; propodus + claw similar to those of pereopod IV, but cuticular structures more massive.

Pereopod VI (Fig. 4D). Slightly longer than pereopod V. Behind, coxal plate VI forms oval-elongated
lobe with small spines along anterior margin. Basipodite equal to ischium + merus in length, convex along
anterior margin; along posterior margin, forms a convex lobe, finely scalloped along margin and reaching
a third of ischium; short, strong spines along anterior margin. Ischium 0.5 as long as merus, convex along
anterior margin, with a proximal notch along posterior margin; spines along anterior margin. Merus equal
to carpus in length, anterior margin straight, a convex lobe on posterior margin, with distal end of a lobe
not reaching middle part of carpus; spines along anterior and posterior margins, the largest at distal end
of alobe. Carpus 0.9 times as long as propodus, widens distally, anterior margin straight, posterior margin
convex; spines along anterior margin and distally. Propodus 1.5 times longer than claw, slightly curved;
setae along posterior margin, strong spines along anterior margin. Claw with no cuticular structures.

Pereopod VII. Slightly larger than pereopod VI. Behind, coxal plate VII forms a small, irregularly
rounded lobe. Basipodite 0.9 times as long as ischium + propodus, a lobe on posterior margin reaches half
of the length of ischium. Rest of morphology and cuticular structures similar to those of pereopod VI.

Pleone (see Fig. 1). All segments of pleone equal in width. Epimeral plate 1 the smallest, ven-
trally convex. Epimeral plate II medium-sized, ventral margin convex, posterior margin almost straight.
Epimeral plate III the largest, ventral margin convex, an outgrowth formed ventro-distally, posterior
margin concave.

Urosome (see Fig. 1). The 1% segment significantly wider than other ones. Cuticular structures
not expressed.
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Uropod I (Fig. 5A, UI). Longer than uropod III. Peduncle longer than rami; spines extero-dorsally
and distally, a small denticle formed distally below rami. Rami equal in length and pointed terminally,
spines only dorsally, no terminal spines.

Fig. 5. Pereopodes of an adult Stenothoe cf. tergestina female (a scanning electron microscope). A, urosome
with uropodes; B, telson (lateral view); UI-UIII, uropodes I-III. Scale lines are 0.1 mm; original photo

Uropod II (Fig. 5A, UII). Peduncle equal in length to inner ramus, spines extero-dorsally.
Outer branch slightly shorter than inner one, both branches pointed terminally, with spines dorsally,
no terminal spines.

Uropod III (Fig. SA, UIII). Slightly shorter than uropod II. Peduncle shorter than single ramus, ta-
pering distally, with strong spines dorsally. Ramus with 2 segments of equal length, the 1*' segment with
spines dorsally, the 2" segment pointed at end and with no cuticular structures.

Telson (Fig. 5B). Entire, tapering distally, with convex margins and strong spines along margins.

Male (Fig. 6A), length 3.00 mm (distinctive sexual characteristics).

Fig. 6. Habitus (A) and rami of uropodes III (B) of a Stenothoe cf. tergestina male (a scanning electron
microscope). Scale lines are 1 mm (A) and 0.1 mm (B); from [Grintsov, 2024]

Gnathopod II. Propodus equal to basipodite or slightly longer.

Uropod III (Fig. 6B). The second terminal segment of ramus with a different shape than in females:
sharply swollen proximally and sharply tapering distally. Dorsally with a notch covered with rows of tiny
hairs.
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Analysis of individual variability of several traits showed as follows: the ratio of the length of the stalk
of antenna II and the length of its flagellum (LAIISt/LAIIFI) is subject to higher variability in both
adult males and adult females (Table 1). Analysis of Pearson’s paired correlation between the length
of an individual and the studied ratios revealed no significant correlations in either females or males.
Besides the above-mentioned ratio (LAIISt/LAIIFI), the ratio of the lengths of antenna I and antenna II
is noteworthy. In some females, antenna I predominates in length, in others, antenna II (see Table 1),
although in general, antenna I prevails in length. In males, either antennae are equal or antenna I
predominates (Table 1).

Table 1. Values of individual variability of morphological traits in adult Stenothoe cf. tergestina males
and females

Morphological trait Males Females
Body length 2.15-3.25 2.50-4.35
272 +£0.28 3.06 £ 0.47
LAV/LAII 1.00-1.41 0.89-1.56
1.16 £0.09 1.16 £0.15
LATISYLAIIF] 0.44-1.05 0.50-1.38
0.72 £0.12 0.75+0.17
CoxIl/CoxII 1.05-1.39 1.02-1.50
1.24 £ 0.07 1.15+0.09

LTYLUII 0.52-0.77 0.46-0.67
0.64 + 0.06 0.57 £0.06

Note: the range of values (min—max) is above the line; the mean + standard deviation is below the line. Abbreviations
are explained in “Material and Methods” section.

Ecology. The species was found on various substrates of the marine farm structures: in oyster cages,
on ropes, fastening elements, buoys, in Bivalvia druses, on Hydrozoa and Bryozoa colonies, and among
several macrophytes. S. cf. fergestina settlements are female-dominated. The analysis of 35 samples
(646 females and 335 males; 981 adult individuals in total) showed that females prevailed in 30 samples,
the abundance of males and females was equal in 3 samples, and males predominated in 2 samples.
In the overwhelming majority of the samples (30 out of 35), adult amphipods prevailed (981 adult
individuals and 406 juveniles).

Conclusion. Clarifying the morphology of adult Stenothoe cf. tergestina females and males allows
for comparing its representatives found on structures of a marine farm with individuals of various species
of this genus from other habitats. For adults of both sexes, variability of several morphological traits
was revealed reflecting the degree of their variability; this can be useful in comparative studies on the mor-
phology of the genus Stenothoe. The analysis of the sex structure of adult individuals uncovered the pre-
dominance of females in settlements, and the investigation of the size composition of the population
showed that the length of females exceeded that of males. The results of the study evidence for a high
degree of adaptability of representatives of this taxon: those are capable of living in various communities
and inhabiting different types of substrates.

This work was carried out within the framework of IBSS state research assignment “‘Comprehensive study

of the functioning mechanisms of marine biotechnological complexes with the aim of obtaining bioactive substances
from hydrobionts” (No. 124022400152-1).
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MOP®OJIOI'NA STENOTHOE CF. TERGESTINA (NEBESKI, 1881)
(CRUSTACEA, AMPHIPODA, STENOTHOIDAE),
HEJABHEI'O BCEJIEHIIA B YEPHOE MOPE

B. A. I'punnios

®I'BYH PULL «MucTuTyT GMosoruu 10xkHbX Mopeld umMenn A. O. Kosanesckoro PAH»,
Cesactononb, Poccuiickas ®enepanust
E-mail: vgrintsov@gmail.com

AKTyaJIbHOCTb UCCJICIOBAHUI HOBBIX /151 PETHOHOB BUIOB 00YCJIOBJIEHA MX B3aUMOJIECHCTBHEM C BU/Ia-
MU MECTHBIX 9KOCHCTEM, KOTOpOE MOPO MOKET MMeTh HeraTHUBHBIN XapakTtep. Llens HacTosei pado-
TBl — YTOYHUTH MOPQOJIOTHIO U BapruadeIbHOCTh HECKOJIBKUX MAPaMeTPOB TeJla M KOHEYHOCTeH B3poc-
JIBIX CaMLIOB U CaMOK Stenothoe cf. tergestina, KOTOpbiil cxofieH ¢ Stenothoe tergestina (Nebeski, 1881),
HO UMeeT psii MOP(OIOTHIECKUX PA3IUYMiA, He TIO3BOJISAIONINX OTHECTH UX K pa3HbIM BUIaM. [1J1s1 BbI-
TIOJTHEHHUSI TIOCTABJICHHBIX 33]]a4 MCIIOJIh30BAHBI METO/IBI aHAIM3a MOP(OJIOTHH C TIPIMEHEHUEM CBeE-
TOBOHW M 3JIEKTPOHHOW MHUKpOCKommu. [IpuBeieHo AeTaibHOe OIMMCAHNE B3POCHBIX CAMOK M CAMIIOB
S. cf. tergestina, NX KOHEYHOCTEM, a TaKKe TIOJIOBOU CTPYKTYPHI MOIYJISAIMN U3 00paCTaHUA KOHCTPYK-
Wi MUAUAHO-YCTpUIHOM (hepMbl BOm3n CeBacrorionis. HoBble maHHBIE IO 00HApYKEHHOMY TAaKCOHY
MPOAHAIM3UPOBAHBI B CPABHEHUU CO CBEJCHUSIMHU U3 JIPYTUX MECTOOOWUTAHHIA, UTO MO3BOJISAET YTOU-
HUTh €r0 BUJOBYIO NIPUHA]JIC)KHOCTh. BhisiBlieHa BapuaOesbHOCTh psia MOP(POJIOTMUYECKHUX MTPU3HA-
KOB. B momnyssiusax JyIMHa caMOK IpeBbiliaia JiuHy camiioB. OOHapy)eHue ocoOel Ha pa3IMIHbIX
cyOcTpaTax yKasblBaeT Ha BBICOKYIO MPHCIOCOOJEHHOCTDb BUIA K JAHHOMY MECTOOOUTAHMIO.

Kuarouessble cioBa: ampunoas, Yépaoe mope, Stenothoe cf. tergestina, mopdomnorust
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Diatoms of the genus Pseudo-nitzschia H. Peragallo, 1900, known as producers of the neurotoxic do-
moic acid, regularly cause algal blooms in the Russian Far Eastern seas. Temperature is an important fac-
tor affecting diatom blooms; however, its effect on the growth of this group of microalgae from the Sea
of Japan has not been sufficiently studied. In this regard, growth characteristics of two diatom species
were investigated in laboratory culture within the temperature range of +5 to +20 °C. The test involved
direct counting in a Nageotte chamber. Cell density, growth rates, and generation time were evaluated.
As found, the maximum average density of P. fraudulenta reached 2.2 x 103 cells-L™! on the 16" day
of the experiment at +18 °C. For this species, at +18 °C, the growth rate (0.11-0.16 div.-day™) re-
mained relatively high, and the generation time (4.4-6.7 days) was relatively low for most of the test.
The maximum mean density of P. hasleana, 5 x 10° cells-L™!, was recorded on the 16" day of the ex-
periment at +17 °C. For this species, high growth rate (0.2-0.92 div.-day™) and low generation time
(0.8-3.6 days) were recorded at +17 °C from the 2™ to the 10" day of the test. The average densities
of P. fraudulenta and P. hasleana were statistically significantly higher at +17 °C and +18 °C, respec-
tively, than at the other temperatures studied (Tukey’s test, p < 0.05). As recorded, when P. fraudulenta
clones were grown at +10, +16, and +18 °C, and when P. hasleana clones were cultured at +14, +17,
and +20 °C, their cells remained viable and continued to divide. When the cultivation temperature
for P. fraudulenta and P. hasleana was lowered to +5 and +7 °C, respectively, division slowed down
dramatically, and cell density was statistically significantly lower than at higher temperatures (Tukey’s
test, p < 0.05). Ranges of tolerant temperature during P. fraudulenta and P. hasleana cultivation were
found to be within +10...+18 °C and +14...+17 °C, respectively. The revealed lower temperature
tolerance limits for the two species during cultivation (+10 and +14 °C) corresponded to water tem-
peratures under which P. fraudulenta and P. hasleana blooms were observed in the natural environ-
ment (+6...+16 and +10...+16 °C, respectively). The study demonstrated the broad adaptive potential
of the investigated species to temperature changes.

Keywords: Pseudo-nitzschia fraudulenta, Pseudo-nitzschia hasleana, laboratory cultivation,
temperature, Sea of Japan

Diatoms of the genus Pseudo-nitzschia H. Peragallo, 1900 are a dominant taxon of toxic planktonic
microalgae in the northwestern Sea of Japan: those account for 75-98% of the total phytoplankton den-
sity during bloom seasons [Orlova et al., 2008]. They are known as potential producers of neurotoxic
domoic acid [Bates et al., 2018; Liu et al., 2021; Zhou et al., 2024] and belong to one of the most
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numerous groups of toxic phytoplankton regularly causing algal blooms in the Far Eastern seas of Rus-
sia [Stonik, 2021; Stonik, Orlova, 2018; Stonik et al., 2011, 2019]. Temperature plays a decisive role
in the metabolic processes of Bacillariophyta and other microalgae, affects photosynthesis and nutri-
ent absorption, and mediates enzymatic processes in cells [Claquin et al., 2008; Davison et al., 1991;
Klochkova, Lelekov, 2022; Kuzmin, 2025; Raven, Geider, 1988]. Thus, temperature is a significant
factor of the occurrence and development of diatom blooms [Fu et al., 2012; Ryabushko et al., 2008].
Two species, Pseudo-nitzschia fraudulenta (Cleve) Hasle, 1993 and Pseudo-nitzschia hasleana Lund-
holm, 2012, are regularly recorded in Peter the Great Bay (the Sea of Japan) as an important compo-
nent of phytoplankton involved in the formation of water blooms [Stonik, Orlova, 2018; Stonik, Zinov,
2023; Stonik et al., 2008]. However, environmental factors, primarily temperature, driving the abun-
dance and physiological state of Pseudo-nitzschia spp. from the Sea of Japan have not been sufficiently
studied.

In this regard, the aim of the work is to investigate under experimental conditions the effect
of temperature on the dynamics of density, division rate, and generation time in laboratory cultures
of Pseudo-nitzschia fraudulenta and P. hasleana: diatoms isolated from waters of the Russian sector
of the Sea of Japan.

MATERIAL AND METHODS

The object of the study is unialgal cultures of diatoms of the genus Pseudo-nitzschia isolated
from Peter the Great Bay, Sea of Japan. P. fraudulenta culture (clone MBRU-PF-16) was isolated
from the Amur Bay (N43.2°, E131.91°) in November 2016 at water temperature of +5.2 °C. P. hasleana
culture (clone MBRU-PH-18) was isolated from the Patrokl Bay of the Ussuri Bay (N43.07°, E131.96°)
in November 2018 at water temperature of +6.8 °C. The cultures are maintained in the “Marine Biobank”
core facility at NSCMB FEB RAS [2024].

The cultures were grown on f/2 nutrient medium [Guillard, Ryther, 1962]. Before the experiment,
both clones were pre-adapted to studied temperatures for four days. Cultures at the exponential growth
stage were used as an inoculum. For the test, the cultures were transferred to Erlenmeyer flasks (250 mL)
with a culture suspension volume of 200 mL; the light flux intensity was of 3,500 lux, and photope-
riod was 12h:12h (light : darkness). P. fraudulenta culture was grown at +5, +10, +16, and +18 °C;
P. hasleana culture, at +7, +14, +17, and +20 °C (in three flasks at each value). Binder KBW 400
climate chambers (Germany) were used to create the required temperature conditions. Illumination
in the chambers was provided by daylight fluorescent lamps. The intensity of the luminous flux was
measured with a UNI-T mini UT383 00-00007443 light meter (UNI-T, China). The experiments were
performed in triplicate.

The cell density was estimated by direct counting in a 0.05-mL Nageotte counting chamber under
an Olympus BX41 light microscope (Japan) at 20x magnification. Cells were counted every two days.
Samples for quantitative analysis were taken in triplicate 2-3 h after the end of the dark period,
and the suspension was thoroughly mixed and fixed with Utermohl’s solution [Fedorov, 1979].

The specific growth rate of the culture was calculated based on cell concentration data by the formula

[Zaika, 1972]:
_InX; —InX,

T, —T, °

where X; and X are concentration values corresponding to the time of growth T; and T,.
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The cell density doubling time (generation time) was estimated by the formula [Jones et al., 1963]:
In2  0.693
g = =,
H M
where g is the generation time;

u is the specific growth rate.

A test for a reliable relationship between temperature, age of the culture, and cell density was per-
formed using a two-factor analysis of variance. Data on cell density, growth rate, and generation time
depending on temperature were subjected to a one-factor analysis of variance. For multiple comparisons
of means, Tukey test was applied. All calculations were performed in Statistica 7.0 [StatSoft, 2025].

RESULTS

As revealed using a two-factor analysis of variance, both factors considered in the experiment, tem-

perature and age of culture, and their interaction were statistically significant (p < 0.001) and affected
Pseudo-nitzschia spp. cell density (Table 1).

Table 1. Results of a two-factor analysis of variance on the effect of Pseudo-nitzschia fraudulenta
and P. hasleana cultivation conditions on cell density

F
Factor Pseudo-nitzschia fraudulenta | Pseudo-nitzschia hasleana P
942.3 12,764.37 0.00
Temperature 373.7 477.33 0.00
Age of the culture 42.8 1,238.92 0.00

Note: all values of the correlation coefficients, the Fisher’s criterion (F)) and probability (p), were significant.

The dynamics of P. fraudulenta and P. hasleana density under cultivation conditions at different
temperatures is shown in Fig. 1.

A

6x10%
3%10°

5%10% o
2x10° o

4x10% 4
L5x10°
10 3104

Density cells-1?
Density cells-I!

2x10% -

1x10%

Fig. 1. Dynamics of cell densities of Pseudo-nitzschia fraudulenta cells (A) and P. hasleana cells (B)
at different temperature (the means and standard deviations are given)
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Pseudo-nitzschia fraudulenta. The initial cell density in the experiment was 3.7 x 10° cells-L™.
Throughout the test, there was an increase in total cell density in a range of temperatures +10
to +18 °C (Fig. 1A). The maximum mean density (2.2 x 10° cells-L™") was recorded on the 16" day
of the experiment at +18 °C, and the minimum one (8.6 x 10° cellsL™') was registered
on the 2" day at +5 °C. When the cultivation temperature was reduced to +5 °C, the mean density
was 2.8 x 10* cells-L™! on the day 16; it is approximately an order of magnitude lower than at the end
of the test at +18 °C. The mean cell density at +18 °C was statistically significantly higher (Tukey test,
p < 0.05) than at other temperature values throughout the experiment. From the 4™ day of cultivation
and until the end of the test, there were no statistically significant differences between the mean density
values at +10 and +16 °C (Fig. 1A, Table 2).

Table 2. Statistically significant differences between Pseudo-nitzschia fraudulenta cell abundance curves
at different temperature based on the Tukey matrix at p < 0.05

Temperature, °C
Day
+5 +10 +16 +18

2 +10, +16, +18 +5, +16, +18 +5, +10, +18 +5, +10, +16
4 +10, +16, +18 +5, +18 +5, +18 +5, +10, +16
6 +10, +16, +18 +5, +18 +5, +18 +5, +10, +16
8 +10, +16, +18 +5, +18 +5, +18 +5, +10, +16
10 +10, +16, +18 +5, +18 +5, +18 +5, +10, +16
12 +10, +16, +18 +5, +18 +5, +18 +5, +10, +16
14 +10, +16, +18 +5, +18 +5, +18 +5, +10, +16
16 +10, +16, +18 +5, +18 +5, +18 +5, +10, +16

The mean growth rates during cultivation at +5 °C (0.1-0.18 div.-day™") and +10 °C
(0.14-0.23 div.-day™") were higher than at other temperatures from day 2 to days 6-8. From the 8"
to the 14" day, the growth rates dropped reaching a minimum (0.01 div.-day™') against the backdrop
of the maximum generation time (40.5 days) on days 10-12 at +5 °C (Table 3).

Table 3. Growth rate (div.-day™!) and generation time (days) during Pseudo-nitzschia fraudulenta
cultivation at different temperature

Days +5 °C +10 °C +16 °C +18 °C
u g u g [ g u g

24 0.14 + 55% 023+ 33% 0.13 53+ 0.16 + 4.4+
0.063 1.902 0.067 0.631 0.011 0.234 0.016 0.267
46 0.18 £ 4.1+ 0.17 £ 42+ 0.1+ 6.9+ 0.11 £ 6.7+
B 0.051 1.070 0.056 1.187 0.024 1.464 0.015 1.039
6-8 0.1+ 92+ 0.14 + 6.4 % 0.12 + 6.1 % 0.16 + 4.7 %
0.051 5.016 0.056 4.450 0.024 2.258 0.015 1.520
3-10 0.03 £ 351+ 0.09 £ 114+ 0.11 % 6.4+ 0.16 + 45+
- 0.051 17.094 0.056 5.253 0.024 1.340 0.015 1.548
10-12 0.01+ 40.5 + 0.08 + 10.5 + 0.11 6.4+ 0.12 + 59+
0.004%< 2.428*° 0.031 5.477% 0.020° 1.240° 0.037¢ 2.141°
1914 0.03 £ 315+ 0.04 £ 16.6 + 0.1+ 7.8+ 0.05 + 158+
0.0045¢ 12.416 0.031 2.056 0.020° 2.554 0.037¢ 5.026
14-16 0.1 11+ 0.08 £ 8.7+ 0.1+ 74+ 0.1 7.7+
0.0045¢ 5.004 0.031 2.199 0.020° 2.112 0.037¢ 2.535

Note: the values of growth rates and generation time are provided in the columns p and g, respectively, with confidence
intervals. Footnotes to the means mark results that are statistically significantly different (Tukey’s test, p < 0.05) under
the following cultivation conditions: +5 and +10 °C (a); +5 and +16 °C (b); +5 and +18 °C (¢).
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Cultivation at +16 and +18 °C revealed relatively high growth rates (0.11-0.16 div.-day™)
and low values of generation time (4.4—6.9 days) during most of the experiment, from the 2™
to the 12" day (Table 3). On days 1214 at +16...+18 °C, a decrease in the growth rate and a rise
in the generation time were recorded compared to the values in the previous periods of cultivation (from
day 2 to day 12) (Table 3).

A slight increase in the growth rate at the end of the test, on the 14—16" days, at +5, +10, and +18 °C
was noticeably lower than the values in the first half of the experiment (Table 3). On days 10-14
of cultivation, statistically significant differences in the mean growth rates (Tukey test, p < 0.05) at +5
and +16 °C, as well as at +5 and +18 °C, were registered. The growth rates at +5 °C were noticeably
lower during most of the test than at a higher temperature (Table 3), and this determined the low cell
density in the experiment at +5 °C (Fig. 1A).

Pseudo-nitzschia hasleana. The initial cell density in the test was 2 x 10° cells-L™!. Throughout
the experiment on P. hasleana culturing, we revealed a rise in the total cell density in the temperature
range +14 to +20 °C (Fig. 1B).

The maximum mean density (5 x 10° cells-L™!) was recorded on day 16 at +17 °C, and the min-
imum mean density (1.3 x 10° cells-L™") was noted on day 4 at +7 °C. At cultivation temperature
of +7 °C, on the 6™ day of the experiment, the cell density increased to 2.8 x 10 cells-L™}, and then
it dropped; only on the 12" day, it rose to 2 x 10* cells-L™' and remained at this level until the end
of the test (Fig. 1B). The differences in the mean density values at all studied temperature values
(+7, +14, +17, and +20 °C) were statistically significant (Tukey test, p < 0.05) only on days 10-12
of the experiment (Table 4).

Table 4. Statistically significant differences between Pseudo-nitzschia hasleana cell abundance curves
at different temperature based on the Tukey matrix at p < 0.05

Day Temperature, °C

+7 +14 +17 +20
2 +17, +20 +20 +7, +20 +7, +14, +17
4 +14, +17, +20 +7 +7 +7
6 +14, +17, +20 +7 +7, +20 +7, +17
8 +14, +17, +20 +7, +17 +7, +14, +20 +7, +17
10 +14, +17, +20 +7, +17, +20 +7, +14, +20 +7, +14, +17
12 +14, +17, +20 +7, +17, +20 +7, +14, +20 +7, +14, +17
14 +14, +17, +20 +7, +20 +7, +20 +7,+14, +17
16 +14, +17, +20 +7 +7, +20 +7, +17

The mean cell density at +17 °C was noticeably higher (Tukey test, p < 0.05) than that for all
other temperature values on the 8—12" days of the test (Table 4). On days 14—16, no statisti-
cally significant differences were found between the mean density at +14 and +17 °C (Fig. 1B,
Table 4).

When P. hasleana was cultured at +14, +17, and +20 °C, high growth rates were recorded during
the first half of the experiment, and at 7 °C, during the second half (Table 5).

Thus, at a temperature of +14 °C, the highest growth rates (0.73-0.98 div.-day™) were registered
from the 2™ to the 6™ day. From days 6-8 to 8—10, the values decreased from 0.54 to 0.32 div.-day™".
From the 10™ to the 12" day and until the end of the experiment, the growth rate at this temperature
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was relatively low, with a minimum (0.01 div.-day™") on the 10-12" day (Table 5). High growth
rates (0.2-0.92 div.-day™") were noted at +17 °C from day 2 to day 10, and at +20 °C, from day 2
to day 8 (0.2-0.47 div.-day™"). From the 10" day until the end of the test, the growth rates at +14, +17,
and +20 °C dropped dramatically compared to the values in the first part of the experiment (Table 5).
The exceptions were relatively high growth rate (0.19 div.-day™) and long generation time (5.1 days)
on days 14—16™ at +20 °C.

Table 5. Growth rate (div.-day~') and generation time (days) during Pseudo-nitzschia hasleana cultivation

at different temperature

+7 °C +14 °C +17 °C +20 °C
Days
[ g [ g [ g M g
24 0.08 + 8.7+ 0.98 + 0.7 0.54 + 14+ 047 + 1.6 =
. 0.003* 0.347%< 0.075%d< 0.054% 0.1645de 0.506° 0.130¢¢ 0.447¢
46 0.05 + 155+ 0.73 + 1.0 £ 0.92 + 0.8+ 0.20 + 4.0+
a 0.023% 5.613*° 0.240° 0.283% 0.159° 0.138° 0.097¢ 1.876¢
6-8 0.07 + 9.8 % 0.54 + 6.4 % 0.28 + 25+ 022+ 33+
a 0.001%¢ 0.200>¢ 0.03134= 2.3684¢ 0.0334 0.3234 0.050%¢ 0.888¢
3-10 0.16 = 48 £ 032+ 2.1+ 0.20 = 3.6+ 0.08 = 114+
a 0.0015¢ 2.086 0.0314¢ 0.089°¢ 0.03304 1.167 0.010¢ 5.949¢
10-12 0.15% 49+ 0.01 £ 7.2+ 0.02 = 183 + 0.06 + 12.1+
a 0.049* 1.796* 0.008* 1.190° 0.016° 3.928 0.017¢ 3.136
1214 0.25 29+ 0.14 £ 53+ 0.07 £ 12.1+ 0.06 + 11.0+
a 0.049% 0.4645¢ 0.008? 1.942 0.016° 5.488° 0.017¢ 1.865°¢
14-16 031+ 23+ 0.04 + 9.7 0.01 + 8.1% 0.19 + 5.1%
- 0.049%° 0.4645¢ 0.017° 1.942 0.020° 5.488° 0.123 1.865°¢

Note: the values of growth rates and generation time are provided in the columns p and g, respectively, with confidence
intervals. Footnotes to the means mark results that are statistically significantly different (Tukey’s test, p < 0.05) under
the following cultivation conditions: +7 and +14 °C (a); +7 and +17 °C (b); +7 and +20 °C (c¢); +14 and +17 °C (d);
+14 and +20 °C (e).

Cultivation at +7 °C showed as follow: from the 2" to the 8™ day, the growth rates remained rela-
tively low (0.05-0.08 div.-day™), and the generation time was high (8.7-15.5 days). Only on days 810,
the growth rates began to rise (Table 5). Throughout most of the test at +7 °C, the growth rates were
statistically significantly lower (Tukey test, p < 0.05) than at a higher temperature, and this mediated
the low density at the minimum temperature investigated (Fig. 1B).

DISCUSSION

Our data show that P. fraudulenta and P. hasleana are capable of remaining in a viable state through-
out the experiment and actively divide within the temperature ranges of +10...+18 °C and +14...+20 °C,
respectively. The mean cell density of P. fraudulenta at +18 °C was statistically significantly higher than
at other values (Tukey test, p < 0.05) throughout the test (Fig. 1A, Table 2). The mean cell density
of P. hasleana at +17 °C was noticeably higher (Tukey test, p < 0.05) than that at other temperatures
on days 8-12 (Fig. 1B, Table 4). At a temperature tolerant for P. fraudulenta and P. hasleana cultiva-
tion, in most cases, the growth rates at the end of the experiment (from the 10-12" to 14-16" days)
were lower, and the generation time was higher than during the previous part of the test, despite small
peaks on the 14—-16™ day at +18 °C for P. fraudulenta and at +20 °C for P. hasleana (Tables 3, 5).
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This indicated a slowdown in cell growth towards the end of the experiment. It can be assumed as fol-
lows: on days 14—16, due to the release of nutrients resulting from the decomposition of dying cells
and the effect of bacterial exometabolites, which can promote the growth of microalgae, small secondary
peaks in density and growth rate were recorded. Due to the low growth rates and longer generation time,
the mean cell density of P. fraudulenta and P. hasleana when cultured at +5 and +7 °C, respectively,
was significantly lower than that at a higher temperature (Tukey test, p < 0.05) (Fig. 1A and B).

So, the ranges of tolerant temperatures for P. fraudulenta and P. hasleana cultivation were +10
to +18 °C and +14 to +20 °C, respectively. The optimal temperatures for the development of these
species in culture were +18 and +17 °C, respectively. Since the clones we studied were isolated
from the natural environment at relatively low water temperatures (about +5...+7 °C), P. fraudulenta
and P. hasleana appear to be adapted to surviving in a wide range of temperatures. This is consistent
with the available literature data on the widespread distribution of these species in plankton at high, low,
and temperate latitudes [Bates et al., 2018].

Literature data support our findings on the development of the investigated species in a wide range
of temperature for cultivation. According to previous studies, for P. fraudulenta isolates from different
areas of the World Ocean, the optimal ranges of water temperatures for growth were +10...+15 °C [Ay-
ache et al., 2021; Fehling et al., 2006; Gai et al., 2018; Thessen et al., 2009] and +18.5...426.5 °C [Dele-
grange et al., 2018]. Other authors reported a temperature of (20.8 £ 0.8) °C for a P. fraudulenta clone
from coastal waters of France [Claquin et al., 2008]. In the North Atlantic, P. fraudulenta vegetation
began at a water temperature of +9...+14.4 °C [Hasle, 1965]. Importantly, this did not differ much
from our data on the species blooms in Peter the Great Bay (Sea of Japan) within the temperature range
of +6...+16 °C [Stonik et al., 2008]. As for P. hasleana, according to literature data, water tempera-
ture favorable for its development off the coast of Australia exceeded +16 °C [Ajani et al., 2013]. Wa-
ter blooms caused by Pseudo-nitzschia calliantha Lundholm, Moestrup & Hasle, 2003 and P. hasleana
in Peter the Great Bay were previously registered by us at water temperature of +10...416 °C [Stonik,
Zinov, 2023]. Thus, lower limits of temperature conditions for culturing two species we revealed (+10
and +14 °C) are consistent with the parameters of water temperature in the natural environment (Pe-
ter the Great Bay, Sea of Japan) at which blooms of P. fraudulenta (+6...+16 °C) and P. hasleana
(+10...416 °C) were observed.

The occurrence of high adaptive capabilities of Pseudo-nitzschia species in relation to temperature,
along with high genetic variability in natural populations of this genus [Evans et al., 2005], suggest
that P. fraudulenta and P. hasleana may gain advantages for growth in a relatively wide range of water
temperatures, +10...4+18 °C and +14...420 °C, respectively, in Russian waters of the Sea of Japan.
The obtained data can be used to predict blooms of the analyzed species in the study area.

Conclusions. When Pseudo-nitzschia fraudulenta clones were grown at temperatures of +10, +16,
and +18 °C, and Pseudo-nitzschia hasleana clones were grown at +14, +17, and +20 °C, cells re-
mained in a viable state and continued to divide. When the cultivation temperature of P. fraudulenta
and P. hasleana was lowered to +5 and +7 °C, respectively, division slowed down dramatically.

The ranges of tolerable temperatures during P. fraudulenta and P. hasleana cultivation were +10
to +18 °C and +14 to +20 °C, respectively. The revealed lower limits of the range of temperatures for cul-
tivation of these two species (+10 and +14 °C) are consistent with the parameters of water temperature
in the natural environment, Peter the Great Bay (Sea of Japan), under which blooms of P. fraudulenta
(+6...416 °C) and P. hasleana (+10...+16 °C) were observed.
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HuatomoBbie Bogopociu poja Pseudo-nitzschia H. Peragallo, 1900, npoayiupyioliue HeHpOTOKCUY-
HYIO IOMOEBYIO KHCIIOTY, HEPE/IKO MHTEHCUBHO Pa3MHOXAOTCSA B JalbHEBOCTOUHBIX MOpsix Poccum,
YTO BBHI3BIBAET IIBETCHUsI BOJBL. Temreparypa U3BecTHA KaK BaXHbBIM (DAKTOp, BIUSIONIMIA Ha Pa3BU-
THE JUaTOMEl, OJJHAKO €ro BO3/IeHCTBUE HA POCT STOMW TPYIIIBI MUK POBOAOpOCer 13 AnoHCKoro Mo-
PA UCCIIEIOBAHO HEIOCTATOYHO. V3yueHbl 0COOEHHOCTH POCTa B JIAOOPATOPHOM KYJIbTYpe JBYX BU-
noB quatomend — Pseudo-nitzschia fraudulenta (Cleve) Hasle, 1993 u Pseudo-nitzschia hasleana
Lundholm, 2012 — B auana3one Temnepatypsl oT +5 10 +20 °C. MeTooM npsamMoro nojcyéTra B Kame-
pe HaxoTTta onieHeHs! INIOTHOCTH KJIETOK, TEMIIBI pOCTa U BpeMsi TeHepalyi. YCTaHOBJIEHO, YTO MaKCH-

MaJslbHasl CpeIHsIs IUIOTHOCTD KJIETOK P. fraudulenta nocturana 2,2 x 10° k.1~ Ha 16- CYTKH OIbITA
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npu +18 °C. Jlna s1oro Buma nipu +18 °C temmsl pocta (0,11-0,16 men.-cyr™!) ocraBammck oTHOCH-
TEeJIbHO BBHICOKMMH, a BpeMs TeHepauuu (4,4—6,7 cyT) — OTHOCUTEIbHO HU3KUM B TeueHue OOoJIbIIen
YacTH SKCriepuMeHTa. MakcuMalibHas CpeiHsisl IVIOTHOCTD KJIeToK P. hasleana, 5 105 xi.-17!, orme-
yeHa Ha 16-e cyTtku omnbiTa Tipu +17 °C. st sToro Buga Beicokue temnsl pocta (0,2-0,92 )len..cyT‘l)
u Hu3Koe Bpems rerepanu (0,8-3,6 cyT) 3apeructpupoBansl ipu +17 °C ¢ 2-x o 10-e cyTku sKcniepu-
MeHTa. CpeHsIs IIOTHOCTD KIIeTOK P. fraudulenta ipy +18 °C okazanach CTaTHCTHYECKU JOCTOBEPHO
BbIIIIE, YeM MIPU JPYTUX U3YUEHHBIX 3HAUEHUSX TemrepaTyphl (Tect Thioku, p < 0,05) Ha mpoTskeHuu
Bcero onbita. CpeHss IIIOTHOCTH KIeToK P. hasleana nipu +17 °C Obl1a CTATUCTUYECKU 3HAYMMO BhI-
e (tect Trioky, p < 0,05) TakoBO# NpuU PYrUxX TemmepaTypax Ha 8—12-e CyTKU SKCIIepUMEeHTa. YCTa-
HOBJIEHO, YTO IPH BbIpAIMUBaHUU KJIOHOB P. fraudulenta npn +10, +16 n +18 °C u knoHos P. hasleana
npu +14, +17 u +20 °C KJIeTKU OCTaBAIUCh B )KM3HECTIOCOOHOM COCTOSIHUY U IMPOOJIKAIHN JICTUTHCS.
[Ipu noHwkeHNM TeMiiepaTypsl KyiabTuBupoBanus P. fraudulenta n P. hasleana no +5 v +7 °C coor-
BETCTBEHHO JIeJIeH!Ee PEe3KO 3aMeJIISUIOCh, a TUIOTHOCTh KJIETOK OblIa CTATUCTHYECKU 3HAYMMO HUKE,
yeM npH OoJiee BHICOKOH Temmeparype (tect Trioku, p < 0,05). YcTaHOBNIEHB qUATIa30HBI TOJIEPAHT-
HOI1 TeMIiepaTypbl py BelpaluBaHuu guaromein — ot +10 no +18 °C gna P. fraudulenta v ot +14
1o +17 °C nna P. hasleana. BrisiBIeHHbIE HUKHUE TPAHULIBI TEMIIEPATYyPHBIX YCJIOBUH AJIS KYJIbTUBHU-
poBanus aByX BUIOB (+10 u +14 °C) cornacyioTcs ¢ napaMeTpaMy TeMIepaTypbl BOJAbI B TPUPOAHON
cpelie, pu KOTOPHIX OTMeueHH 1iBeteHus P. fraudulenta (+6...+16 °C) u P. hasleana (+10...+16 °C).
[Noka3zaHsl MUPOKHE aJalTUBHBIE BO3MOKHOCTHA U3yYEHHBIX BHJOB IO OTHOIIEHHUIO K TeEMIIepaType.

KatoueBbie cuoBa: Pseudo-nitzschia fraudulenta, Pseudo-nitzschia hasleana, nabopaTopHoe
KyJbTUBHPOBaHHE, TEMIIepaTypa, AnoHckoe Mmope
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©2025 V. Labay, E. Korneev, E. Abramova, O. Berezova, A. Vodop’janova,
K. Kostyuchenko, O. Sharlay, and T. Shpilko

Sakhalin Branch of the Russian Federal Research Institute of Fisheries and Oceanography (SakhNIRO),
Yuzhno-Sakhalinsk, Russian Federation
E-mail: v.labaj@yandex.ru

Received 09.10.2023; revised 28.04.2024;
accepted 12.08.2025.

Communities of macrozoobenthos and their characteristics in river estuaries of Sakhalin Island have
not been studied properly. The composition of bottom communities in most estuaries of short rivers
on the island is very limited in contrast with that of estuaries of other rivers in the Russian Far East.
The Susuya River estuary — a full-sized one compared to estuaries of small rivers of the island — was
surveyed in September 2022. The aim of the work is to describe major patterns of distribution of bot-
tom communities, their structure, key species, and trophic characteristics of macrozoobenthos along
the salinity gradient in the full-size Susuya River estuary on Sakhalin Island. Bottom communities
of the estuary were identified by cluster and ordination analysis. The main communities, trophic char-
acteristics, and distribution features of key macrozoobenthic species along the Susuya River estuary
are described. Data on major patterns of distribution of macrozoobenthic communities, key species,
and trophic groupings in the Susuya River estuary are provided. In total, 11 communities of macro-
zoobenthos were identified and united into five types: a community of the riffle separating the estuary
from above, communities of the 8-chorohaline zone, communities of the middle estuary oligohaline
zone, communities of the lower estuary polyhaline—mesohaline zone, and a community of the river
mouth. The community of the water’s edge is confined to the river mouth and to the polyhaline—
mesohaline zone. The main communities of the estuary are Corbicula japonica, Macoma balthica,
and Fluviocingula nipponica + Macoma balthica. Environmental factors most affecting the distribu-
tion of key macrozoobenthic species are the water salinity and, to a lesser extent, the depth. The type
of sediment is not a determining factor.

Keywords: estuary, macrozoobenthos, bottom community, trophic characteristics, Sakhalin Island

Marine Biological Journal
2025, vol. 10, no. 3, pp. 31-46
https://marine-biology.ru

Estuaries are zones, where river freshwater mixes with seawater; there, polyhaline, mesohaline

(brackish), and oligohaline (freshened) parts are allocated [Aladin, 1988; Aladin, Plotnikov, 2013; Khle-
bovich, 1974, 1989]. Features of hydrological characteristics of estuaries determine shifts in key macro-
benthos species and the development of unique bottom communities there. Ultrafast sedimentation
of suspended and dissolved mineral and organic matter in the zone of the effect of the ‘marginal filter’ re-
sults in frequent changes in the trophic groups of benthos within the limited area of the estuary [Lisitsyn,
1994]. For the same reason, estuary ecosystems are characterized by increased productivity [Kolpakov,

2018; Saf’yanov, 1987].
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Communities of macrozoobenthos and their characteristics in river estuaries of Sakhalin Island have
not been sufficiently studied [Labay et al., 2022; Watercourses of Sakhalin Island, 2015]. In the most
properly analyzed estuary, that of the Manuy River, typical of major short rivers on the island, the compo-
sition of benthic communities is very limited compared to that of estuaries of other rivers in the Russian
Far East [Labay et al., 2022].

In September 2022, the Susuya River estuary, full-sized in comparison with estuaries of short rivers
on the island, was surveyed. The material of the study formed the basis of this work.

The aim of the work is to describe the main patterns of distribution of benthic communities,
their structure, key species, and trophic characteristics of macrozoobenthos along the salinity gradient
in the full-sized estuary of the Susuya River on Sakhalin Island.

MATERIAL AND METHODS

The methods for macrozoobenthos sampling and processing have been described by us earlier,
as well as the volume of collected data [Labay et al., 2024].

For the identification of benthic communities and ordination constructions, we used the Q in-
dex (cal-m-h™!) reflecting species abundance. It is equivalent to the energy expenditure of all individuals
of the i-th species on respiration [Vilenkin, Vilenkina, 1979]:

Q =L- BQ.75 . N_O.25 ,

where B; (gzm™2) and N; (ind.-m™) are the specific biomass and density of the i-th species per 1 m?,
respectively.

The k coeflicient is taken to be 0.178 for Polychaeta; 0.115 for Oligochaeta; 0.126 for Gastropoda;
0.089 for Bivalvia; 0.302 for Amphipoda; 0.133 for Cumacea, Isopoda, Mysida, and Decapoda; 0.189
for Diptera; and 0.115 for Agnatha [Alimov et al., 2013; Golubkov, 2000].

Clustering of benthic stations when describing communities of benthic hydrobionts was carried out
according to the similarity index introduced by J. Czekanowski [Czekanowski, 1909; Sorensen, 1948]:

Cio= QZ (MINCCM,ZUZi)/(Z Ty + Z%z) ,

where x;; and x,; are abundance values of the i-th species (Q) at conditional stations 1 and 2, respectively.

Benthic stations were united into a community if the index value exceeded 40%. This value corre-
sponds to the condition that the biomass or Q of the dominant species is at least 10% of the total one, with
an occurrence frequency of 100%. Clustering of the original matrices was performed by the unweighted
pair group method with arithmetic mean [Duran, Odell, 1977].

To describe bottom communities, the following parameters were used: number of species (S); spe-
cific abundance (density) (N, ind.-m™); biomass (B, g-m™); relative species abundance (N, % of total
macrozoobenthic abundance); relative species biomass (B, % of total macrozoobenthic biomass); and fre-
quency of occurrence (FO, %). The community structure was analyzed using the density index [Brot-
skaya, Zenkevich, 1939] or the relativity coeflicient [Kuznetsov, 1963]:

RC=B:-FO ,

where B is the relative biomass (%) or Q (%);
FO is the frequency of occurrence (%).
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When structuring communities, we took into account the proportion of each species (form)
in the mean total macrozoobenthic biomass, FO, and RC. A species was considered dominant if the RC
value was in the range of 1,000-10,000. Bottom communities are named according to their dominant
species.

The main patterns of benthic distribution are described using ordination graphs constructed
by the principal component analysis [Kalinina, Soloviev, 2003] with the Statistica software (v. 8).

For comparative procedures, the Shannon diversity index (entropy index) (I, bit-species™) was
used [Shannon, 1948; Shannon, Weaver, 1949], separately for density (/) and biomass (I3). Also,
the ABC method (abundance/biomass comparison method) [Warwick, 1986] by the ABC index [Meire,
Dereu, 1990] was applied.

The feeding type of individual macrozoobenthic species was determined based on literature data
[Izvekova, 1980; Kanaya et al., 2008; Konstantinov, 1959; Macdonald et al., 2010; Nielsen et al.,
1995; Riisgard, 1991; Toba, Sato, 2013; Vedel, Riisgard, 1993]. The following nomenclature was used
for the feeding type: Br, browser; De, deposit feeder; Dt, detritus feeder; Gr, grazer; Pr, predator; Sc,
scavenger; Sp, suctorial parasite; and Su, suspension feeder (filter feeder). Some species feature a com-
bination of several feeding types, and this is reflected in a mixed characteristic, for example Dt, Br, Sc,
or Dt, Su, or De, Su.

RESULTS AND DISCUSSION

The key communities. According to the dendrogram of the similarity of benthic stations, 8 clusters
were identified (provided that sta. 34 was combined with cluster 29-14), and also 3 separate stations
comparable with bottom communities (Fig. 1).

2021 9 121815 8 111013192417262327 2251622 1 728 4 5 3 293047 483637 411434434532 31353840 42 46 333944495051 535257 58545556 6

100
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20219121815 8 111013192417262327 22516221 728 4 5 3 29304748363741143443453231353840424633394449505153525758545556 6

Fig. 1. Dendrogram of the similarity for macrozoobenthos sampled at various stations
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Cluster 4, 5, 3, (6) identifies a benthic community dominated by the brush-clawed shore crab Hemi-
grapsus takanoi Asakura & Watanabe, 2005 (74.5% of the total biomass). Subdominants in this commu-
nity are a gastropod Fluviocingula nipponica Kuroda & Habe, 1954 and a bivalve Macoma balthica (Lin-
naeus, 1758) (together, 10.4% of the total biomass). The community is localized in the polyhaline estuary
zone (Table 1, Fig. 2). The second cluster, 20,21,9, 12,18, 15,8, 11, 10, 13, corresponds to the lower
estuary polyhaline-mesohaline zone; it is identified as the Fluviocingula nipponica + Macoma balthica
community (predominant species account for 79.5% of the total biomass). Subdominants are polychaetes
Hediste japonica (Izuka, 1908) and Capitellidae indet. (together, 4.7% of the total biomass). The com-
munity is confined to coastal Zostera thickets, which is a substrate for a gastropod F. nipponica. Both
communities are coastal rather than estuarine ones, as their predominant species are common in coastal
shallows of Southern Sakhalin [Golikov et al., 1985].
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Fig. 2. Location of the major macrobenthic communities in the Susuya River estuary
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Table 1. Indicators of macrobenthic abundance in bottom communities of the Susuya River estuary

Community (by the dominant species)

Chironomus ) )
Eogammarus Fluviocingula dor. salis. + hﬁ}lj‘zoej{;lelfzi
Parameter _ tiuschovi + Hemigrapsus nipponica + Macoma Hediste Corbicula Lethenteron Ser, gen.tm Stictoc hir;Jnomus Eriocheir
Hediste takanoi Macoma balthica Japonica Japonica reissneri baueri + it Jjaponica
Jjaponica balthica Glyptotendipes pieuus +
cauliginellus Sergentia baueri
20,21,9,12, | 19,24,17, 26, | 29, 30,47, 48, | 43,45, 32,31, 57 58.54.55
Station numbers 1 7,28 4,5,3,6 18,15,8, 11, | 23,27,2,25, | 36,37,41, 14, | 35, 38, 40, 42, 44 49, 50, 51, 53 52 ’ 5’6 T
10, 13 16,22 34 46, 33, 39
Depth, m 0.12 0.15-0.4 0.25-0.75 0.1-2 0.5-2.1 0.15-2 0.25-1.8 0.2 0.3-1.6 1.3 0.08-0.15
. . fine sand black mud,
. fine sand, from s11tst0r.16 mixed with often mixed . ‘black mud, coarse sand, . siltstone, siltstone, pebbles,
Sediment type black and grey | to pebbles with | . A black silt siltstone, sand, . black silt . .
it d siltstone and with siltstone ) bbl pebbles, silt detritus detritus gravel, sand
St san pebbles and fine sand clay, pebbles
Salinity, psu 15.2 15.2-24.8 15.2-22.3 18.1-21.7 21.7-25 3.8-11.7 0.6-11.7 0.6 0.1 0.1 0.1
mouth, lower 1 t 1 t iddle est iddle est t t t t
Biotope mouth estuary zone mouth ower estuary | lower estuary | middle estuary | middle estuary | upper estuary | upper estuary upper estuary upper estuary
(water's edge) zone zone zone zone zone zone zone zone, riffle
Number of species (S) 12 19 27 27 27 23 24 11 12 7 20
opecificabundance (. 350 1870+243 | 419+57 | 5745£776 | 2,134+297 | 1253163 | 1206+ 134 1,787 2,940 £ 334 2,040 3.529 336
Biomass (B), g-m™> 0.145 3271042 6.25+0.98 41.9+4.88 35.1+4.41 17.0 £2.69 357 +£62.6 149.6 3.08 £0.293 1.051 23.4+2.78
Biomass (B) - 58.4 74.5 79.5 88.4 24.8 98.7 88.4 86.2 775 91.7
of the dominant, %
Ol 0 0.1 0 0.1 0.5 0.02 0.03 0.6 6.0 37.7 4.6
Po 16.3 254 1.8 5.0 2.6 26.2 0.8 9.4 0.5 7.4 1.0
Ga 23.3 7.6 11.4 59.6 7.5 11.4 0.3 0 0 0 0
- Bi 28.5 0.2 5.5 25.8 88.8 37.7 98.7 0 0 0 0.002
lomass (B) Am 9.8 44.9 22 1.4 03 0.4 0.02 0 0 0 0.4
of separate
groups, % Is 2.1 5.5 0.7 0.4 0.04 0.9 0.04 0 0 0 0.003
My 0 1.9 0.01 0.5 0.01 0.3 0.002 0 0.6 0 0.02
De 0 13.8 78.3 7.2 0.1 224 0.2 1.0 0 0 91.7
Di 0 0.1 0 0.003 0.01 0.1 0.01 0.6 93.0 54.9 2.3
Ag 0 0 0 0.0 0.0 0 0 88.4 0 0 0
. L Iy 0.64 1.72 2.20 1.75 1.91 1.86 1.92 1.32 1.40 1.46 1.35
1, bit-species
Iy 2.15 1.87 1.12 1.47 0.57 1.65 0.09 0.45 1.40 1.59 0.40
Lyge, %o 17.9 5.8 332 14.6 22.6 13.5 19.0 312 15.4 7.7 11.8

Note: Ol, Oligochaeta; Po, Polychaeta; Ga, Gastropoda; Bi, Bivalvia; Am, Amphipoda; Is, Isopoda; My, Mysida; De, Decapoda; Di, Diptera; Ag, Agnatha.
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Transect 4 in the lower estuary zone, completely filled with mesohaline waters, is occupied by the Ma-
coma balthica community identified by cluster 19,24, 17,26,23,27,2,25,16,22 (see Fig. 2). This
community partially penetrates transect 3 and is also recorded in the littoral of the mouth tran-
sect. The dominant species accounts for 84.4% of the total biomass. Another 5.5% cover subdom-
inants: a gastropod F. nipponica and a polychaete H.japonica. The described community is typical
of brackish-water and marine lagoons of Sakhalin Island; sometimes, it is noted on the sea coast [Go-
likov et al., 1985; Kafanov et al., 2003; Labay, 2009; Labay et al., 2016]. In river estuaries on the island,
it was recorded for the first time.

The Eogammarus tiuschovi (Derzhavin, 1927) + Hediste japonica community was registered at lit-
toral sta. 7 and 28 in the mouth and in the lower estuary zone (Fig. 2). With the proportion of dominant
species of 58.4% of the total biomass, it is characterized by a long list of subdominants (6 species;
38.3% of the total biomass). Those are a shrimp Crangon amurensis Braznikov, 1907; an isopod Gnori-
mosphaeroma ovatum (Gurjanova, 1933); an amphipod Ampithoe lacertosa Spence Bate, 1858; a mysid
Neomysis awatschensis (Brandt, 1851); polychaetes Capitellidae indet.; and a gastropod Assiminea lutea
A. Adams, 1861. At sta. 1, also included in a supercluster of stations covering the mouth and lower
estuary zone, there were no dominant species.

Only two bottom communities were localized on transects 5-8 of the middle estuary zone
(see Fig. 2). The first one was identified by cluster 29,30,47,48,36,37,41,14,34. The commu-
nity was dominated by a polychaete H. japonica (24.8%). A close community with the prevalence
of the same species is typical of estuaries on Sakhalin Island [Labay et al., 2022; Watercourses
of Sakhalin Island, 2015], but in the Susuya River estuary, the described community is completely dif-
ferent in structure. There, the list of subdominants covers a bivalve Corbicula japonica Prime, 1864;
a crab Deiratonotus cristatum (De Man, 1895); and a gastropod As. lutea (together, 65.8% of the to-
tal biomass). This community is noted in the entire range of surveyed depths, from the littoral
to the waterway, chiefly on fine sand and silt. The driver of its distribution is the water salinity, which
is in the range between - and 8-chorohaline boundaries. The second community is associated with clus-
ter 43,45,32,31, 35, 38,40,42, 46, 33, 39; it is characterized by the dominance of a bivalve C. japonica
(98.7% of the total biomass) and the lack of subdominants. It is localized in a depth range of 0.25-1.8 m,
mostly on coarse sand with pebbles and silt. This community is typical of oligohaline areas of lagoons
and lagoon lakes of Sakhalin Island, Japan, and Primorye, where it occurs at the optimum water salin-
ity of 1.2-2.5 psu [Baba et al., 1999; Kafanov et al., 2003; Reservoirs of Sakhalin Island, 2014; Water
Biota of Tunaicha Lake, 2016; Yavnov, Rakov, 2002]. In river estuaries of Sakhalin Island and the Far
East as a whole, this species inhabits sites with a wide salinity range, from almost O (nearly freshwater)
to 18 psu [Watercourses of Sakhalin Island, 2015; Yavnov, Rakov, 2002]. In the Susuya River estuary,
Corbicula is characterized by the first type of salinity distribution: in the middle estuary oligohaline zone.

At sta. 44, in the middle estuary oligohaline zone near the shore, the dominance of the Far East-
ern brook lamprey Lethenteron reissneri (Dybowski, 1869) was recorded. This community, a local one,
is typical of the oligohaline part of the estuaries on Sakhalin Island [Labay et al., 2022].

A sharp change in bottom communities is observed in the d-chorohaline zone, on transect 9. There,
two communities with a predominance of chironomids and oligochaetes are localized. The main commu-
nity is Chironomus dorsalis Meigen, 1818 + Sergentia baueri Wulker, Kiknadze & Kerkis, 1999 + Glyp-
totendipes cauliginellus (Kieffer, 1913). It occupies most of the reach, from the water’s edge to a depth
of 1.6 m; it inhabits detritus and siltstone at the river flow speed of 0.01 m-s! and lower at the time
of survey. In contrast to the above-described communities, where molluscs, polychaetes, and decapods

Marine Biological Journal 2025 Vol. 10 No. 3



Macrozoobenthos of the Susuya River estuary (Sakhalin Island): II. Bottom communities. .. 37

played the main role, there, dipterans prevail (see Table 1). With the proportion of dominant chirono-
mids of 86.2% of the total biomass, this community has a short list of subdominants (3 species; 10.3%
of the total biomass). Those are an oligochaete Limnodrilus hoffmeisterif. typica Claparede, 1862 and chi-
ronomids Trissopelopia longimana (Staeger, 1839) and Paratendipes albimanus (Meigen, 1804). The sec-
ond community, Limnodrilus hoffmeisteri + Stictochironomus pictulus (Meigen, 1830) + Sergentia baueri,
was recorded in the waterway at a depth of 1.3 m on siltstone with detritus. There, the role of oligochaetes
increased to 37.7% of the total biomass, and the proportion of chironomids was 54.9%. The contribution
of dominant species to the total biomass was 77.5%. Three subdominant species accounted for 22.3%
of the integral biomass: chironomids Gl. cauliginellus and P. albimanus, as well as a polychaete H. japon-
ica. Common characteristics of benthic communities of the transitional §-chorohaline zone are high den-
sity (more than 2,000 ind.-m™?) with low biomass (several g-m_z) and polydominance (three dominant
species in each community).

A benthic community uncommon for the lower ritral of Sakhalin Island, with predominance of ju-
veniles of the Japanese mitten crab Eriocheir japonica (De Haan, 1835), was recorded at all stations
on the riffle separating the Susuya River estuary from above (see Table 1). The community is tempo-
rary, and this is due to the life cycle of the dominant species. In Primorye, Er. japonica reproduction
occurs in brackish water of estuaries at salinity of 5 to 27 psu in May—August; development of plank-
tonic larvae and settling of fry on the bottom is registered during the same period in the adjacent coastal
area; and upriver migration of juveniles is in August—October [Kolpakov, Semenkova, 2012]. Therefore,
the concentration of juveniles at the first riffle downstream of the Susuya River fits into the life cycle
of the Japanese mitten crab. With the onset of winter, the grown crabs leave the riffle, and this leads
to a shift in bottom communities.

The Eriocheir japonica community is likely to be recorded at the riffle in late summer and early
autumn. The density is formed, the same as downstream, mostly by oligochaetes and dipterans (49.7
and 45.6%, respectively), while the biomass basis (91.7%) is formed by decapods represented by one
dominant species only. Two subdominant species, an oligochaete L. hoffmeisteri and a chironomid
St. pictulus, account for another 6.4% of the total biomass.

In general, within the Susuya River estuary, five types of benthic communities are identified:
the community of the riffle separating the estuary from above (Eriocheir japonica); communities
of the &-chorohaline zone (Chironomus dorsalis + Sergentia baueri + Glyptotendipes cauliginellus
and Limnodrilus hoffmeisteri + Stictochironomus pictulus + Sergentia baueri); communities of the mid-
dle estuary oligohaline zone (Corbicula japonica, Hediste japonica, and Lethenteron reissneri); commu-
nities of the lower estuary polyhaline—mesohaline zone (Fluviocingula nipponica + Macoma balthica
and Macoma balthica); and the community of the river mouth (Hemigrapsus takanoi). The water’s edge
community (Eogammarus tiuschovi + Hediste japonica) is confined to the river mouth and the polyha-
line zone. The type and location of communities within the estuary are mediated by the salinity regime
and the sediment type (the latter is for communities of the upper estuary freshwater zone).

High values of the diversity index by density were observed in communities confined to the mouth
and polyhaline—mesohaline and oligohaline zones (1.72-2.20 bit-species '). In communities located up-
stream, in the 8-chorohalinicum zone, at salinity of 0.08 to 1.6 psu, a significant decrease in I, was re-
vealed, down to 1.32-1.46 bit-species”!. This phenomenon is governed by the fact as follows. In com-
munities of the &-chorohaline zone, the entropy principle with a uniform distribution of the indicator
by species is violated. Accordingly, a pronounced structuring by density occurs within the community,
when 62-92% fall on 1-3 dominant species.
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High values of the diversity index by biomass were recorded for polydominant communities (Eogam-
marus tiuschovi + Hediste japonica, Fluviocingula nipponica + Macoma balthica, Chironomus dorsalis +
Sergentia baueri + Glyptotendipes cauliginellus, and Limnodrilus hoffmeisteri + Stictochironomus pictu-
lus + Sergentia baueri) and for communities with a low relative biomass of the dominant species (Hediste
Jjaponica and the unnamed community). Those seem to be localized in areas transitional to the cores
of zones identified by salinity.

The ABC index showed several peaks that fell on communities with dominance of large-sized species,
regardless of salinity: Hemigrapsus takanoi, Macoma balthica, Corbicula japonica, and Lethenteron reiss-
neri (19-33.2%). In fact, the ABC index marks typical estuary communities corresponding to the cores
of the mouth and polyhaline—mesohaline and oligohaline zones. The dynamics of the diversity index
by biomass is in antiphase to the dynamics of the ABC index.

Using the ordination analysis according to the principal component method for the station-by-station
structure of macrobenthos in the area of action of three main independent factors (together, those ac-
count for 58.9% of the variance), four main units of stations were identified (Fig. 3). The compact
unit combining sta. 29-33, 35, 38-40, 42, 43, 45, and 46 is characterized by the dominance of a bi-
valve C. japonica and is associated with the above-described community of the same name. The second
unit, that of sta. 2, 13, 16, 17, 19, 22-27, includes stations belonging to the Macoma balthica commu-
nity. Sta. 1, 6, 8-12, 14, 15, 18, 20, and 21 are close to a set of stations for the Fluviocingula nippon-
ica + Macoma balthica community. Remaining stations, where other bottom communities are localized,
are concentrated in an area of close-to-zero coordinate values and do not follow the major revealed pat-
terns. The resulting picture confirms the identification of the key benthic communities in the oligohaline,
mesohaline, and polyhaline estuary zones affected by varying salinity during tidal phenomena.

Extraction: Principal components

Atypical communities (at the point with zero effect of factors):
Eogammarus tiuschovi + Hediste japonica;

Hemigrapsus takanoi;

Hediste japonica;

Lethenteron reissneri;

Chironomus dorsalis + Sergentia baueri + Glyptotendipes cauliginellus;
Limnodrilus hoffmeisteri + Stictochironomus pictulus + Sergentia baueri; Macoma balthica
Eriocheir japonica
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Fig. 3. Principal components analysis (3D ordination) for benthic stations
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The correspondence between the distribution of key macrozoobenthic species and the main
environmental factors is shown in Fig. 4.

Extraction: Principal components

¢ pR

Fig. 4. Principal components analysis (3D ordination) for macrozoobenthic species abundance
and biomass and for environmental parameters. Hj, Hediste japonica; Cap, Capitellidae; Lh, Limnodrilus
hof fmeisteri; Fn, Fluviocingula nipponica; Ass, Assiminea lutea; Mb, Macoma balthica; Cj, Corbicula japon-
ica; Bt, Eogammarus tiuschovi; Kd, Kamaka derzhavini; Mel, Melita shimizui | Melita sp.; Al, Ampithoe
lacertosa; Go, Gnorimosphaeroma ovatum; Ej, Eriocheir japonica; Ht, Hemigrapsus takanoi; Ca, Cran-
gon amurensis; Dc, Deiratonotus cristatum; Um, Upogebia major; Cd, Chironomus dorsalis; Sb, Sergentia
baueri; Ge, Glyptotendipes cauliginellus; Lr, Lethenteron reissneri. Salin, water salinity; depth, depth studied;
sediment, sediment type; S, number of species; N, density; B, biomass

For most species, the distribution of the biomass, as might be expected, is determined by the salinity
factor. A separate set in the area of its positive effect (a gain in species biomass with increasing salin-
ity values) is formed by species of the polyhaline—mesohaline zone: M. balthica, E. tiuschovi, Am. lac-
ertosa, and Cr. amurensis (Figs 5, 6). The second set, also lying on the segment of salinity in the area
of its positive effect, unites species abundant in mesohaline and oligohaline waters: As. lutea, Gn. ovatum,
D. cristatum, and Upogebia major (De Haan, 1841) (see Figs 5, 6). A negative response to an increase
in water salinity is demonstrated by chironomids C. dorsalis, S. baueri, and Gl. cauliginellus abundant
in the 8-chorohaline zone (see Fig. 6).

Two groups of species are affected by two abiotic factors: salinity and depth. The first group
covers Capitellidae polychaetes, a gastropod F. nipponica, and an amphipod Kamaka derzhavini Gur-
janova, 1951, which are common in the river mouth and adjacent areas. This group shows a positive
relationship with salinity and a negative one with depth, i. e., the biomass of these species increases
with rising salinity and decreasing depth (see Fig. 5). The second group is represented by one species,
C. japonica, and features the opposite dependance: a negative relationship with salinity and a positive one
with depth (see Fig. 5).
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Fig. 5. Distribution of abundant macrozoobenthic species in the Susuya River estuary (Annelida, yellow;
Mollusca, green; Amphipoda, blue)

Two species, an oligochaete L. hoffmeisteri and a crab Er. japonica, are situated far above the area
of effect of known environmental factors. Both are abundant in the estuary (see Figs 5, 6). For a crab,
such distribution is governed by a biological indicator: the feature of its life cycle.

Other species are located on the 3D plot near the center of the axes (in the area of close-to-zero
coordinate values of all three orthogonal factors). Therefore, their distribution in the estuary is subject
to other patterns, unknown to us.

Trophic characteristics. Out of 11 trophic groups revealed, only a few form the basis of the biomass
on individual transects (Fig. 7). According to the representation of trophic groups, the entire estuary
is clearly divided into five areas. The group with a mixed feeding type (detritus feeders, browsers,
and scavengers) dominates in macrozoobenthos in the river mouth (94.9% of the total biomass).
The biomass is chiefly formed by crabs H. fakanoi and adult Er. japonica, as well as amphipods
E. tiuschovi and Eogammarus possjeticus (Tzvetkova, 1967).
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Fig. 6. Distribution of abundant macrozoobenthic species in the Susuya River estuary (Decapoda, light
brown; Diptera, grey; Agnatha, grey)
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For more than 1.5 km from the mouth, on transects 2—4, the most significant trophic groups are de-
tritus feeders (46.6—82.6% of the total biomass) and grazers (5.9-45.1%). The first ones are represented
by a bivalve M. balthica (41.2—-80.7%), Capitellidae polychaetes, a shrimp Cr. amurensis, an amphipod
K. derzhavini, an isopod Gn. ovatum, a mysid N. awatschensis, etc. The grazers are chiefly epiphytic
gastropods F. nipponica (5.4—43.1%) and As. lutea, an amphipod Am. lacertosa, etc.

Between transects 4 and 5, another trophic restructuring of the macrozoobenthos occurs (see Fig. 7).
At a distance from the mouth, in 3—7 km, on transects 5-8, the biomass is mainly formed by suspension
feeders. The key filter feeder in this area is C. japonica (90.8-98.1%). The sharp transition from one
feeding type to another corresponds to the ‘marginal filter’ theory and the mean position of a salinity
barrier of 5-9 psu during the warm period [Lisitsyn, 1994]. Upstream of this salinity barrier, a large
amount of suspended organic matter is recorded in water; it is consumed by suspension feeders. Below
the barrier, after ultrafast sedimentation, deposited organic matter predominates; it is available to detritus
feeders.

Above the oligohaline zone, in the §-chorohalinicum zone, on transect 9, on the reach, the leading role
is again played by detritus feeders (87.5% of the total biomass) with a significant contribution of deposit
feeders (8.5%). There, the biomass of detritus feeders is formed mostly by chironomids: Ch. dorsalis,
S. baueri, Gl. cauliginellus, P. albimanus, St. pictulus, etc. Deposit feeders are represented by oligochaetes
L. hoffmeisteri and Tubifex tubifex (O. F. Miiller, 1773).

In the area of the river riffle separating the estuary from above, the trophic structure of macrozoo-
benthos is determined by a group with a mixed feeding type: detritus feeders, browsers, and scavengers
(92.0% of the total biomass). This group is represented by juveniles of a crab Er. japonica (91.7%)
and an amphipod Eogammarus kygi (Derzhavin, 1923).

All other trophic groups were not significant.

Conclusion. In the Susuya River estuary, five zones are clearly identified by the distribution of the key
communities: the mouth zone, lower estuary polyhaline-mesohaline zone, middle estuary oligohaline
zone, upper estuary d-chorohaline zone, and freshwater zone.

The effect of salinity limits the composition of benthic communities. By cluster analysis, 11 macro-
zoobenthic communities are identified and united into 5 types: the community of the riffle separating
the estuary from above (Eriocheir japonica); communities of the d-chorohaline zone (Chironomus dor-
salis + Sergentia baueri + Glyptotendipes cauliginellus and Limnodrilus hoffmeisteri + Stictochironomus
pictulus + Sergentia baueri); communities of the middle estuary oligohaline zone (Corbicula japonica,
Hediste japonica, and Lethenteron reissneri); communities of the lower estuary polyhaline—-mesohaline
zone (Fluviocingula nipponica + Macoma balthica and Macoma balthica); and the community of the river
mouth (Hemigrapsus takanoi). The water’s edge community Eogammarus tiuschovi + Hediste japonica
is confined to the river mouth and the polyhaline-mesohaline zone. By the methods of ordination analysis,
the communities Corbicula japonica, Macoma balthica, and Fluviocingula nipponica + Macoma balthica
are identified as the key ones of the estuary.

The major environmental factors affecting the distribution of key macrozoobenthic species are water
salinity and, to a lesser extent, depth. The type of sediment is not a determining factor in the area
of the effect of salinity.

The estuary is clearly divided into 5 zones by the results of the distribution analysis of the trophic
groups of macrobenthos as well. The basis of the macrozoobenthic biomass in the river mouth is formed
by a group with a mixed feeding type: detritus feeders, browsers, and scavengers. In the lower

Marine Biological Journal 2025 Vol. 10 No. 3



43

Macrozoobenthos of the Susuya River estuary (Sakhalin Island): II. Bottom communities. ..

estuary zone, the most significant trophic groups are detritus feeders and grazers. Suspension feeders
determine the trophic structure of the middle estuary oligohaline zone. In the 6-chorohalinicum zone,
the leading role is again played by detritus feeders with a noticeable contribution of deposit feeders.
On the river riffle, the basis of the macrobenthic biomass is formed by a group with a mixed feeding
type: detritus feeders, browsers, and scavengers; it is represented by juvenile crabs and amphipods.

The study was not sponsored.
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Coob1iecTBa Makpo3000EHTOCA U MX XapaKTEPUCTHKM B 3CTyapHsX pek octpoBa CaxaluH U3ydeHbl
HeJocTaTo4yHo. B GospimHcTBe KOpoTKKX pek CaxairHa cOCTaB IOHHBIX COOOIIECTB CHIIBHO OIPaHy-
YeH [0 CPaBHEHMIO C TAKOBBIM 3CTyapueB Ipyrux pek JaneHero Boctoka Poccuu. B centsiope 2022 r.
o0crenoBaH sctyapuii peku Cycysi — TOJHOpa3MEpHBIN 10 CPABHEHHUIO C SCTYapHUsIMU MaJbIX pPeK
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octpoBa. Ilenb paGoThl — OMUcaTh OCHOBHBIE 3aKOHOMEPHOCTH pacIpe/ie/ieHus] IOHHBIX COOOIIECTB,
UX CTPYKTYPBbI, KJTIOYEBBIX BUJOB U TPOPUISCKUX XaPAKTEPUCTHK MaKPO3000OEHTOCA BJIOJb IPaIUeHTA
COJIEHOCTH B MOJTHOpa3MepHOM dctyapuu peku Cycys Ha octpoBe CaxanuH. MeTogaMu KJIacTepHOTO
¥ OpAVHALIMOHHOTO aHAJIM3a BBIJICJICHB JOHHBIE cOoOIecTBa 3cTyapusi. OnucaHsl OCHOBHBIE CO00-
IIeCcTBa U TpopruecKast XapaKTepUCTHKa, OCOOEHHOCTH pacripe/ie/IeHus KIII0YEeBbIX BUIOB MaKPO300-
OeHrtoca BIoJIb pycia sctyapus peku Cycys. [IpuBeneHs! riaBHbie 3aKOHOMEPHOCTH paciipeieieHUsI
COOOIIECTB MaKPO300OEHTOCA, KITIOUEBBIX BUIOB U TPO(PUUECKUX I'PYIITUPOBOK B cTyapru peku Cy-
cys. Boigenensl 11 cooOmecTB Makpo3000eHTOCa, 00bEIMHEHHBIX B MSATh TUIIOB: COOOIIECTBO TMepe-
KaTa, OrPaHUYMBAIOIIErO SCTyapyil CBEPXY, COOOIIECTBA O-XOPOraJIMHHOM 30HbI, COOOINECTBA Cpe/IHe-
3CTYapHOU OJIUTOTAJIMHHOM 30HBI, COOOINECTBA HIKHEICTYAPHOU TOJUTATMHHO-ME30TATMHHOMN 30HbI
1 cooO0IIecTBO ycThbsl peku. CooOIIecTBO ype3a BOIbl JTOKAJTM30BAHO B YCThe PEKM M MOJIUTATMHHO-
Me3oraarHHou 30He. OCHOBHBIE cooOiecTBa actyapus peku Cycys — Corbicula japonica, Macoma
balthica u Fluviocingula nipponica + Macoma balthica. OcHOBHBIMU (haKTOpaMH CPE[Ibl, BIUSIONUMEI
Ha pacrpejesieHre KII0YeBbIX BUJOB MAKPO300OEHTOCA, ABISIOTCS CONEHOCTh BOJIBI 1 — B MEHBIIIEH
cTeneHu — DyOouHa. THIT rPyHTa He BBICTYMAET KaK ONpeIelAIonunil (haktop.

KuaroueBblie ciioBa: 3cTyapuii, MaKpo300OEHTOC, JIOHHOE COOOIIIECTBO, TPOUUECcKast XapaKTepUCTH-
Ka, ocTpoB CaxaiuH
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The Kruglaya Bay (or the Omega Bay) holds high recreational value due to its sheltered location within
the Sevastopol region, extensive beach area, and shallow waters with the soft bottom. These features
necessitate monitoring of marine biota state. This work was aimed at determining the species rich-
ness and hierarchical structure of benthic diatoms (Bacillariophyta) in the Kruglaya Bay insufficiently
studied before and at comparing them with coastal biotopes off the Crimea being under various anthro-
pogenic load. Based on results of a benthic survey in 2004, we studied the species richness of Bacil-
lariophyta off the Omega Bay and analyzed the taxonomic diversity applying floristic and formalized
methods and using taxonomic distinctness indices: TaxDI (AvTD and VarTD). In total, 264 species
and intraspecific taxa of benthic diatoms were identified: 256 species, 73 genera, 35 families, 21 orders,
and 3 classes. We found 70 species and 5 genera previously recorded by us as new to the Bacillario-
phyta flora of the northern Black Sea shelf, along with 5 species of diatoms previously described by us
as new to science. The greatest species similarity was revealed both between habitats with the lowest
anthropogenic load (the Omega Bay — the Dvuyakornaya Bay and the Omega Bay — the Laspi Bay)
and between heavily polluted water areas (the Sevastopol Bay — the Karantinnaya Bay and the Sevasto-
pol Bay — the Balaklava Bay) regardless of their geographical proximity and differences in hydrological
and hydrophysical conditions. Bacillariophyta taxocenes from heavily polluted sites feature low species
richness and high proportion of mono- and oligospecies branches due to reduction of low pollution—
sensitive taxa. AvTD values exceeded the average expected level for the Black Sea Bacillariophyta flora.
In conditionally clean waters, diatom taxocenes exhibited high species richness, numerous polyspecies
branches, and a low proportion of mono- and oligospecies branches aggregating at different levels
of a hierarchical tree. AvTD values are below the average expected level for the Black Sea diatom flora.
Features of diatom taxocene structure from the compared sites are mediated by a taxa-specific response
to combined environmental stressors. Using TaxDI when analyzing Bacillariophyta taxonomic diversity
allows for statistically reliable assessment of marine coastal waters under different pollution regimes.

Keywords: Omega Bay, TaxDI, species richness, anthropogenic load

Within the Sevastopol Bay system, the Kruglaya Bay (or the Omega Bay) holds high recreational
value due to its location within the city, shallow soft bottom, and the lack of industrial facilities
in the surrounding area. Its shores host extensive beaches and numerous cafes, resorts, and recreational
areas. Such a heavy use of the coastline exerts substantial anthropogenic load on its waters necessitating
evaluation of the state of its marine biota. The main tasks of the coastal ecosystem monitoring
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are the inventory and comprehensive assessment of biota. The resulting data makes it possible to track
changes in the marine environment. Benthic diatoms (Bacillariophyta) are the key link in the functioning
of coastal ecosystems. The assessment of their species richness is required for bioindication and analysis
of the aquatic environment [Barinova et al., 2006; Blanco et al., 2012; Borja et al., 2013; Keck
et al., 2016; Stenger-Kovdcs et al., 2016; Tokatli et al., 2020]. The study of benthic diatom diversity
is of fundamental importance for the Black Sea shelf: there, increasing technogenic pollution and an-
thropogenic load affect the structure of taxocenes, and consequently reduce Bacillariophyta species
richness [Guidelines, 2015; Nevrova, 2022; Petrov, Nevrova, 2004, 2007; Petrov et al., 2005, 2010].
To reveal aspects of Bacillariophyta taxonomic diversity, generalization of results and a comprehensive
analysis based on both floristic and formalized methods are needed. In this regard, the aim of our work
was to carry out a comparative assessment of current diversity and hierarchical structure of benthic
diatom taxocenes in the previously insufficiently surveyed Kruglaya Bay and in Crimean coastal habitats
subject to varying technogenic pollution involving taxonomic distinctness indices: TaxDI [Nevrova,
2022; Warwick, Clarke, 1998, 2001].

MATERIAL AND METHODS

Benthic diatoms were studied in the Omega Bay located in the northwestern Sevastopol within
the Sevastopol Bay system (Fig. 1). Its low-gradient and abrasion-accumulative coasts composed
of Sarmatian limestones and layers of marl form a leveled shoreline with alternating abrasion-
erosion and accumulative sections [Agarkova-Lyakh, Lyakh, 2019; Ignatov et al., 2014]. Mean depths
are approximately 0.5-1 m in the bay innermost part, about 5 m in the central area, and 16 m
at the mouth. Bottom sediments are predominantly silt, fine-grained sand, and shells, both bro-
ken and unbroken [Zenkovich, 1960]. Compared to the open coast, the bay area is characterized
by a calm wave regime, due to its enclosed type and mouth narrowing. The Kruglaya Bay is about
1 km long. It is characterized by a relatively weak water exchange and shallowness, thus promot-
ing rapid summer heating of water. Since the bay’s shores are among the most popular beaches
in Sevastopol, and its coastline hosts dozens of tourist infrastructure facilities, the water area is sub-
ject to intensive recreational pressure during summer. This necessitates monitoring of the state
of the biota.

Biological material was sampled on 28.07.2004 within a comprehensive survey conducted
by IBSS Department of Benthos Ecology. Sampling covered sandy-silty sediments of the Omega
Bay (44°35’'N, 33°26’E) at depths ranging 1.5-16 m. Ten samples from five stations were processed.
During a previous prognostic estimation of the diatom species richness, depending on the number
of samples processed within a study area with similar biotopic conditions, it was revealed as follows:
an analysis of only one station allows for accounting for approximately 35% of the total species rich-
ness, while an analysis of five stations, for 80% [Petrov, Nevrova, 2013, 2014]. Preliminary results
of the study of diatom species richness in the Omega Bay are presented in the monograph [Nevrova,
2022]. In this paper, with the use of additional illustrative material, new data is discussed, and a further
comparative analysis of Bacillariophyta hierarchical diversity in other biotopes of the Crimean coast
is carried out.

The map of the study area was built using the digital sources https://d-maps.com/ [2024]
and https://www.sasgis.org/ [2023], and then edited involving SAS.Planet and Adobe Photoshop
software (Fig. 1).
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Fig. 1. Map of the study area: A, the Black Sea; B, the Crimean Peninsula; C, the Sevastopol region;
D, sampling sites off the Omega Bay

Biological material was sampled by a diver with a meiobenthos core tube (S = 15.9 cm?): the up-
per layer of soft bottom substrate was collected. To separate epipelon and epipsammon, the sediment
was treated with ultrasound for 20 min. Permanent slides for a light and scanning electron microscopes
(hereinafter LM and SEM, respectively) were prepared according to a standard method described
in [Nevrova, 2022].

Microphotographs of valves were taken, and species in each sample were identified from perma-
nent slides under a LM Nikon Eclipse E600 equipped with a PlanAPO x100 objective and a digital
camera Nikon DS-Fil at the Institute of Marine and Coastal Sciences (University of Szczecin, Poland)
by the author. Ultrastructural microphotography was performed under a SEM Hitachi S-4500 (Japan)
at the Goethe University (Frankfurt, Germany) by Professor H. Lange-Bertalot and master engineer
M. Ruppel, and also under a SEM Hitachi SU3500 (Japan) (IBSS, Sevastopol, Russia) by the author
and V. Lishaev, head of the Microscopy Laboratory.

Permanent slides for a LM are deposited in the collection of E. Nevrova in IBSS Department of Ben-
thos Ecology, and partially in the collection of Professor A. Witkowski in the Department of Pale-
oceanology of the Institute of Marine and Coastal Sciences. Permanent stubs for a SEM are stored
in the collection of Professor H. Lange-Bertalot at the Goethe University, and partially in the collection
of E. Nevrova at IBSS.

We used the guides [Guslyakov et al., 1992; Levkov, 2009; Proshkina-Lavrenko, 1963; Witkowski
et al., 2000] and other publications. The systematic position of benthic diatoms is based on [Round
et al.,, 1990], with resent additions [AlgaeBase, 2024; Catalogue of Diatom Names, 2011;
Guslyakov et al., 1992; Nevrova, 2013b; Witkowski et al., 2000, efc.]. Nomenclatural data is given
in accordance with the International Plant Names Index [2024].
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Morphometrics measurements of Bacillariophyta cells were performed wusing Imagel
software (v1.4.3.67) [2025].

During summer, near-bottom water of the Kruglaya Bay exhibits elevated concentrations of ammo-
nium nitrogen, phosphorus, nitrates, and BODs (biochemical oxygen demand) [Pavlova et al., 2001].
Bottom sediments are characterized by low-level technogenic pollution from urban runoff, high content
of ammonium nitrates and phosphorus, and elevated values of BODs: the latter ones were approximately
ten times higher in open waters at some stations [Mironov et al., 2003]. During hot season, intensive
recreational load mediates oxygen depletion in near-bottom water and upper layer of bottom sediments.
Nevertheless, in terms of technogenic pollution, the Omega Bay can be classified as a relatively un-
polluted area, similar to the Dvuyakornaya and Laspi bays. These bays contrast sharply with heavily
polluted ones: the Karantinnaya, Sevastopol, and Balaklava bays, where mean concentrations of heavy
metals and organic pollutants in soft bottom sediments exceed background levels by 2—10 times [Nevrova,
2022]. The above-mentioned water areas were selected for comparative analysis precisely based on their
pollution levels.

The hierarchical structure of diatom taxocenes in the Kruglaya Bay and in other areas along
the Crimean coast of the Black Sea was analyzed in PRIMER v6 [Clarke, Gorley, 2006] using TaxDI.
We applied the average taxonomic distinctness index (AvTD, A™) and variation in taxonomic distinct-
ness index (VarTD, A™). Those were calculated according to a methodology described in [Nevrova, 2022;

Warwick, Clarke, 1998, 2001].

RESULTS AND DISCUSSION

Species richness of benthic diatoms in the Omega Bay. The taxocene of benthic Bacillariophyta
included 264 species and intraspecific taxa (hereinafter IST). Those were represented by 256 species,
73 genera, 35 families, 21 orders, and 3 classes (Table 1).

Table 1. Benthic diatoms on soft bottom off the Omega Bay

Species and IST — 20

Taxon Species
Class Actinocyclus subtilis (W. Greg.) Ralfs; Amphitetras antediluvianum Ehrenb.; Auliscus sculp-
Coscinodiscophyceae tus (W. Sm.) Ralfs; Biddulphia rostrata var. alata Proschk.-Lavr.; Coscinodiscus radia-
Orders, 6 tus Ehrenb.; Cyclotella choctawhatcheeana Prasad*; C. comensis Grunow; C. meneghiniana
Families, 8 Kiitz.; C. operculata (C. Agardh) Kiitz.; Dimeregramma fulvum (W. Greg.) Ralfs; D. minor
Genera, 14 (W. Greg.) Ralfs; Glyphodesmis distans (W. Greg.) Grunow; Hyalodiscus scoticus (Kiitz.)
Species, 20 Grunow; Paralia sulcata (Ehrenb.) Cleve; Plagiogramma sp.; Puncticulata radiosa (Lem-

merm.) Hék.; Stephanodiscus hantzschii Grunow; Thalassiosira eccentrica (Ehrenb.) Cleve;
T. parva Proschk.-Lavr.; T. parvula 1. V. Makarova

Species and IST, 18

Class Ardissonea baculus (W. Greg.) Grunow; A. crystallina (C. Agardh) Grunow; Fragilaria sp. 1;
Fragilariophyceae Grammatophora marina (Lyngbye) Kiitz.; G. oceanica Ehrenb.; Hyalosira aberrans (Giffen)
Orders, 7 Navarro*; Licmophora abbreviata C. Agardh; L. gracilis (Ehrenb.) Grunow; Microtabella
Families, 7 delicatula (Kiitz.) Round; Opephora krumbeinii Witkowski, Witak et Stachura*; O. marina
Genera, 11 (W. Greg.) Petit; O. mutabilis (Grunow) Sabbe et Vyverman*; O. pacifica (Grunow) Pe-
Species, 18 tit*; Psammodiscus nitidus (W. Greg.) Round et D. G. Mann; Rhabdonema minutum Kiitz.;

Tabularia gaillonii (Bory) Bukht.; T. tabulata (C. Agardh) P. J. M. Snoeijs; Thalassionema
nitzschioides (Grunow) Mereschk.

Continued on the next page...

Marine Biological Journal 2025 Vol. 10 No. 3



Benthic diatoms (Bacillariophyta): Diversity and hierarchical structure of taxocenes on soft bottom... 51

Taxon

Species

Class
Bacillariophyceae
Orders, 8

Families, 20

Genera, 48

Species, 217

Species and IST, 226

Achnanthes brockmannii Hust.; A. longipes C. Agardh; A. fimbriata (Grunow) R. Ross;
Achnanthes sp. O1; Achnanthidium glyphos Riaux-Gob., Compere et Witkowski*; Amphora
acuta W. Greg.; A. arcus W. Greg.; A. bigibba Grunow ex A. Schmidt; A. caroliniana Giffen;
A. cf. abludens Simonsen*; A. crassa W. Greg.; A. cuneata Cleve; A. exigua W. Greg.; A. ex-
ilitata Giffen*; A. graeffeana Hendey; A. helenensis Giffen*; A. laevis W. Greg.; A. lineolata
Ehrenb.; A. marina W. Sm.; A. obtusa W. Greg.; A. ocellata Donkin; A. ostrearia Bréb.; A. pro-
teus W. Greg.; A. staurophora Jahlin-Dannfelt; A. subacutiuscula Schoemann; A. wisei (Salah)
Simonsen; Amphora sp. Ol; Amphora sp. O2; Aneumastus sp. 1; Anorthoneis excentrica
(Donkin) Grunow; Astartiella bahusiensis (Grunow) Witkowski, Lange-Bert. et Metzeltin*;
Astartiella sp. O1; Bacillaria paxillifera (O. F. Miill.) Hendey; Berkeleya scopulorum (Bréb.
et Kiitz.) E. J. Cox; Biremis ambigua (Cleve) D. G. Mann; B. lucens (Hust.) Sabbe, Witkowski
et Vyverman*; B. ridicula (Giffen) D. G. Mann*; Caloneis densestriata (Proschk.-Lavr.)
Gusl.; C. liber (W. Sm.) Cleve; Campylodiscus parvulus W. Sm.; C. thuretii Bréb.; Campy-
lodiscus sp. 1; Catenula adhaerens Mereschk.; Chamaepinnularia alexandrowiczii Witkowski,
Lange-Bert. et Metzeltin*; Chamaepinnularia cf. alexandrowiczii Witkowski, Lange-Bert.
et Metzeltin; Ch. clamans (Hust.) Witkowski, Lange-Bert. et Metzeltin*; Ch. margaritiana
(Witkowski) Witkowski*; Ch. truncata (Konig) Witkowski, Lange-Bert. et Metzeltin*; Clima-
coneis inflexa (Bréb. ex Kiitz.) E. J. Cox; Cocconeiopsis breviata (Hust.) Witkowski, Lange-
Bert. et Metzeltin*; C. fraudulenta (A. W. F. Schmidt) Witkowski, Lange-Bert. et Met-
zeltin*; C. patrickae (Hust.) Witkowski, Lange-Bert. et Metzeltin*; Cocconeis crispa Eds-
bagge*; C. clandestina A. W. F. Schmidt*; C. diminuta Pant.*; C. dirupta var. flexella
(Janisch et Rabenh.) Grunow; C. discrepans A. W. F. Schmidt*; C. distans W. Greg.; C. en-
gelbrechtii Cholnoky; C. euglypta Ehrenb.; C. guttata Hust. et Aleem*; C. molesta var. cru-
cifera Grunow; C. pediculus Ehrenb.; C. pelta A. W. F. Schmidt*; C. peltoides Hust.*; C. pla-
centula Ehrenb.; C. pseudocostata Romero*; C. scutellum Ehrenb.; C. scutellum var. parva
(Grunow) Cleve; C. speciosa W. Greg.; C. stauroneiformis (Rabenh.) Okuno; Cocconeis sp. O1;
Cocconeis sp. O2; Cocconeis sp. SW; Cylindrotheca closterium (Ehrenb.) Reimann et Lewin;
Dickieia resistans Witkowski, Lange-Bert. et Metzeltin; D. subinflata (Grunow ex Cleve
et J. D. Moller) D. G. Mann; Diploneis bombus (Ehrenb.) Cleve-Euler ex Backman et Cleve-
Euler; D. chersonensis (Grunow) Cleve; D. coffaeiformis (A. W. F. Schmidt) Cleve*;
D. crabro Ehrenb.; D. didyma Ehrenb.; D. fusca (W. Greg.) Cleve; D. notabilis (Grev.) Cleve;
D. notabilis var. tenera Proschk.-Lavr.; D. rex Droop; D. smithii (Bréb.) Cleve; D. smithii
var. pumila (Grunow) Hust.; D. stroemii Hust.*; D. suborbicularis (W. Greg.) Cleve; D. vac-
illans (A. W. F. Schmidt) Cleve; D. vetula (A. W. F. Schmidt) Cleve*; Diploneis sp. 1F;
Diploneis sp. 1VS; Entomoneis gigantea var. sulcata (O’Meara) Gusl.; Eolimna sp. 20%; Falla-
cia cassubiae Witkowski; F. escorialis (Simonsen) Sabbe et Vyverman*; F. florinae (Moeller)
Witkowski*; F. forcipata (Grev.) A. Stickle et D. G. Mann; F. margino-punctata Sabbe
et Vyverman*; F. ny (Cleve) D. G. Mann*; F. oculiformis (Hust.) D. G. Mann*; F. schae-
ferae (Hust.) D. G. Mann*; F. subforcipata (Hust.) D. G. Mann; Fallacia sp. 1F; Falla-
cia sp. 90; Gyrosigma attenuatum (Kiitz.) Cleve; Halamphora acutiuscula (Kiitz.) Levkov;
H. angularis (W. Greg.) Levkov; H. coffeaeformis (C. Agardh) Levkov; H. eunotia (Cleve)
Levkov; H. tenerrima (Aleem et Hust.) Levkov*; H. turgida (W. Greg.) Levkov; Hantzschia
amphioxys f. capitata O. Miill.; H. marina Donkin*; H. virgata (Roper) Grunow*; Hantzschia
cf. 177-1; Hantzschia sp. O1; Hippodonta sp. 2; Hippodonta sp. 3; Hippodonta sp. 6; Hip-
podonta sp. 9; Hippodonta sp. Ol; Karayevia amoena (Hust.) Bukht.; Lunella ghalebii
Witkowski, Lange-Bert. et Metzeltin*; Lyrella abruptapontica Nevrova, Witkowski, Ku-
likovskiy & Lange-Bert.; L. atlantica (A. W. F. Schmidt) D. G. Mann; L. barbara (Heiden)
D. G. Mann*; L. clavata (W. Greg.) D. G. Mann; L. dilatata (A. W. F. Schmidt) Nevrova,
Witkowski, Kulikovskiy et Lange-Bert.**; L. fogedii Witkowski, Lange-Bert. et Metzeltin*;

Continued on the next page...
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Taxon Species

L. hennedyi (W. Sm.) A. Stickle et D. G. Mann; L. karayevae Nevrova, Witkowski,
Kulikovskiy et Lange-Bert.**; L. lyroides (Hendey) D. G. Mann; L. majuscula (Hust.)
Witkowski*; L. pontieuxini Nevrova, Witkowski, Kulikovskiy et Lange-Bert.**; L. pseu-
dolyra Nevrova, Witkowski, Kulikovskiy et Lange-Bert.**; Mastogloia cuneata (Meister)
Simonsen*; M. lanceolata Cleve; M. pumila (Cleve et Moller) Cleve; Navicula aleksan-
drae Lange-Bert., Witkowski, Bogaczewicz-Adamczak et Zgrundo*; N. arenaria Donkin*;
N. bozenae Lange-Bert., Witkowski, Bogaczewicz-Adamczak et Zgrundo*; N. cancellata
Donkin; Navicula cf. cancellata; N. capillata Giffen*; Navicula cf. opima (Grunow) Grunow*;
N. cincta (Ehrenb.) Ralfs; N. digitoradiata (W. Greg.) Ralfs; N. flagellifera Hust.*; Navicula
cf. flagellifera Hust.; N. germanopolonica Lange-Bert., Witkowski, Bogaczewicz-Adamchak
et Zgrundo*; N. glabriuscula var. elipsoidales Proschk.-Lavr.***; N. gregaria Donkin;
N. northumbrica Donkin*; N. palpebralis Bréb.; N. palpebralis var. angulosa (W. Greg.)
Van Heurck; N. palpebralis var. minor Grunow; N. palpebralis var. semiplena (W. Greg.)
Cleve; N. palpebrulum Cholnoky*; N. parapontica Witkowski, Kulikovskiy, Nevrova et Lange-
Bert.**; N. perminuta Grunow; N. petrovii Nevrova, Witkowski, Kociolek et Lange-Bert.**
(syn. N. scabriuscula (Cleve et Grove) Mereschk.**%); N. phyllepta Kiitz.*; N. phylleptosoma
Lange-Bert.*; N. ramosissima (C. Agardh) Cleve; N. salinarum Grunow; N. salinicola Hust.;
N. veneta Kiitz.; N. viminoides var. cosmomarina Lange-Bert., Witkowski, Bogaczewicz-
Adamchak et Zgrundo*; Navicula sp. O1; Navicula sp. O2; Nitzschia acuminata (W. Sm.)
Grunow; N. aequorea Hust.*; N. agnita Hust.*; N. angularis var. affinis (Grunow) Grunow;
Nitzschia cf. coarctata Grunow; N. compressa (J. W. Bailey) Boyer; N. constricta (Kiitz.) Ralfs;
N. dissipata (Kiitz.) Grunow; N. frequens Hust.*; N. frustulum (Kiitz.) Grunow; N. hybrida
Grunow; N. inconspicua Grunow; N. insignis W. Greg.; N. liebetruthii Rabenh.; N. loren-
ziana Grunow; N. miserabilis Cholnoky*; N. pellucida Grunow; N. perindistincta Cholnoky*;
N. persuadens Cholnoky*; N. rorida Giffen*; N. sigma (Kutz.) W. Sm.; N. spathulata
Bréb.; N. spathulata var. hyalina W. Greg.; N. vidovichii (Grunow) Grunow; Oestrupia pow-
ellii (Lewis) Heiden*; Parlibellus delognei (Van Heurck) E. J. Cox; P. hamulifer (Grunow)
E. J. Cox; P. plicatus (Donkin) E. J. Cox; Parlibellus sp. O2; Petroneis humerosa (Bréb.)
A. Stickle et D. G. Mann; Pinnularia claviculus (W. Greg.) Rabenh.*; P. cruciformis (Donkin)
Cleve; P. trevelyana (Donkin) Rabenh.***; Placoneis sp. 1; Plagiotropis elegans (W. Sm.)
Grunow; P. lepidoptera (W. Greg.) Kuntze; P. pusilla (W. Greg.) Kuntze*; Planothidium del-
icatulum (Kiitz.) Round et Bukht.; P. deperditum (Giffen) Witkowski, Lange-Bert. et Met-
zeltin*; P. quarnerensis (Grunow) Witkowski, Lange-Bert. et Metzeltin; Planothidium sp. 2F;
Pleurosigma aestuarii (Bréb.) W. Sm.; P. angulatum (Queckett) W. Sm.; Psammodictyon pan-
duriforme (W. Greg.) D. G. Mann; P. panduriforme var. continua (Grunow) P. J. M. Snoeijs*;
Rhoicosphenia abbreviata (C. Agardh) Lange-Bert.; Seminavis sp. 1; Stauronella indubitabilis
Lange-Bert. et Genkal; Staurophora salina (W. Sm.) Mereschk.; Surirella fastuosa (Ehrenb.)
Kiitz.; S. pandura H. Perag. et Perag.; Toxonidea insignis Donkin***; Trachyneis aspera
(Ehrenb.) Cleve

Note: *, species previously recorded by us as a new to the Black Sea flora; **, species previously described by us

as a new to science; ***, species not registered within the last 50 or 100 years in the Black Sea.

Investigations in the Kruglaya Bay allowed revealing 70 species newly found for the Bacillar-
iophyta flora of the northern Black Sea shelf, and 5 species described as new to science. Also,
we noted 4 species not registered in the Black Sea within approximately 50 years of surveys [ Navicula
glabriuscula var. elipsoidales] or even 100 years [Navicula petrovii (syn. N. scabriuscula), Toxonidea
insignis, and Pinnularia trevelyana]. Five genera are new for the Bacillariophyta flora of the Black Sea:
Astartiella Witkowski, Lange-Bert. et Metzeltin, Chamaepinnularia Lange-Bert. et Krammer,
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Cocconeiopsis ~ Witkowski,  Lange-Bert. et Metzeltin,  Eolimna  Lange-Bert. et  Schiller,
and Lunella P. J. M. Snoeijs. Those are represented by the species Astartiella bahusiensis, As-
tartiella sp. O1, Chamaepinnularia alexandrowiczii, Ch. clamans, Ch. margaritiana, Ch. truncata,
Cocconeiopsis breviata, C. fraudulenta, C. patrickae, Eolimna sp. 20, and Lunella ghalebii [Nevrova,
2022].

Representatives of the classes Coscinodiscophyceae and Fragilariophyceae are few in number,
and their shares are 7.5 and 6.8%, respectively. The contribution of taxa of the class Bacillariophyceae
is 85.6%. The order Naviculales is the most diverse in terms of taxonomy: 9 families, 22 genera,
and 101 species and ITS. Within the order Achnanthales, we report 3 families, 7 genera, and 35 species
and IST. The order Thalassiophysales comprises 1 family, 4 genera, and 32 species and IST, while the or-
der Bacillariales, 1 family, 5 genera, and 33 species and IST. In the Omega Bay water area, the most
species-rich genera are Navicula (32 species and IST), Nitzschia (23), Cocconeis (22), Amphora (21),
Diploneis (17), Lyrella (11), and Fallacia (11).

Several species could not be identified using the literature available. However, we included them
in the general list for analysis based on their morphological differences from known diatoms. Micrographs
of non-identified species and new and rare taxa are provided in Figs 2—6.

Fig. 2. Newly found for the Black Sea,
rare, and non-identified species of benthic
diatoms registered off the Omega Bay (a light
microscope): 1, Navicula viminoides var.
cosmomarina;, 2, N. bozenae, 3, N. alek-
sandrae; 4, N. phylleptosoma; 5, Cocconeis
peltoides; 6, C. discrepans; 7, Planothidium
deperditum; 8, Biremis lucens; 9, Cyclotella
choctawhatcheeana; 10, Chamaepinnularia
margaritiana; 11,  Opephora  krumbeinii;
12, Nitzschia inconspicua; 13, Fallacia oculi-
formis; 14, Diploneis sp. 1; 15, Cocconeiopsis
breviata; 16, Hippodonta sp. 6; 17, Lunella
ghalebii; 18, Hippodonta sp. O1; 19, Astartiella
bahusiensis; 20, Astartiella sp. O1; 21, Hyalosira
aberrans; 22, 23, Achnanthidium glyphos
[raphe valve (RV) and rapheless valve (RLV)];
24, Chamaepinnularia clamans; 25, Opephora
mutabilis; 26, O. pacifica;, 27, Karayevia
amoena; 28, Cocconeiopsis  fraudulenta;
29, Cocconeis guttata; 30, Nitzschia persuadens;
31, Hantzschia cf. 177-1; 32, Biremis ridicula;
33, Amphora helenensis; 34, Amphora sp. O1;
35, A. exilitata; 36, A. wisei; 37, Halam-
phora turgida; 38, Amphora cf. abludens;
39, Chamaepinnularia truncata; 40, Coc-
coneiopsis  patrickae; 41, Cocconeis pelta,
42, 43, C. pseudocostata (RV and RLV);
44, 45, Cocconeis sp. SW (RV and RLV);
46, Cocconeis sp. O1; 47, Nitzschia miserabilis;
48, 49, Cocconeis sp. 02 (RV and RLV);
50, Fallacia ny. Scale bar is 10 um

\/

Marine Biological Journal 2025 Vol. 10 No. 3



54

E. Nevrova

Fig. 3. Diatom species not recorded in the Black Sea within the last 100 years (a light microscope): 1, Nav-
icula glabriuscula var. elipsoidales; 2, N. petrovii (syn. N. scabriuscula); 4, Toxonidea insignis; 5, 6, Pinnu-

laria trevelyana (girdle and valve). Newly found species for the Black Sea: 3, Hantzschia marina. Scale bar
is 10 um

iy

D, AT
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Fig. 4. Diatom species new for science (previously described by us) found off the Omega Bay (a light
microscope): 1, Lyrella fogedii; 2, L. majuscula; 3, L. abruptapontica; 4, L. karayevae; 5, L. dilatata;
6, L. pontieuxini; 7, L. barbara; 8, L. pseudolyra. Scale bar is 10 pm
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9 15

Fig. 5. Newly found to the Black Sea and rare species of benthic diatoms registered off the Omega Bay
(a scanning electron microscope): 1, Cocconeiopsis breviata; 2, Cocconeis clandestina; 3, C. pelta; 4, Nav-
icula viminoides var. cosmomarina;, 5, Chamaepinnularia alexandrowiczii; 6, Fallacia margino-punctata; 7,
Cocconeis pseudocostata; 8, Nitzschia aequorea; 9, Chamaepinnularia truncata; 10, Nitzschia persuadens; 11,
Psammodictyon panduriforme var. continua; 12, Opephora krumbeinii; 13, Nitzschia inconspicua; 14, Am-
Pphitetras antediluvianum; 15, Navicula aleksandrae. Scale bars are 3 um (1,4, 5, 8); 6 um (2, 9, 10); 5 pm (3);
10 wm (6, 11); 4 um (7); 1 wm (12); 2 wm (13); 20 um (14); 2 um (15)
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Fig. 6. Newly found for the Black Sea and rare species of benthic diatoms recorded off the Omega Bay
(a scanning electron microscope): 1, Campylodiscus sp. 1; 2, Astartiella bahusiensis; 3, Cocconeis peltoides;
4, Hippodonta sp. 6; 5, Halamphora tenerrima; 6, Fallacia florinae; 1, Planothidium deperditum; 8, Actinocy-
clus subtilis; 9, Thalassiosira eccentrica; 10, Diploneis cof faeiformis; 11, Fallacia oculiformis (internal); 12,
Cocconeis guttata; 13, Cocconeis crispa; 14, C. diminuta; 15, Navicula phylleptosoma; 16, Nitzschia vidovichii
(central nodule); 17, Planothidium delicatulum; 18, Navicula palpebrulum; 19, Opephora mutabilis; 20, Am-
phora helenensis. Scale bars are 6 um (1, 4, 19); 5 um (2, 18); 4 um (3, 5, 10, 13, 15, 16); 3 um (6, 11, 12,
17, 20); 2 wm (7, 14); 20 um (8, 9)
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The biota of the Omega Bay has been studied in considerable detail regarding macrozoobenthic taxo-
nomic richness, structure, and spatial distribution [Boltachova et al., 2022; Mironov et al., 2003], whilst
microphytobenthos has been investigated only partially. Benthic diatom richness in the bay was sur-
veyed by A. Proshkina-Lavrenko in October 1950 [1963], L. Ryabushko in the summer of 1990 [1994],
and by a team of researchers in October 2016 [Ryabushko et al., 2022]. In the monograph au-
thored by A. Proshkina-Lavrenko [1963], the registered diatom taxa are included in a general list,
and this does not allow for determining which species were found in this biotope. L. Ryabushko re-
ported 42 species and IST of benthic diatoms in the epiphyton [Ryabushko, 1994] and 14 species
in the epipsammon [Ryabushko et al., 2022].

Importantly, among the 14 species listed in [Ryabushko et al., 2022], several are misidentified
at the genus level. Thus, the one reported by the authors as Pseudostaurosira medliniae D. M. Williams
et E. A Morales, 2010 [Ryabushko et al., 2022, Fig. 3D, E] and named the first record for the Kruglaya
Bay and for the whole Black Sea, is misidentified, according to [Williams, Morales, 2010]. As the au-
thors initially presumed, the species belongs to the Planothidium delicatulum (Kiitzing) Round & Bukhti-
yarova, 1996 complex based on the following traits: valve shape with slightly rostrate ends, absence
of spines on valve margins, striae density (18 in 10 um), and multiseriate areolae within striae [Van de Vi-
jver et al., 2018]. Species from this complex are common and abundant in the Black Sea [Guslyakov
et al., 1992; Nevrova, Revkov, 2003].

The species the authors identified as Cocconeis pinnata Gregory ex Greville, 1859 [Ryabushko et al.,
2022, Fig. 5A, B] is Planothidium deperditum (Giffen) A. Witkowski, H. Lange-Bertalot & D. Met-
zeltin, 2000 in accordance with valve shape, striae density (30 in 10 um), and multiseriate areolae within
striae. This diatom was previously reported as new to the Black Sea [Nevrova, 2022].

The species identified as Diplomenora cocconeiformis (Schmidt) Blazé, 1984 [Ryabushko et al.,
2022, Fig. 3A—C] does not belong to the indicated genus due to the absence of a raphe on both valves.
The micrograph of a raphe valve provided by the authors illustrates the genus Cocconeis Ehrenberg.

The species identified as Coscinodiscus concinnus W. Smith, 1856 [Ryabushko et al., 2022, Fig. 1A]
is Actinocyclus subtilis (W. Greg.) Ralfs, 1861 based on the presence of a pseudonodulus, numerous
labiate processes, and striae density (17-18 in 10 um) [Andersen et al., 1986]. Additionally, C. concinnus,
indicated by the authors as new to the Black Sea flora, has already been repeatedly reported as a rare
species in various areas of the Black Sea [Bodeanu, 1987; Guidelines, 2015; Guslyakov, Nevrova, 1987,
Nevrova, 2013b; Proshkina-Lavrenko, 1963].

The species assigned to Anorthoneis dulcis M. K. Hein, 1991 [Ryabushko et al., 2022, Fig. 3F-H]
and reported as a new find for the Black Sea is Cocconeiopsis pullus (Hustedt) Witkowski, Lange-Bertalot
et Metzeltin, 2000 based on the shape of valve and a hyaline area on its inner part, arrangement of striae
and their density, and the shape of terminal and central raphe fissures. These are a new genus and a new
species for the Black Sea already discovered by us for the first time for this basin at two sites (Cape
Fiolent and Dvuyakornaya Bay) [Nevrova, 2016; Nevrova, Petrov, 2019a].

Also, there was an error concerning the priority of the record for the Black Sea: Cocconeis guttata
Hustedt et Aleem, 1951 [Ryabushko et al., 2022, Fig. 4H-K] indicated as a new species to the flora
has already been found in at least seven areas of the Black Sea (the estuary of the Belbek River, the Zer-
nov’s Phyllophora Field, Balaklava Bay, Karadag coast, Cape Fiolent, Dvuyakornaya Bay, and Omega
Bay), as reported in [Nevrova, 2013a, 2014a, b, 2015, 2016; Nevrova, Petrov, 2019a].
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A comparative assessment of total richness of flora of benthic Bacillariophyta in the Omega Bay
and previously surveyed areas off the Crimean coast (based on the Bray—Curtis dissimilarity) revealed
the greatest similarity in species composition between biotopes of the Omega Bay and the Dvuyakor-
naya Bay (53.3) and the Omega Bay and the Laspi Bay (45.3) characterized by the lowest techno-
genic pollution (Table 2). The maximum values were registered for the bays strongly polluted with
salts of heavy metals and petroleum hydrocarbons: the Sevastopol Bay and the Karantinnaya Bay (64.6)
and the Sevastopol Bay and the Balaklava Bay (57.8).

Table 2. Similarity in species composition of benthic diatoms in the study areas (based on Bray—Curtis

dissimilarity)

Areas off the Crimean coast Omega Laspi Dvuyakornaya | Karantinnaya Sevastopol
and species richness (IST) Bay Bay Bay Bay Bay
Omega Bay (264) * * * * *
Laspi Bay (217) 45.3 * * * *
Dvuyakornaya Bay (304) 532 44.9 * * *
Karantinnaya Bay (136) 38.9 64.6 36.8 * *
Sevastopol Bay (186) 39.9 64.1 36.3 64.6 *
Balaklava Bay (191) 43.0 56.4 42.4 53.8 57.8

Subsequently, we analyzed the taxonomic diversity and structure of Bacillariophyta taxocenes
in the Kruglaya Bay in comparison with those of previously studied biotopes along the Crimean coast.
We calculated mean values of TaxDI (A") and its variability (A"), as well as its deviation from the ex-
pected level for the whole Black Sea (Fig. 7). The method was properly described before [Nevrova,
2022].
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Fig. 7. Comparative assessment using TaxDI — AvTD (A*) and VarTD (A*) — of taxonomical diver-
sity of benthic diatoms in various biotopes with different anthropogenic load off the Crimean coast:
1, the Omega Bay; 2, the Dvuyakornaya Bay; 3, the Balaklava Bay; 4, the Laspi Bay; 5, the Karantinnaya
Bay; 6, the Sevastopol Bay; x, average expected level for the Black Sea diatom flora. A 95% confidence
ellipse
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As already mentioned, the diversity of diatom taxocenes in the study areas was assessed by taxonomic
distinctness indices: AvTD (A*) and VarTD (A") [Clarke, Gorley, 2006; Clarke, Warwick, 2001; War-
wick, Clarke, 1998, 2001]. A" represents the mean path length between every pair of species, randomly
chosen from the list of a site, to a phylogenetically common node on a hierarchical tree of the taxocene.
The index characterizes the vertical taxonomic evenness of the taxocene in the study area. A* describes
the variability of pairwise distances (w,;) between pairs of species i and j relative to their mean value A",
The value of A* shows the representation of taxa at increasing hierarchical levels and characterizes
the horizontal asymmetry of the taxonomic tree [Warwick, Clarke, 1998, 2001]. The calculation algo-
rithm allows for a reliable assessment of differences in taxonomic diversity and for recording deviations
in the structure of diatoms in compared areas from the expected value for the Bacillariophyta flora
of the whole Black Sea [Nevrova, 2022]. Despite the convenience of applying this method, the taxo-
nomic diversity in marine microphytobenthos still has not been assessed (there are just a few works
on freshwater microflora [Izsak et al., 2002; Leira et al., 2009]). For marine benthic Bacillariophyta,
TaxDI is used for the first time [Nevrova, 2022].

TaxDI points corresponding to the biotopes with the highest technogenic pollution in the Karantin-
naya, Balaklava, and Sevastopol bays are located in the lower right quadrant of the confidence ellipse.
This is caused by high AvID values and low VarTD variability, which reflect reduced taxonomic
structure and decreased diversity within diatom taxocenes [Warwick et al., 2002]. The index values
for these taxocenes are significantly above the expected value for the whole Black Sea flora (A" = 82.09;
A" =316.83).

The structure of diatom taxocenes in heavily polluted bays shows low species richness and the dis-
appearance of taxa with low resistance to technogenic contaminants; this reduces the species saturation
of clades on the hierarchical tree and mediates an increase in taxonomic distances when calculating
the index. Compared to the average expected level of TaxDI, a lower degree of vertical hierarchical
evenness in the taxocene structure is characteristic of communities exposed to severe anthropogenic pol-
lution. Such changes in the structure have been reported repeatedly [Ellingsen et al., 2005; Gottschalk,
Kahlert, 2012; Heino et al., 2007; Masouras et al., 2021; Petrov et al., 2010; Stenger-Kovécs et al.,
2016].

TaxDI points corresponding to relatively unpolluted areas of the Omega and Dvuyakornaya bays
are located in the upper left quadrant of the confidence ellipse. This is determined by the lowest AvTD val-
ues and the highest VarTD variability. The values of the indices fall below the expected ones for the Black
Sea diatom flora. Such a taxocene structure is a reflection of high species richness and a large number
of taxonomic clades of varying species saturation, which ‘converge into nodes’ at different hierarchical
levels. The tree architecture is dominated by polyspecific clades closing at the genus level. Also, there
are mono- and oligospecific clades: those aggregating at higher taxonomic levels (family and even order
ones). Low A" and high A" values indicate vertical evenness and high variability in taxonomic distances
between clades. A similar pattern has previously been described for pristine or minimally disturbed
biotopes [Keck et al., 2016; Nevrova, Petrov, 2019b; Rimet, Bouchez, 2012].

For the diatom taxocene of the Laspi Bay (a relatively unpolluted site), AvID and VarTD val-
ues are near the average expected level for the whole Black Sea. For the taxocene of the Balaklava
Bay (a heavily polluted site), AvTD value is close to that of the Sevastopol Bay, but the variability
is noticeably higher. Importantly, the values of all calculated indices lie within the 95% confidence
ellipse.
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TaxDI application for assessing taxonomic diversity allows for a deeper understanding of its as-
pects. The differences in the structure of the hierarchical tree of Bacillariophyta for the compared sites
are largely driven by a response of benthic diatom taxocenes to combined factors and varying degrees
of anthropogenic load. The greatest similarity in species richness and structure of Bacillariophyta tax-
ocenes was revealed both between relatively unpolluted biotopes and between the most heavily polluted
ones, indicating, regardless of the geographical distance between these sites, the heterogeneity of bottom
substrates, and differences under hydrological conditions.

Conclusions:

1. The benthic diatom taxocene of the Kruglaya Bay (the Omega Bay) comprises 264 species and in-
fraspecific taxa: 256 species, 73 genera, 35 families, 21 orders, and 3 classes. Representatives
of the class Bacillariophyceae dominate. These include 70 species and 5 genera previously noted
by us as new to the Bacillariophyta flora for the Black Sea northern shelf, as well as 5 diatom species
we described as new to science before.

2. The similarity in species composition was registered both between biotopes with the lowest level
of technogenic pollution (the Omega Bay — the Dvuyakornaya Bay and the Omega Bay — the Laspi
Bay) and between areas strongly polluted with salts of heavy metals and petroleum hydrocar-
bons (the Sevastopol Bay — the Karantinnaya Bay and the Sevastopol Bay — the Balaklava Bay),
regardless of their distance from each other and differences in hydrological and hydrophysical
conditions.

3. Benthic diatom taxocenes in heavily polluted areas are characterized by low species richness
and a predominance of mono- and oligospecific clades due to the elimination of taxa with low re-
sistance to pollutants. AvTD values exceed the average expected level for the Bacillariophyta flora
of the Black Sea.

4. In relatively unpolluted water areas, Bacillariophyta taxocenes are characterized by high species rich-
ness, a large number of polyspecific clades, and the presence of mono- and oligospecific clades ag-
gregating at high levels of the hierarchical tree. AvTD values are lower as compared to the average
expected level for the Black Sea benthic diatom flora.

This work was carried out in the Department of Benthos Ecology within the framework of IBSS state research

assignment “Biodiversity as the basis for the sustainable functioning of marine ecosystems, criteria and scientific
principles for its conservation” (No. 124022400148-4).
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BEHTOCHBIE IMATOMOBBIE BOJOPOCJIN (BACILLARIOPHYTA):
PABHOOBPA3BUE N UEPAPXUYECKAA CTPYKTYPA TAKCOIIEHOB
HA PBIXJIBIX TPYHTAX BYXTBI KPYIJIAAL (UEPHOE MOPE, KPbIM)

E. JI. HeBpoBa

®I'BYH ®UIL «MHcTuTyT GUonoruu xHbIX Mopeil umeru A. O. KoBaneBckoro PAH»,

Cesacromnosb, Poccuiickas ®enepanys

E-mail: el_nevrova@mail.ru

Byxra Kpyrnas, umm 6yxta Omera, numeeT O0JIbIIOE peKpealioHHOE 3HAUEHUE B CBSI3U CO CBOUM BHYT-
PEHHUM pacroyiokeHueM B perrnoHe CeBacTornolisl, MPOTSKEHHOMN IUISKHON 30HON U METKOBOIHOM aK-
BaTOpHEH C MeCYaHbIM JHOM. DT OCOOEHHOCTH OMpPeessioT HEOOXOAUMOCTh KOHTPOJISI COCTOSTHUS
MOpcKo# 6MOThI. Llenpio paboThl CTANIO BBISIBICHHE BUIOBOTO OOraTcTBa U UEPAPXMUECKON CTPYKTYPhI
TaKCOIIEHOB OEHTOCHBIX JMATOMOBBIX Bojopociel (Bacillariophyta) B HegocTaTouHO M3y4eHHOM pa-
Hee Oyxte Kpyrnas u cpaBHUTEBHBIN aHAIN3 ¢ TpUOpexkHbIMK OrnoTonamu KpbiMa, HaXoAsImuMucs
IO/l aHTPOIIOTEHHBIM BJIMsIHMEM pasiandyHoro ypoeHs. [lo pesymbraram npobootr6opa 2004 r. uccie-
JOBaHO BHAOBOE OOraTcTBO OEHTOCHBIX TMAaTOMOBBIX Bogopociel OyxThl Kpyrnas u nmpoananusupo-
BaHO TAKCOHOMMYECKOE pa3HOooOpa3ue Ha OCHOBE (DJIOPUCTHUYECKMX U (DOPMATU30BAHHBIX METO/IOB
C WCIIOJIb30BaHUEM WHJIEKCOB TaKCOHOMMUYECKOH oTanunTteabHoCcTH TaxDI (AvTD n VarTD). Boiss-
JieHo 264 Busa ¥ BHYTPUBUIOBBIX TAKCOHA JOHHBIX TMAaTOMOBBIX BOJOPOCJIEH, IPEACTABICHHbIX 256
Buaamu, 73 pomamu, 35 cemeiictBamu, 21 nopsakom u 3 kiaccamu. O6Hapyxeno 70 BUIOB u 5 po-
JIOB, paHee OTMEUYEHHBIX HaMM Kak HOBble i pyiopsl Bacillariophyta ceBepnoro menbga YEpHoro
MOpsl, a TAKXKe 5 BUOB, ONMCAHHBIX HAMHM paHee Kak HOBble A71s1 Hayku. HamboJbliee cX0ICTBO BU-
JIOBOTO COCTaBa 3apErMCTPUPOBAHO KaK MexkJy OMOTONaMH C HAUMEHBIIMM YPOBHEM TEXHOTE€HHOTO
Bo3zierictBus (OyxTa Omera — Oyxra JIBysikopHast u Oyxta Omera — Oyxra Jlacnu), Tak U MexIy
AKBATOPUSIMHU, CUJILHO 3arpsI3HEHHBIMU TEXHOTEHHBIMU ToJuTioTaHTamu (CeBacTorosbekas Oyxra —
Oyxra Kapantunnas u CeBacrononbckas Oyxta — BaakiaBckast OyxTa), HE3aBUCHMO OT UX yIaJIEH-
HOCTH Y Pa3jMuuil B TUAPOJIOTHUECKUX U rugpodusnyeckux yciaoBusix. Takconensl Bacillariophyta
CUJIbHO 3arpsI3HEHHBIX MMOJMIOHOB XapaKTEPU3YIOTCsI HEBBICOKUM OOraTCTBOM BHAOB M OOJIBIION H0-
Jieli MOHO- M OJIUTOBUJJOBBIX BETBEN BCIIEICTBUE PEAYLIMPOBAHMU S HU3KOPE3UCTEHTHBIX K MOJTIOTAaHTaM
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takcoHoB. [Tokazarenn AvTD mpeBbIIIalOT CpeIHEOKUJAEMBIA YPOBEHD JJ1sI YEPHOMOPCKOM (DJIOPHI
Bacillariophyta. B yc10BHO YMCTBIX aKBATOPUSX TAKCOLIEHBI TUATOMOBBIX BOJOPOCTIEH XapaKTepU3y-
I0TCSI BBICOKMM BHJIOBBIM OOTaTCTBOM, OOJIBIIMM KOJIMYECTBOM TOJMBUAOBBIX BETBEH U MAJIOW [ONIEH
MOHO- 1 OJIUTOBHUJJOBBIX BETBEH, arperMpyIOLIMXCs Ha Pa3HBIX YPOBHSAX HEPAPXUUECKOTO ApeBa. 3Hayue-
HusA AvTD HaxonaTCs HUKe CPETHEOKUIAEMOT0 YPOBHS JTs1 (DJIOPHI IMATOMOBBIX BoJOpocielt YEpHo-
ro Mopsi. OcoOeHHOCTH CTPYKTYpPHI TakcorieHoB Bacillariophyta cpaBHMBaeMBbIX MOJUIOHOB 00YCJIOB-
JIeHbI BUAOCTIeIM(PUIECKON peaKkuen pa3IMyHbIX TAKCOHOB HAa COYETAHHbIE (DAKTOPHI BIIMSHUS CPEJIBL.
UcnonpzoBanme TaxDI mpu aHanmm3e TakcoHOMEUYECKOro pasHooOpasus Bacillariophyta mosposnsier
CTaTUCTMYECKU AOCTOBEPHO OLIEHMBAThH COCTOSIHUE MOPCKUX MPUOPEKHBIX aKBATOPUH C Pa3INYHBIM
CTaTyCOM 3arpsi3HEHUsI.

Kuarouesblie cioBa: Oyxta Omera, TaxDI, BugoBOe 60rarctBO, aHTpONIOreHHOE BO3JCHCTBIE
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Based on plankton samples collected in the southeastern Baltic Sea (SEB) during research cruises
of the Shirshov Institute of Oceanology of RAS, the occurrence, spatial distribution, and size
and age structure of the key copepod species, Pseudocalanus acuspes, were studied. The current state
of the P. acuspes population in the SEB remains insufficiently described. Sampling was carried out
with a WP2 plankton net (@ = 56 cm, mesh size of 100 um) in different seasons by vertical stratified
haul method. The size and age structure of the P. acuspes population was evaluated under microscopes,
and specimens were measured from the anterior margin of the cephalothorax to the tip of the caudal
rami. Quantitative indicators, especially abundance, were 10-fold higher in the early spring than in sum-
mer and autumn. There was a direct positive correlation between the species abundance and salinity
of the bottom water layer in the SEB. On the slope of Gdansk Deep, the highest abundance and biomass
of this crustacean were noted, while in the coastal zone (down to a depth of 30 m), the species was
practically not found, with the exception of single nauplii. Features of the vertical distribution were
revealed: in spring and autumn, abundance and biomass of P. acuspes were the highest in a water
layer below the halocline upper boundary, whereas in summer, in a cold intermediate layer. In differ-
ent years and seasons, its population was represented by all developmental stages: juveniles (nauplii
and copepodites) and adult individuals, mainly females. The proportion of nauplii was the highest
in early spring (70% on average). It indicates active reproduction during this season, at water tem-
perature of +4...+7 °C preferred by this arctic species. The size of adult individuals ranged 1.03
to 1.63 mm, and P. acuspes were smaller than copepods of other reported populations inhabiting various
areas of the World Ocean.

Keywords: Pseudocalanus, abundance, biomass, population structure, zooplankton, southeastern
Baltic Sea

Planktonic copepods Pseudocalanus Boeck, 1873 are widely distributed in the neritic zone of Arctic
and boreal waters throughout the Northern Hemisphere. Calanoids of this genus often dominate zoo-
plankton communities and are important in pelagic ecosystems as a key food source for many commer-
cially valuable fish. Noteworthy, there are Pseudocalanus species exhibiting similar morphology, and this
complicates species-level identification. This difficulty is compounded by the fact that several species
frequently co-occur within one water area. In many studies, researchers do not differentiate between
individual species and limit identification down to the genus level to avoid confusion.
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The genus Pseudocalanus was previously considered to comprise six species [Corkett, McLaren,
1979]. Three were reported from Eurasian waters: Pseudocalanus elongatus (Brady, 1865), P. gra-
cilis Sars G. O., 1903, and P. major Sars G. O., 1900 [Brodsky et al., 1983]. Following a revision
by B. W. Frost [1989], the genus is considered to cover seven species. In the Atlantic Ocean basin, five
Pseudocalanus species have been identified; in the North Sea, two, P. elongatus and P. acuspes Gies-
brecht, 1881; and in the southern Baltic Sea, P. acuspes alone [Frost, 1989]. The species inhabiting
the Baltic Sea was classified as P. elongatus [Aleksandrov et al., 2009; Flinkman et al., 1998; Moll-
mann et al., 2000; Polunina et al., 2021; Shchuka, 2002]. Morphological studies of the Baltic Sea
specimens failed to provide a definitive assessment of crustacean composition in its different areas.
The genetic analysis of Pseudocalanus copepods in the Arkona basin of the Baltic Sea confirmed
the occurrence of P. acuspes [Bucklin et al., 2003]. For the Bornholm basin, two species were re-
ported: P. elongatus and P. acuspes, with the latter prevailing in abundance [Grabbert et al., 2010; Renz,
2006]. In the Gulf of Finland and the central Baltic, only the occurrence of P. acuspes was confirmed
[Holmborn et al., 2011].

The occurrence of P. elongatus in the southern Baltic Sea cannot be ruled out: this species may en-
ter the Baltic Sea from the North Sea via bottom water advection or surface currents driven by strong
westerly and northwesterly winds, primarily autumn and winter ones. Considering the ratio of these
two species in the Bornholm basin, where only 2 P. elongatus specimens were identified among 262 cope-
pods examined [Grabbert et al., 2010], its proportion in the southeastern Baltic Sea (hereinafter SEB)
is expected to be negligible. P. acuspes and P. elongatus are morphologically and morphometrically
similar. In the North Sea and the Arkona and Bornholm basins of the Baltic Sea, differentiating charac-
teristics cover their reproductive timing, number of generations, egg production rates, efc. [Renz, 2006;
Renz et al., 2007, 2008].

Contemporary data on P. acuspes population structure, sizes, and spatial distribution in SEB are still
scarce. The aim of this work is to reveal features of Pseudocalanus acuspes horizontal and vertical
distribution and describe its population structure in SEB.

MATERIAL AND METHODS

Material was sampled during research cruises conducted by the Shirshov Institute of Oceanology
of RAS: the 135%™ cruise of the RV “Professor Shtokman,” 03.04.2017-07.04.2017; the 48" cruise
of the RV “Akademik Boris Petrov,” 01.11.2021-11.11.2021; and the 61% cruise of the RV “Akademik
Ioffe,” 28.06.2022—12.07.2022. The study area encompassed both open-sea area (depths down to 110 m)
and the coastal zone (depths < 30 m) within the exclusive economic zone of Russia, in SEB (Fig. 1).

Water temperature and salinity were measured by multiparameter probes Idronaut Ocean
Seven 316S Plus and Sea & Sun CTD 90Mc having similar characteristics. At each station, while se-
lecting zooplankton sampling layers, vertical profiles of several hydrological parameters were obtained
with the CTD to determine positions of the thermocline and halocline.

Zooplankton was sampled during daylight hours with a WP2 plankton net (@ = 56 cm, mesh size
of 100 um). The sampling strategies differed between the years. In 2017, sampling covered the fol-
lowing layers: 1) the upper mixed layer (hereinafter UML) (from the upper boundary of the ther-
mocline to the surface); 2) the layer from the upper boundary of the halocline to the surface;
3) the layer from the bottom to the surface (full-depth haul). In 2021 and 2022, samples were taken
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Fig. 1. Zooplankton sampling stations in the south-
eastern Baltic Sea. The research area is highlighted
on the Baltic Sea map in the upper right corner. 1, sta-
tions in April 2017; 2, stations in July 2022; 3, stations
in November 2021; 4, the borders of the exclusive
economic zone of Russia
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with a plankton catcher from the following
layers: 1) UML; 2) the intermediate layer (from
the upper boundary of the thermocline to the up-
per boundary of the halocline); 3) the layer
below the halocline (from the bottom to the up-
per boundary of the halocline). Samples
were preserved in a 4% formaldehyde solu-
tion. Their subsequent laboratory processing
and statistical analysis followed standard pro-
cedures [Metodicheskie rekomendatsii, 1984];
biomass of copepods was calculated using
length—weight regressions [Recommendations
on Methods, 1985; Vinogradov, Shushkina,
1987]. In total, 77 samples were processed:
371in 2017, 33 in 2021, and 7 in 2022.

To analyze P. acuspes size and age struc-
ture, 360 ind. were examined and classi-
fied into nauplii, copepodites (early ones,
stages I-III; late ones, stages IV-V), and ma-
ture females and males. All specimens were
measured under microscopes MBS-10 (Russia)
at x32 magnification and Olympus CX41 (Japan)
at X100 magnification. Total length of cope-
podites and adults was measured from the ante-
rior end of the cephalosome to the posterior end
of the urosome, excluding the caudal setae.

Data analysis involved MS Office Excel 2010 and SPSS Statistics 23.0. Spearman’s rank cor-
relation coefficient (R) was calculated, and one-way analysis of variance (ANOVA) was performed
to compare size and age groups across all seasons and years. Chaddock scale was applied to evaluate

the strength (the tightness) of correlations. Distribution maps were built in CorelDRAW Standard 2020
based on a map constructed in ArcGIS.

RESULTS

Hydrological conditions. In SEB waters, the upper layer began to warm in spring, and at depths
of 10-20 m, a seasonal thermocline and UML were formed (Fig. 2). Water temperature in UML ranged
within +4.2...+7.1 °C averaging +5.2 °C: this is indicative of the early spring biological season (winter-
to-spring transition). The highest temperatures were recorded near the shore. The cold intermediate
layer (hereinafter CIL) occurred at depths of 16—-55 m, with the core at 45-46 m and water temperature
of +3.4 °C. Above the halocline, water was weakly stratified. There, salinity ranged 7.2—-8.7 psu (2a
in Fig. 2). The upper boundary of the halocline was located at depths of 55-65 m. Within the halocline,
water temperature varied +3.9 to +7.3 °C, and salinity increased with depth. On the slopes of the Gdansk
Deep, near-bottom temperature and salinity were +7.5...+7.7 °C and 13.7 psu, respectively; on the slopes
of the Gotland Deep, the values were of +6.8 °C and 12.4 psu.
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Fig. 2. Vertical distribution of thermohaline indicators on the northeastern slope of the Gdansk Deep
in different seasons of the study. A, water temperature, °C; B, water salinity, psu. 1a, 2a, spring 2017; 1b,
2b, autumn 2021; 1I¢c, 2¢, summer 2022

In summer, stepped stratification was observed in the upper layer of water (Fig. 2A) suggesting
the pulsed nature of the warming. The thickness of UML on the northern slope of the Gdansk Deep
did not exceed 10 m; the temperature was of +18.1 °C, and salinity was of 7.5 psu. The most pronounced
temperature gradients were associated with a well-defined CIL: a remnant of autumn and winter cooling.
The core of CIL was located at 65 m; the water temperature was of 4.1 °C, and the salinity value
was similar to that for UML, 7.6 psu. In the bottom layer, the temperature reached +6.0...+7.0 °C,
and the salinity increased to 12.0 psu (2c in Fig. 2).

In autumn, cooling of UML and deepening of the seasonal thermocline down to the depth of the per-
manent halocline were recorded (Fig. 2). Although temperature variations within this layer were minor,
a detailed analysis of the data allowed us to identify UML with a lower boundary of 35—47 m, tempera-
ture values of +9.8...+11.8 °C, and salinity of 7.1-7.4 psu. CIL was relatively thin (about 10 m); its core
was located at 48—58 m, and thermohaline indicators were +4.4...+4.6 °C and 7.6—8.5 psu. The halocline
depths ranged within 55-65 m, water temperature and salinity were of +5.8...+11 °C and 6.8-9.0 psu,
respectively (Fig. 2). The bottom layer, from a depth of 6575 m, had the temperature of +5.4...46.8 °C
and salinity of 9.0-11.7 psu.

On the slope of the Gdansk Deep, bottom water temperatures were consistent across all seasons
and years: +7...4+8 °C. Bottom salinity in April 2017 was approximately 2 psu higher than in subsequent
years (Fig. 2).

Quantitative indicators and distribution patterns. Substantial seasonal variations were observed
in quantitative indicators of P. acuspes in SEB. In spring, the abundance of this copepod ranged
within 0.01-57.9 thousand ind.-m™ averaging 17.1 thousand ind.-m™, i. e., about 13% of the total
zooplankton abundance. Its biomass ranged within 0.1-521.3 mg-m™ averaging 152.4 mg-m™, i. e.,
21% of the total zooplankton biomass. In summer, the abundance of all P. acuspes stages in the open
sea ranged 1.3—1.9 thousand ind.-m™ (1.6 thousand ind.-m™ on average), whereas the biomass ranged
within 27-53 mg-m™ (40 mg-m™ on average). In autumn, the abundance reached a peak of 7.2 thou-
sand ind.-m™ averaging 1.4 thousand ind.m™, i. e, 13.3% of the total zooplankton abundance.
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The biomass of this copepod ranged within 0.1-143.1 mg-m™ averaging 32.1 mg-m™, i. e., 16.6%
of the total zooplankton biomass. Overall, the highest quantitative indicators for P. acuspes were recorded
in spring. Across all seasons, this copepod comprised 13-24% of the total zooplankton abundance
and 17-29% of the total zooplankton biomass in SEB; this allowed classifying the species as a sub-
dominant one.

The analysis of P. acuspes spatial distribution revealed noticeable differences between the coastal
zone and the open-sea area. In spring, high abundance, 13-58 thousand ind.-m™, was recorded at deep-
water stations on the slopes of the Gdansk and Gotland deeps (Fig. 3A). This copepod accounted
for approximately 15% of the total zooplankton abundance. In the coastal zone (at depth < 30 m),
the abundance was significantly lower, 0.04—4 thousand ind.-m™3, with a reduced contribution to the to-

tal zooplankton community, 2%. The coastal population of P. acuspes was dominated by juveniles:
nauplii and early copepodites.
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Fig. 3. Spatial distribution of Pseudocalanus acuspes (by abundance, thousand ind.-m~?) in the southeastern
Baltic Sea: A, April 2017; B, July 2022 (white columns) and November 2021 (black columns)

In summer, there were no P. acuspes at coastal stations. At deep-water stations in the Gdansk and Got-
land deeps, the species accounted for 24% of the total zooplankton abundance and 21% of the total
zooplankton biomass (Fig. 3B).

In autumn, the highest values (3.1-7.2 thousand ind.-m™) were noted at stations on the slopes
of the Gdansk and Gotland deeps; P. acuspes constituted an average of 12% of the total zooplank-

ton abundance. In the coastal zone, its abundance did not exceed 100 ind.-m™, and the proportion
in zooplankton was only 0.2% (Fig. 3B).
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The mean abundance of P. acuspes was more than 10 times lower in summer and autumn than in early
spring.

The following features of seasonal vertical distribution were revealed: in spring and autumn, the max-
imum P. acuspes abundance and biomass were recorded in the layer below the halocline, whereas
in summer, peaks were registered in CIL (Fig. 4).
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Population structure. During the study period, the P. acuspes population comprised all develop-
mental stages: nauplii, copepodites, and adult females and males. In spring, nauplii were predominant
in UML (83-100%); the proportion of early copepodites did not exceed 17%, and proportions of late
copepodites and adults constituted less than 1% (Fig. 4A). Throughout the water column, nauplii also
prevailed accounting for 10—100% of the total population (67% on average). Proportions of early cope-
podites ranged within 5-41% (24% on average); late copepodites, within 0.2-11% (2% on average);
and adults, within 0.6-37% (6% on average). Adult specimens consisted almost exclusively of females:
the ratio was about 100% (males were exceptionally rare). In the coastal zone, the P. acuspes population
was represented by nauplii alone (100%).

In summer, nauplii remained dominant in UML: 85 to 100% of the population (Fig. 4B).
Within the thermocline, with a decrease in water temperature, the proportion of nauplii declined
to 16%, while copepodites I-III reached 83% of the total population. The proportion of late cope-
podites and adults did not exceed 1% in these two layers. Below the upper boundary of the halo-
cline, copepodites IV-V and adults appeared (10.5 and 8.5% on average, respectively). In this layer,
the proportion of early copepodites was approximately 80%, while that of nauplii did not exceed
1% of the total abundance.

In autumn, P. acuspes nauplii were predominant in UML: 28 to 92% of the total population (52%
on average) (Fig. 4C). The proportion of early copepodites averaged 33%, while that of the late ones was
13%. The presence of adults was recorded in this layer (approximately 3%): a phenomenon not observed
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in previous seasons and likely resulting from the deepening of the thermocline and water mixing dur-
ing autumn. Copepodites dominated the intermediate layer (early copepodites accounted for 47-86%,
and late ones, for 12—43%); average proportions of nauplii and adults did not exceed 4%. Below the halo-
cline peak, early copepodites prevailed: 62 to 74%. The proportion of late copepodites varied 24 to 38%,
and that of nauplii did not exceed 0.3%. Adults constituted up to 3%, and females predominated (over
90%). In the coastal zone, nauplii prevailed: their proportion varied 60 to 100% (75% on average).
The rest of the population consisted of early copepodites (late copepodites and adults were absent).

A significant positive correlation was found between the total species abundance and bottom water
salinity in SEB across all three seasons (R = 0.51; p = 0.002; n = 31). In spring, when the surface water
layer had not yet warmed and was cooler than the bottom layer (mean surface water temperature was
+5.2 °C, and bottom water temperature was +6.0 °C), a strong positive correlation was established be-
tween the total species abundance and bottom salinity (R = 0.70; p = 0.002; n = 15), as well as between
the total species abundance and bottom water temperature (R = 0.60; p = 0.009; n = 15). A feature
of the P. acuspes vertical distribution was the fact that nauplii were highly abundant in the surface layer.
Furthermore, a negative correlation was recorded between nauplii abundance and surface water temper-
ature (R = -0.64; p = 0.005; n = 15). In summer, a strong positive correlation was registered between
the abundance of late copepodites and adults and water salinity (R = 0.83; p = 0.021; n = 7). A strong
negative correlation was revealed between the abundance of early copepodites and water temperature
(R=-0.87; p=0.011; n="7). In autumn, there were no significant correlations between copepod abun-
dance and thermohaline parameters in UML. Below the halocline, a negative correlation was observed
between the total abundance of P. acuspes and bottom water temperature (R = -0.54; p=0.019; n = 15),
and a positive correlation was found between the total abundance and bottom salinity (R =0.48; p=0.035;
n=15).

Size structure. The population consisted of different developmental stages, with each characterized
by its own size ranges. Body length of nauplii was of 0.18-0.43 mm, with the largest specimens recorded
in spring (Table 1). Early copepodites (I-III) were of 0.45-0.70 mm, while late copepodites (IV-V)
had the length of 0.88—1.38 mm (Table 1). Adults measured 1.01-1.63 mm. Importantly, females were
significantly larger than males (Table 1), that is common for calanoids. All groups, except for early
copepodites, were larger in spring than in summer and autumn.

Table 1. Mean body length and its range (in parentheses) in Pseudocalanus acuspes individuals of different
age (mm) in April 2017, July 2022, and November 2021

Stage

April 2017

July 2022 November 2021

Nauplii

0.31 (0.20-0.43)

0.19 (0.15-0.25)

0.28 (0.18-0.38)

Copepodites I-I11

0.61 (0.45-0.78)

0.81 (0.70-0.93)

0.69 (0.50-0.80)

Copepodites IV-V

1.19 (0.88-1.38)

1.10 (0.95-1.23)

0.95 (0.88—1.05)

Females

1.36 (1.20-1.63)

1.34 (1.18-1.55)

1.25 (1.03-1.49)

Males

1.25 (1.05-1.33)

1.19 (1.01-1.30)

1.24 (1.18-1.46)

Nauplii were noticeably smaller in summer than in spring and autumn (F = 32.7; P < 0.001), while
sizes of spring and autumn nauplii did not differ much (F = 32.7; P = 0.013). Early copepodites
were significantly smaller in spring than in summer and autumn (F = 34.2; P < 0.001). Sizes of late
copepodites differed noticeably across all seasons; those were the largest in spring and the smallest
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in autumn (F = 13.0; P < 0.001). In spring and summer, body lengths of females did not differ (F = 6.2;
P =0.35); in autumn, those were shorter than in spring (F' = 6.2; P = 0.002), but these differences were
not statistically significant (F = 6.2; P = 0.098). No noticeable differences in body length of males were
established across all seasons (F' = 2.5; P = 0.092).

DISCUSSION

Analysis of thermohaline conditions in SEB during our study revealed key patterns: below the halo-
cline, the temperature in more saline layer remained stable across all seasons varying by less than 1 °C,
and values of the surface salinity showed minimal fluctuations. The position and structure of the halocline
varied only slightly. Strong density stratification in SEB restricts vertical water exchange and limits deep-
water aeration. During the period analyzed, temperatures from the surface water layer down to the density
gap (the upper boundary of the halocline) were primarily governed by convection and varied widely;
temperatures below the halocline remained constant across all seasons. Vertical salinity distribution
was similar in summer 2022 and autumn 2021, but different in spring 2017: bottom salinity reached
14 psu vs. < 12 psu in other seasons. These features seem to be mediated by major inflows of North
Sea water into the Baltic Sea in 2014-2016 [Naumann et al., 2016]. Such inflows are rare, but dense,
oxygen-rich, and saline waters spread through Baltic Sea depressions [Matthédus et al., 2006]; apparently,
this was observed in spring 2017.

P. acuspes abundance in SEB ranged 0.01 to 57.9 thousand ind.-m™ during the study period. The fact
that it was 13-29% of the total zooplankton abundance and biomass allowed referring the species to sub-
dominant ones in the zooplankton community in SEB. Most specimens, particularly late copepodites
and adults, occurred at depths exceeding 55 m, in the high-salinity layer, below the halocline. In contrast,
the occurrence of this copepod in the coastal zone was limited to sporadic records of nauplii. So, in SEB,
the highest P. acuspes abundance was registered deeper than 55 m.

A high proportion of juveniles, especially nauplii, was observed in spring, and this indicated ac-
tive population reproduction during the season under low water temperatures (+4...+7 °C) preferred
by this arctic-boreal species. The analysis of quantitative data from other Baltic Sea areas showed that
the maximum values of the P. acuspes abundance in the Bornholm basin were reported for spring:
869 thousand ind.-m™ in April 2003 and 618 thousand ind.-m™ in May 2002 [Renz, 2006]. Similarly,
a peak, 11 thousand ind.-m™, was recorded in the Gdansk Bay in March 2007 [Dzierzbicka-Glowacka
et al., 2013]. In SEB during early spring, with water temperatures of +4...+7 °C, the abundance of this
species was orders of magnitude higher than that during summer and autumn. It can be assumed that
the high abundance of P. acuspes in spring 2017 is mediated by the inflow of North Sea water into
SEB reported for 2014-2016 [Naumann et al., 2016]. A rise in bottom salinity in April 2017 seems
to form specific conditions that could favorably affect the local development of the copepod. However,
it cannot be excluded that individuals from the western sites of the sea were brought there with the inflow.

Analysis of data on the quantitative development of P. acuspes under thermohaline conditions
of other water areas showed as follows. In the northern Pacific Ocean, in the Avacha Bay, this species
was the dominant one across all seasons in 1988-1989 constituting 20-55% of the total copepod abun-
dance. It was abundant in summer and autumn [Samatov, 2001], though the surface temperature fluc-
tuated +11 to +21 °C in July—August [Potapov, 2014], and salinity varied 1 to 25 psu. The abundance
of the species peaked at 32 psu in the bottom water layer [Lepskaya et al., 2014]. The Chukchi Sea
is inhabited by four Pseudocalanus species, with P. acuspes comprising 50 to 90% of their total biomass.
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Meanwhile, its abundance decreases in areas with water temperature higher than +10 °C [Ershova et al.,
2017]. In the White Sea, two species were identified: P. minutus and P. acuspes [Markhaseva et al., 2012].
In the open White Sea, summer water temperature does not exceed +15 °C; in coastal areas, it reaches
+20 °C; in winter, it drops to negative values. In the open sea, salinity is 28—30 psu, while in coastal areas,
it decreases to 0-5 psu [Maksimova, Chugainova, 2014]. In the White Sea, the reproductive intensity
of P. acuspes is the highest at +9 °C; both the reproductive rate and population production declined with
the water temperature rise to +12 °C [Ershova et al., 2016]. Accordingly, the species inhabits waters
with salinity from 1 to 30 psu and temperature from negative values to +20 °C.

SEB exhibits strong water stratification. Long-term data indicate that surface salinity typically ranges
within 6-8 psu across all seasons, while water temperature varies within +3...+18 °C. A permanent halo-
cline is formed at depths of 55-70 m; in the bottom water layer, salinity reaches 9-14 psu, and temper-
ature is +3.2...47.0 °C [Dubravin, 2017]. Thus, the salinity and temperature ranges in SEB correspond
to the ranges of P. acuspes occurrence and reproduction.

During this study, the population comprised all age groups, including adults: both females and males.
Previous research showed that in the southern Baltic Sea, only one generation of P. acuspes was formed
within a year. The abundance of nauplii peaked in March; that of copepodites I, in May; the abundance
of copepodites II, in July; and that of copepodites III-1V, in September and October. The overwinter-
ing group typically consisted of late copepodites and adults [Renz, Hirche, 2004]. In SEB, according
to our data, the proportion of males was extremely low: it did not exceed 5% of the mature popula-
tion in spring and summer and rose to 10% in autumn. Such a low proportion of males may be gov-
erned by their shorter lifespan: unlike females, males cease feeding upon reaching maturity [Corkett,
McLaren, 1979; Renz, Hirche, 2004]. In the western Baltic Sea (the Arkona and Bornholm basins),
the male-to-female ratio was 1 : 5 within April-July 2004 [Renz, Hirche, 2004]. The presence of all age
stages, inter alia adults, allows this population in SEB to be classified as self-sustaining. More frequent
sampling throughout a year is required to fully characterize the seasonal development and reproduction
of the species in SEB. In spring, almost all age groups were larger than in summer and autumn. Cope-
pods are known to exhibit pronounced seasonal and interannual variability in body size driven chiefly
by key environmental factors, water temperature and food availability, both affecting the developmental
duration and the growth of different age stages [Brodsky et al., 1983]. Water temperature alone can ac-
count for more than 90% of the variability in copepod growth rates [Huntley, Lopez, 1992]. Individuals
are likely to grow large in spring, at low temperatures.

In SEB, body length of P. acuspes females ranged within 1.03—1.63 mm, while that of males,
within 1.01-1.46 mm. The maximum sizes of specimens, 1.05-1.63 mm, were recorded in spring,
when the temperature was low throughout the water column. In summer, in the Avacha Bay (the Pa-
cific Ocean), P. acuspes adults reached 1.45-2.20 mm [Samatov, 2001], and in the White Sea,
0.95-1.81 mm [Markhaseva et al., 2012]. Thus, this copepod was the smallest in the Baltic Sea
as compared to specimens of this species recorded in the other regions of the Northern Hemisphere.

P. acuspes distribution in SEB is patchy, with aggregations in terms of abundance and biomass
deeper than 55-65 m in the open-sea area, where the halocline is well-developed. The smaller size
of adults in the Baltic Sea than in other areas of the range of this species and low proportion of males
in the population seem to result from the isolation of the Baltic population from the other ones. As hypoth-
esized, this arctic-boreal species survived in the Baltic Sea as a component of a cold-water relict fauna,
as a remnant of geological glacial processes that occurred approximately 10,000 years ago [Renz, 2006].
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The hydrological conditions of the Baltic Sea and the specific ecology of P. acuspes have facilitated its
survival at more southern latitudes, at the edge of its range. However, the revealed population structure
and small size of individuals allow suggesting that the Baltic Sea population of this copepod exists under
suboptimal conditions.

Conclusions:

1. Substantial interannual and seasonal variations in Pseudocalanus acuspes abundance and biomass
were revealed in zooplankton of the southeastern Baltic Sea (SEB). On average, this species ac-
counted for 17-29% of the total zooplankton biomass being a subdominant one in the planktonic
community. In spring 2017, the quantitative indicators of P. acuspes were 4—10 times higher than
in summer and autumn in subsequent years. This peak seemed to result from elevated near-bottom
salinity which creates favorable conditions for the development of this species in the Baltic Sea.

2. In SEB, the highest abundance of P. acuspes was recorded on the northeastern slope of the Gdansk
Deep. This species was rare in the coastal zone and primarily represented by early juvenile stages.
The analysis of vertical distribution showed as follows: in spring and autumn, the maximum abun-
dance and biomass of this copepod were registered below the upper boundary of the halocline
(deeper than 55 m), while in summer, the highest value was recorded within the cold intermedi-
ate layer. A significant positive correlation was found between the total abundance of the species
and the near-bottom salinity in SEB.

3. The P. acuspes population in SEB covered all developmental stages: nauplii, copepodites, and adults.
In spring, the proportion of nauplii was the highest (70% on average) indicating active reproduction
at low water temperature (it is preferable for arctic-boreal copepods). In other seasons, the population
was dominated by copepodites, chiefly early one. In autumn, the proportion of older age groups
increased. Adults were predominantly comprised of females (the proportion of males was low).

4. The size of adult specimens ranged within 1.01-1.63 mm, and P. acuspes were smaller than those
reported from other water areas of the Northern Hemisphere.

The work was carried out within the framework of the state assignment of the Ministry of Education and Science
of Russia for 10 RAS (No. FMWE-2024-0025).

Acknowledgements. The authors are grateful to E. Ezhova, the head of the laboratory of marine ecology,
for her support of this study, and to the laboratory staff for their assistance in sampling. The authors are deeply

indebted to the reviewers for their valuable comments and suggestions.

REFERENCES

1. Aleksandrov S. V., Zhigalova N. N., Zezera A. S. 3. Vinogradov M. E., Shushkina E. A. Funk-

Long-term dynamics of zooplankton in the south- tsionirovanie planktonnykh soobshchestv epipela-
eastern Baltic Sea. Biologiya morya, 2009, giali okeana. Moscow : Nauka, 1987, 240 p.
vol. 35, no. 4, pp. 241-248. (in Russ.). (in Russ.)
https://elibrary.ru/owdxgb 4. Dubravin V. F. Evolution of the Thermohaline
2. Brodsky K. A., Vyshkvartseva N. V., Kos M. S, Structure of the Baltic Sea Waters / P. P. Shir-
Markhaseva E. L. Veslonogie rakoobraznye (Cope- shov Institute of Oceanology RAS. Moscow : Pero,
poda: Calanoida) morei SSSR i sopredel’'nykh vod. 2017, 438 p. (in Russ.). https://elibrary.ru/yagxfr
Leningrad : Nauka, 1983, 358 p. (Opredeliteli 5. Ershova E. A., Kosobokova K. N., Vorobieva O. V.
po faune SSSR, izdavaemye ZIN AN SSSR ; Changes in the egg production rate of two
no. 135). (in Russ.) copepod species of the genus Pseudocalanus

Marine Biological Journal 2025 Vol. 10 No. 3


https://elibrary.ru/owdxqb
https://elibrary.ru/yagxfr

Some features of distribution and population structure of Pseudocalanus acuspes (Giesbrecht, 1881)... 77

10.

11.

12.

in relation to temperature in the White
Sea. Okeanologiya, 2016, vol. 56, no. 4,
pp. 592-598. (in Russ.). https://doi.org/10.7868/
S0030157416040031

Lepskaya E. V., Tepnin O. B., Kolomeitsev V. V.,
Ustimenko E. A., Sergeenko N. V., Vino-
gradova D. S., Sviridenko V. D., Pokhodina M. A.,
Schegolkova V. A., Maksimenkov V. V., Polyako-
va A. A., Galyamov R. S., Gorin S. L., Koval M. V.
Historical review of studies of Avachinskaya Bay
and principle results of complex ecological
monitoring 2013. Issledovaniya vodnykh biolo-
gicheskikh resursov Kamchatki i severo-zapadnoi
chasti Tikhogo okeana, 2014, no. 34, pp. 5-21.
(in Russ.). https://elibrary.ru/stahaf

Maksimova M. P,
Gidrokhimicheskii i
pribrezhnoi  zony Belogo morya. Marikultura.
Moscow : IIU MGOU, 2014, 200 p. (in Russ.).
https://elibrary.ru/naedvs

V. A.
rezhim

Chugainova
gidrologicheskii

Metodicheskie rekomendatsii po sboru i obrabotke

pri
dovaniyakh na presnovodnykh vodoemakh

materialov gidrobiologicheskikh  issle-
zooplankton i ego produktsiya /| G. G. Vinberg,
G. M. Lavrent’eva (Eds). Leningrad : Gos. NII
ozernogo i rechnogo rybnogo khoz-va, 1984, 33 p.
(in Russ.)

Polunina J. J., Krechik V. A., Paka V. T. Spatial
variability of zooplankton and hydrological indi-
cators of the waters of the southern and central
Baltic Sea in late summer of 2016. Okeanologiya,
2021, vol. 61, no. 6, pp. 958-968. (in Russ.).
https://doi.org/10.31857/S0030157421060113
Potapov V. V. Hydrological characteristics
of Avachinskaya Bay. Fundamentalnye issle-
2014, no. 9-10, pp. 2227-2231.

(in Russ.). https://elibrary.ru/socjuv

dovaniya,

Shchuka T. A. Kharakteristika sovremennogo sos-
toyaniya zooplanktona Baltiiskogo morya : avtoref.
dis. ... kand. biol. nauk : 03.00.16. Moscow, 2002,
28 p. (in Russ.)

Bucklin A., Frost B., Bradford-Grieve J., Allen L.,
Copley N. Molecular systematic and phyloge-
netic assessment of 34 calanoid copepod species
of the Calanidae and Clausocalanidae. Marine
Biology, 2003, vol. 142, iss. 2, pp. 333-343.

Marine Biological Journal 2025 Vol. 10 No. 3

13.

14.

15.

16.

17.

18.

19.

20.

21.

https://doi.org/10.1007/s00227-002-0943- 1
Corkett C. J., McLaren 1. A. The biology of Pseu-
docalanus. Advances in Marine Biology, 1979,
vol. 15, pp. 1-231. https://doi.org/10.1016/S0065-
2881(08)60404-6

Dzierzbicka-Glowacka L., Kalarus M., Janecki M.,
Musialik M., Mudrak S., Zmijewska M. 1. Popula-
tion dynamics of Pseudocalanus minutus elongatus
in the Gulf of Gdansk (southern Baltic Sea) — ex-
perimental and numerical results. Journal of Natu-
ral History, 2013, vol. 47, iss. 5-12, pp. 715-738.
https://doi.org/10.1080/00222933.2012.722698
Ershova E. A., Questel J. M., Kosobokova K.,
Hopcroft R. R. Population structure and produc-
tion of four sibling species of Pseudocalanus spp.
in the Chukchi Sea. Journal of Plankton
Research, 2017, vol. 39, iss. 1, pp. 48-64.
https://doi.org/10.1093/plankt/fbw(078

Flinkman J., Aro E., Vuorinen I., Viitasalo M.
Changes in northern Baltic zooplankton and her-
ring nutrition from 1980s to 1990s: Top-down
and bottom-up processes at work. Marine Ecol-
ogy Progress Series, 1998, vol. 165, pp. 127-136.
https://doi.org/10.3354/meps165127

Frost B. W. A taxonomy of the marine calanoid
copepod genus Pseudocalanus. Canadian Journal
of Zoology, 1989, vol. 67, no. 3, pp. 525-551.
https://doi.org/10.1139/z289-077

Grabbert S., Renz J., Hirche H.-J., Bucklin A.
Species-specific PCR discrimination of species
of the calanoid copepod Pseudocalanus, P. acus-
pes and P. elongatus, in the Baltic and North seas.
Hydrobiologia, 2010, vol. 652, iss. 1, pp. 289-297.
https://doi.org/10.1007/s10750-010-0360-2
Holmborn T., Goetze E., Pollupiii M., Pdl-
lumde A. Genetic species identification and low
genetic diversity in Pseudocalanus acuspes
of the Baltic Sea. Journal of Plankton Re-
search, 2011, vol. 33, iss. 3, pp. 507-515.
https://doi.org/10.1093/plankt/fbq113

Huntley M. E., Lopez M. D. G. Temperature-

dependent production of marine copepods:
A global synthesis. The American Natu-
ralist, 1992, vol. 140, no. 2, pp. 201-242.

https://doi.org/10.1086/285410

Markhaseva E. L., Abramova A. A,


https://doi.org/10.7868/S0030157416040031
https://doi.org/10.7868/S0030157416040031
https://elibrary.ru/stahaf
https://elibrary.ru/naedvs
https://doi.org/10.31857/S0030157421060113
https://elibrary.ru/socjuv
https://doi.org/10.1007/s00227-002-0943-1
https://doi.org/10.1016/S0065-2881(08)60404-6
https://doi.org/10.1016/S0065-2881(08)60404-6
https://doi.org/10.1080/00222933.2012.722698
https://doi.org/10.1093/plankt/fbw078
https://doi.org/10.3354/meps165127
https://doi.org/10.1139/z89-077
https://doi.org/10.1007/s10750-010-0360-2
https://doi.org/10.1093/plankt/fbq113
https://doi.org/10.1086/285410

78

Ju. Polunina, D. Kazakova, and A. Kondrashov

22.

23.

24.

25.

Mingazov N. D. Pseudocalanus acuspes
(Crustacea: Copepoda) from the White
Sea. Proceedings of the Zoological Insti-

tute RAS, 2012, vol. 316, no. 1, pp. 57-70.
https://doi.org/10.31610/trudyzin/2012.316.1.57
Matthdus W., Nehring D., Feistel R., Nausch G.,
Mohrholz U., Lass H. The inflow of highly saline
water into the Baltic Sea. In: State and Evo-
lution of the Baltic Sea, 1952-2005: A De-
tailed 50-year Survey of Meteorology and Cli-
mate, Physics, Chemistry, Biology, and Marine En-
vironment | R. Feistel, G. Nausch, N. Wasmund
(Eds). Hoboken, NJ : Wiley, 2006, pp. 265-309.
https://doi.org/10.1002/9780470283134.ch10
Mollmann C., Kornilovs G., Sidrevics L. Long-
term dynamics of main mesozooplankton species
in the central Baltic Sea. Journal of Plankton Re-
search, 2000, vol. 22, iss. 11, pp. 2015-2038.
https://doi.org/10.1093/plankt/22.11.2015
Naumann M., Nausch G., Mohrholz V. A succes-
sion of four major Baltic inflows in the period
2014-2016 — an overview of propagation and en-
vironmental change. In: Multiple Drivers for Earth
System Changes in the Baltic Sea Region : pro-
ceedings of the 1% Baltic Earth Conference, 2016,
pp. 13-17. (International Baltic Earth Secretariat
Publication ; no. 9).

Recommendations on Methods for Marine Bio-
logical Studies in the Baltic Sea. Mesozooplank-
ton Biomass Assessment /| Working Group 14 ;

26.

27.

28.

29.

30.

L. Hernroth (Ed.). Uppsala : The Baltic Marine
Biologists, 1985, 26 p. (The Baltic Marine Biolo-
gists Publ. ; no. 10).

Renz J. Life Cycle and Population Dynamics
of the Calanoid Copepod Pseudocalanus spp.
in the Baltic Sea and North Sea : PhD The-
sis / Universitdt Bremen. Bremen, 2006, 134 p.
https://epic.awi.de/id/eprint/15646/

Renz J., Hirche H.-J. Life cycle of Pseudo-
calanus acuspes in the Baltic Sea. In: 2004
ICES Annual  Science  Conference,
Spain. ICES CM, 2004, L:20, pp.
https://doi.org/10.17895/ices.pub.25349554
Renz J., Mengedoht D., Hirche H.-J. Reproduc-
tion, growth and secondary production of Pseudo-

Vigo,
1-11.

calanus elongatus Boeck (Copepoda, Calanoida)
in the southern North Sea. Journal of Plank-
ton Research, 2008, vol. 30, iss. 5, pp. 511-528.
https://doi.org/10.1093/plankt/fbn016

Renz J., Peters J., Hirche H.-J. Life cycle
of Pseudocalanus acuspes Giesbrecht (Copepoda,
Calanoida) in the Central Baltic Sea: II. Repro-
duction, growth and secondary production. Ma-
rine Biology, 2007, vol. 151, iss. 2, pp. 515-527.
https://doi.org/10.1007/s00227-006-0510-2
Samatov A. D. Pseudocalanus species (Cope-
poda: Calanoida) in Avachinskaya Bay, South-
eastern Kamchatka. Russian Journal of Marine
Biology, 2001, vol. 27, iss. 4, pp. 218-226.
https://doi.org/10.1023/A:1011911319002

OCOBEHHOCTHU PACIIPEJE/IEHUA U CTPYKTYPA HONIYJISIIAN
PSEUDOCALANUS ACUSPES (GIESBRECHT, 1881) (COPEPODA, CRUSTACEA)
B IOTO-BOCTOYHOM YACTHU BAJITUMCKOI'O MOPA
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IMo martepuasaM TUIAHKTOHHBIX COOPOB, MPOBEAEHHBIX B I0TO-BOCTOYHOW 4YacTh bBanTuiickoro mo-
psa (FOBb) na HUC UucrutyTa okeanosnioruv umenu I1. I1. Mupimosa PAH, uccnenosanu BcTpeva-
€MOCTb, IIPOCTPAaHCTBEHHOE PACIPEIEICHUE U Pa3MEPHO-BO3PACTHYIO CTPYKTYPY MOMYJIALNH KJI0Ye-
BOTO JIs1 SKOCUCTEMBI BUJIa BECJIOHOIMX pakooOpasHblx — Pseudocalanus acuspes. CoBpeMeHHOe
coctostnue nonynsuun P. acuspes B8 FOBB onucano HegocratoyHo mosHo. [TpoOsl oTOMpany miaHk-
TOHHOI#1 ceThio WP2 (@ = 56 cMm, paszmep stuen 100 MKM) B pa3Hble CE30HB METOJIOM BePTUKAIbHBIX
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TIOCJIOWHBIX JIOBOB. Pa3MepHO-BO3pacTHYIO CTPYKTYPY MOMYJIAIMY P. acuspes OlleHUBAIN C UCTIONH30-
BaHMEM MHKPOCKOIIOB, M3MEPsUIH JJIMHY 0cOOel OT Havaja redanoTopakca 10 KOHIa (QypKaIbHBIX
BETBEH. YCTaHOBIICHO, YTO B paHHEBECEHHMII MEPHO]] KOJINYECTBEHHbIe TIOKa3aTeIn, OCOOEHHO YHC-
JIEHHOCTB P. acuspes, ObUIM B IECSATKYU Pa3 BHIIIE, YEM JIETOM U OCEHbIO0. BBIsSBIEHO HAJIMUME MPSMON
TMOJIOKUTENILHOM CPEe/IHEN CBS3U MEXy OOIIEl YMCIEHHOCThIO BU/IA U MPUIOHHON COJIEHOCTBIO BOJ
B IOBB. Ha cknone I'maHbCcKoi BHaMHBI OTMEUEHA MAaKCUMAJIbHASI YMCIICHHOCTh M OHoMacca 0co-
Oell, B TO BpeMs Kak B MPHOpPEXHOU 30He (0 ryOrHsl 30 M) STOT BUJI MPAKTHUYECKU HE BCTpevas-
cs1, 32 UCKJTIOYEHEM eTMHAYHBIX HAyTUINYCOB. BBIsSBIEHB 0COOEHHOCTH BEPTUKATIBHOTO pacipeaerie-
HUS: B BECEHHUN U OCEHHH MEPHO/bl YMCIEHHOCTh U Oromacca P. acuspes ObLITM MaKCUMaJIbHBIMU
HIKE BepXHel I'paHUIIbl TAJIOKJIMHA, TOT/IA KaK JIETOM — B XOJIOJJHOM MpOoMeKyTouHoM ciioe. [lory-
JISUS STOTO BUJA B pa3Hble TOJbI M CE30HBI ObLIA MPE/ICTABJIeHA BCEMH BO3PACTHBIMU CTAUSAMU —
IOBEHWILHBIMU (HAYTIMYCAMH M KOTIETIONUTAMMU) U B3POCIIBIMU OCOOSIMHU, MPEUMYILIECTBEHHO CaMKa-
Mu. MakcuMasbHasl 10Jis HAyIUTMYCOB OTMedeHa paHHel BecHou (B cpemHeM 70 %), 4TO yKa3blBaeT
Ha aKTUBHOE pa3MHOXEHHE PAYKOB MTPU TeMIiepaTrype Boabl +4. ..+7 °C, mpeInodYTUTe bHOM 1715 3TOTO
apkro-6opeansHOrO Buja. Pasmepsl nmonoBo3penbix ocodeit BappupoBaiu ot 1,03 no 1,63 MM; pauku
OBLIM MeJlbue, YeM B IPYrux parioHax MUpOBOro okeaHa.

KuroueBbie cioBa: Pseudocalanus, 9ucieHHOCTb, GUOMAcca, CTPYKTYpa MOMYJISAINN, 300TUIAHKTOH,
I0T0-BOCTOYHAS YacTh bantuiickoro mopst
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An invasive population of a bivalve of the genus Anadara inhabiting the Kerch Strait of the Sea of Azov
was investigated using methods of molecular genetics and multivariate morphometric analysis. These
molluscs are highly successful invaders in the Azov-Black Sea region and have a significant effect on lo-
cal biocenoses which underpins the relevance of this study. The aim of the work was to identify Anadara
molluscs of the Kerch Strait down to the species level and analyze their genetic and phenotypic hetero-
geneity, with regard to their adaptability and invasion success. It was confirmed that the investigated
population belongs to the species Anadara kagoshimensis (Tokunaga, 1906). Morphometric variability
in 6 shell characters and polymorphism in a fragment of the cytochrome oxidase I gene in this popula-
tion were examined. The genetic diversity in our sample appeared to be not lower than in some native
populations of this species. At the same time, the analysis of morphological variations gives reason
to believe that there are multiple ontogenetic channels in the individual development of the studied
population of A. kagoshimensis. It is suggested that this condition contributed to the adaptive success
of the ark shell in the Azov—Black Sea basin.

Keywords: Anadara kagoshimensis, cytochrome oxidase I, Black Sea, Kerch Strait, alien species,
adaptation, genetic diversity

Since the second half of the 20th century, the Mediterranean basin, which includes the Sea of Azov
and the Black Sea, is an arena for the mass distribution of alien molluscs. A significant part of these
species is so-called Lessepsian migrants that penetrated the Mediterranean basin from the southeast
via the Suez Canal. A prominent place in this category is occupied by Anadara kagoshimensis (Toku-
naga, 1906): a large bivalve of the family Arcidae Lamarck, 1809, which noticeably affected ben-
thic communities of the marine shelf during its expansion throughout the basin. This species is listed
among 100 most dangerous invaders of the Mediterranean basin [Streftaris, Zenetos, 2006] and waters
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of Russia [Soldatov et al., 2018]. It is mentioned along with successful invasive species: the rapa whelk
Rapana venosa (Valenciennes, 1846), the Pacific oyster Magallana gigas (Thunberg, 1793), and the sand
clam Mya arenaria Linnaeus, 1758 [Orlenko, 1994; Pereladov, 2013; Streftaris, Zenetos, 2006].

The current area of the anadara invasion outside its native range covers the Mediterranean, Mar-
mara, and Black seas, the Sea of Azov (waters of Bulgaria, Romania, Ukraine, Russia, Georgia,
and Turkey), and the Atlantic coast of Spain and France [Bafién et al., 2015]. Its introduction
from the Indo-Pacific into recipient water bodies is usually associated with repeated unintentional
transfer of free-swimming larvae via ballast water. The mollusc was first registered outside its native
range in 1968 in the Black Sea [Kiseleva, 1992]; just a year later, it was recorded in the Adriatic
Sea [Ghisotti, 1973]. The finds were initially identified as Scapharca cfr. cornea (Reeve, 1844) [ac-
cepted name Anadara cornea (Reeve, 1844)], Scapharca inaequivalvis (Bruguiere, 1789) [accepted
name Anadara inaequivalvis (Bruguiere, 1789)], and Cunearca cornea-inaequivalvis [accepted name
Anadara inaequivalvis (Bruguiere, 1789)] [Ghisotti, 1973; Ghisotti, Rinaldi, 1976; Gomoiu, 1984;
Ivanov, 1991; Kiseleva, 1992]. According to the results of genetic analysis [Krapal et al., 2014; Lee,
Kim, 2003; Tanaka, Aranishi, 2014], molluscs noted in European waters under these species names
should be attributed to A. kagoshimensis. However, V. Anistratenko and co-authors [2014], who stud-
ied the conchological variability of the Sea of Azov—Black Sea anadara, concluded that the nature
and boundaries of these variations correspond to those of A. inaequivalvis from the type habitat:
the Coromandel Coast (India).

Due to various adaptations, primarily to hypoxic environmental conditions, and wide ecological
plasticity, this Anadara species can inhabit highly eutrophic waters; at the same time, the mollusc
is found in areas characterized by a significant range of salinity [Anistratenko, Khaliman, 2006]. Form-
ing settlements with high abundance and biomass, it acts as an ecosystem engineer creating the core
of the consortium [Bondarev, 2020]. Already by 2013, in some areas of the Kerch Strait, the anadara
has become one of the most common zoobenthic species [Revkov, 2016]. However, while competing
for a substrate, A. kagoshimensis is capable of effective displacing of native species, chiefly representa-
tives of the genus Cerastoderma Poli, 1795 [Anistratenko, Khaliman, 2006; Oztiirk, 2021]. In the Azov—
Black Sea basin, this species is also known to have a high morphological variability of both the shell
and the soft body [Anistratenko et al., 2014; Finogenova et al., 2012].

The objectives of this work were to clarify the species affiliation and analyze the genetic and phe-
notypic polymorphism of this common invasive mollusc in the Azov—Black Sea basin in the context
of its adaptive capabilities and invasive success.

MATERIAL AND METHODS

For molecular genetic analysis, 15 mature anadara specimens measuring 37 to 41 mm in length
were sampled in the Kerch Strait in 2018. Immediately after delivery of live molluscs to a labo-
ratory, those were removed from their shells, and samples were taken from the leg tissues fixed
in 96% ethanol. Total DNA was isolated using the innuPREP DNA Mini Kit (Analytik Jena, Ger-
many). Amplification of the mitochondrial gene fragment of the first subunit of cytochrome oxi-
dase (COI), approximately 630 base pairs (bp), was performed using COI-4L primer (a forward one)
5-GGTGTGTGTTTAAGATTTCACA-3 [Lee, Kim, 2003] and HCO2198 primer (a reverse one)
S-TAAACTTCAGGGTGACCAAAAAATCA-3’ [Folmer etal., 1994]. Ready-to-use lyophilized PCR
mixtures (master mixes) for DNA amplification, in a volume of 20 uL, served as amplification mixtures.
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The master mixes contained all the components required for a single reaction, including hot start Taq
DNA polymerase, deoxyribonucleotides, and electrophoresis dye (manufactured by a research and pro-
duction company “Genlab,” Moscow, Russia). The polymerase chain reaction was carried out according
to the protocol: +94 °C, 2 min 30 s; 35 cycles (+94 °C, 30 s; +58 °C, 1 min; +72 °C, 1 min; +72 °C,
10 min). PCR products were sequenced in both forward and reverse directions at “Evrogen” (Moscow).
The resulting haplotypes have been deposited in the NCBI (National Center for Biotechnology Infor-
mation) international database (https://www.ncbi.nlm.nih.gov/) under accession numbers MK992370 —
MK992374.

The nucleotide sequences were viewed applying the MEGA 6 software [Tamura et al., 2013]. To com-
pare the sequences obtained with the sequences available in the NCBI database [2025], the BLAST
program [Johnson et al., 2008] was used. Calculations of genetic variability parameters and neutrality
tests [Fu, 1997; Tajima, 1989] were performed involving the DNASP 5.10 software [Librado, Rozas,
2009] and Arlequin ver 3.1 [Excoffier, Lischer, 2010].

The median network of COI haplotypes was constructed in the Network v. 10.2.0.0 program
by the median joining [Bandelt et al., 1999]. During the analysis, the following A. kagoshimen-
sis nucleotide sequences from the NCBI database were additionally used: MF426975 - MF426984,
KM267562 -KM267563, KT266828, ON716108, AB854409 — AB854417, AB854403 — AB854408,
AB854359 — AB854402, KF417435 — KF417440, KJ490940, and KJ490941. To construct the median
network, all nucleotide sequences were shortened to 450 bp in accordance with the shortest fragment
length presented in the international database for other invasive populations.

To analyze morphological variability in the same 15 molluscs that were used in the genetic analysis,
6 characters were measured (Fig. 1, Table 1).

Fig. 1. Scheme of measurements of Anadara kagoshimensis specimens: L, shell length; H, shell height;
D, shell width; Iz, ligament length; hz, ligament width; Iv, width of the top of the shell
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Table 1. Absolute values of measurements of the characters for 15 Anadara kagoshimensis individuals

Specimen number Measurements, mm

L H D Iz hz Iv
1 41 33 28 25 4 13
2 41 32 27 21 4 9
3 40 31 28 21 5 11
4 39 32 27 23 4 11
5 40 31 26.5 20 5 9
6 38 28 26 21 4 12
7 34 28 25 17 5 10
8 40 31 26 19 5 12
9 39 31 27 20 5 11
10 38 31 27 18 4 10
11 37 29 25 19 4 11
12 39 32 28.5 23 5 13
13 37 31 24 20 4 10
14 37 30 25 19 4 12
15 38 32 27 18 5 9

Note: designation of the characters is the same as in Fig. 1.

The cluster analysis and principal component analysis (hereinafter PCA) were performed using
the NTSYS 2.02k software package [Rohlf, 1998]. For the canonical discriminant analysis, including
determining the probability of an individual’s assignment to groups identified by the cluster analysis,
the Statistica 6 package was applied. The a priori probability of assignment to the group was taken to be
proportional to the group size. The calculations involved indices of the ratio of absolute values of mea-
surements to the shell length (L). To assess similarity relationships among individuals, squared multi-
dimensional Euclidean distances (E?) were determined based on the standardized values of the indices.
The cluster analysis of the matrices of morphological distances was performed by the complete linkage.
In the PCA, the eigenvectors were calculated using the correlation matrix. The vector length was taken
to be equal to 1. When constructing graphs illustrating the PCA results, along with the traditional tech-
nique (distribution of individuals in PC1 and PC2 coordinates), an approach known as the ontogenetic
channels method was applied [Mina, 2001; Mina et al., 1996, 2010]. Its use in the analysis of the mor-
phological diversity in ecological forms of large African barbs of the Barbus intermedius (sensu Banis-
ter, 1973) complex [Banister, 1973] and Altai osmans of the genus Oreoleuciscus Warpachowski, 1889
showed that each ecological form of the studied fish groups has its own corresponding ontogenetic chan-
nel [Mina, 2001; Mina et al., 1996; Mironovsky et al., 2014]. Later, the opposite was shown to be true:
the identification of distinct ontogenetic channels in the morphological variability of individuals of a cer-
tain population may indicate high ecological plasticity of this population which can mediate the arising
of morphological and ecological forms [Dgebuadze et al., 2017, 2020; Mironovsky et al., 2019].

RESULTS

Genetic diversity. In the sample of 15 analyzed specimens of the Kerch Strait anadara, for a 450-bp
COI gene fragment, 5 haplotypes were identified differing by 1-2 nucleotide substitutions, which corre-
sponds to difference levels of 0.22 and 0.44%, respectively (Fig. 2). More than half of the individuals
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in the sample studied (8 specimens, or 53.3%) were carriers of the H1 haplotype (Table 2). The re-
maining haplotypes were represented by 1-3 specimens. The variants of nucleotide sequences that
we recorded are identical to those from populations in the waters of Japan and South Korea.
Two haplotypes, H3 and H4, were registered by us for the first time (Fig. 2, Table 2).

Table 2. Haplotype designations and nucleotide sequence numbers in NCBI

Haplotype | Number in NCBI Nucleotide sequence nurpbers from the international database NCBI
identical to those in the paper
Hl MK992371 AB854359, AB854381, AB854396, AB854379, AB854369
H2 MK992370 AB854408
H3 MK992373 -
H4 MK992372 -
H5 MK992374 AB854406, AB854370, AB854360
Q)
6
® O
L
Q
. yL v
2 om PLULE |
O L CL PEL 4
¢ O 7
@ - Q> i :
- O SN~ o
®

O O
4
@
The legend: O
Bl Russia, the Azov—Black Sea basin [ ttaly, the Adriatic Sea
Il Romania, the Black Sea [ south Korea, the Yellow Sea
1 Spain, water area of Galicia [1 water area of Japan

Fig. 2. Median haplotype network of the COI gene fragment (450 base pairs) of Anadara kagoshimensis.
If the number of mutational substitutions between haplotypes exceeds 1, it is indicated above the segment
connecting the haplotypes. The diameter of the circle denoting the haplotype is proportional to its frequency
of occurrence. Black dots indicate median vectors — not yet discovered or disappeared sequence variants
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In our sample, the nucleotide diversity and the number of haplotypes and nucleotide substitutions
are somewhat lower, while the values of haplotype diversity are not lower than in several samples
from native populations (Table 3).

Table 3. Indices of genetic diversity of the mitochondrial COI gene fragment in the invasive population
of Anadara kagoshimensis of the Kerch Strait (Azov—Black Sea basin) and in samples from its native area

Population n h Hd 7 (%) Ns
The Kerch Strait (Azov-Black 15 5 071+0.11 | 0.16%0.04 4
Sea basin)
The Yellow Sea* 20 6 045+0.14 0.190.15 9
Water area of Japan*, 0.65+0.09/ 0.22+0.16/
min/max (8 samples) 14/36 73 093+002 | 059036 77

Note: n, number of studied specimens; h, number of haplotypes; Hd, haplotypic diversity; s, nucleotide diversity;
Ns, number of nucleotide substitutions between the sequences of individuals in the studied populations. *, data
from [Tanaka, Aranishi, 2014].

The neutrality test values are negative, while their discrepancies with theoretically expected values
are not significant (p > 0.02).

Morphological variability. On the dendrogram showing phenetic relationships of A. kagoshimensis
individuals in terms of the set of considered characters, four clusters can be provisionally identified:
A, B, C, and D (Fig. 3).

Fig. 3. A dendrogram of the similar-
ity of Anadara kagoshimensis individuals

o]
No»

of the Kerch Strait according to the set
13 of morphological characters; 1-15, num-
B| 4 bers of individuals; A-D, designations
I:I of clusters; E2, squared Euclidean distance
7
Ry
10—
15—
ll] IIIIIIII 10‘0I T '2 T '20I.0 3(;0

These preliminary identified groups were subjected to the discriminant analysis. Its results showed
that in the coordinates of the first two discriminant functions, individuals of the groups corresponding
to four clusters of the dendrogram in Fig. 3 are clearly separated from each other (Fig. 4).

Calculations showed as follows. The posterior probability (i. e., considering the determined values
of the discriminant functions) of assigning each analyzed individual to a group corresponding to one
of the dendrogram clusters in Fig. 3 tends to 1. The probability of erroneous assigning any individual
to one of the clusters is noticeably lower than the significance level of p = 0.05 accepted in most biological
studies (in most cases, the level of p = 0.01 as well) (Table 4).
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Fig. 4. Distribution of Anadara kagoshimensis individuals of the Kerch Strait in coordinates of the first
(Df_1) and second (Df_2) discriminant functions. Numbering of individuals and group designations
are the same as in Fig. 3

Table 4. Posterior probability of assigning Anadara kagoshimensis individuals to one of the dendrogram
clusters (see Fig. 3)

Specimen of a group Group A Group B Group C Group D
A7) p>0.999 p<0.001 p <0.001 p <0.001
A(10) p>0.999 p <0.001 p <0.001 p <0.001
A(12) p>0.990 p <0.001 p <0.001 p=0.003
A(15) p>0.999 p <0.001 p <0.001 p<0.001
B(1) p<0.001 p>0.999 p <0.001 p<0.001
B4) p<0.001 p>0.999 p <0.001 p<0.001
B(13) p<0.001 p>0.999 p <0.001 p<0.001
C(2) p<0.001 p <0.001 p>0.999 p <0.001
C(5) p<0.001 p <0.001 p>0.999 p <0.001
D(3) p<0.001 p <0.001 p <0.001 p>0.999
D(8) p<0.001 p <0.001 p <0.001 p>0.999
D(9) p =0.005 p <0.001 p <0.001 p>0.990
D(11) p<0.001 p <0.001 p <0.001 p>0.999
D(14) p=0.013 p <0.001 p <0.001 p>0.990
D(6) p <0.001 p <0.001 p <0.001 p>0.999

Note: the letters indicate the groups corresponding to the dendrogram clusters; the digits in parentheses
are the numbers of the individuals.

All considered above gives good reason to assume that the division of 15 Anadara specimens into
4 morphologically distinct groups is not just an accident, but an objective reflection of the morphological
heterogeneity of the population.

The results of the analysis of variation among the studied individuals using the PCA correspond
to those described above (Fig. 5, Table 5).
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Fig. 5. Distribution of Anadara kagoshimensis individuals of the Kerch Strait in coordinates of the princi-
pal components: a, principal component analysis of 15 individuals of clusters A, B, C, and D; b, principal
component analysis of 9 individuals of clusters B and D. Numbering of individuals and group designations
are the same as in Figs 2 and 3

Table 5. Eigenvalues of the principal components and factor loadings of characters in principal component

analysis of variability of Anadara kagoshimensis of the Kerch Strait

Character Fig. 5a (15 specimens) Fig. 5b (9 specimens)
PC1 PC2 PC1 PC2
H 0.442 0.116 0.207 0.745
D 0.607 0.301 0.175 -0.373
Iz -0.215 0.670 0.647 0.062
hz 0.625 -0.157 —-0.658 -0.033
lv 0.014 0.650 0.274 -0.549
A 1.77 1.63 2.01 1.41
Vﬁzﬂfc”ele% 35.30 32.61 40.16 28.3

Note: ), eigenvalues of the principal components. Other designations are the same as in Figs 3-5.

Analysis of 15 specimens of the four previously identified clusters revealed that 4 specimens of clus-
ter A and 2 specimens of cluster C are isolated from other ones (Fig. 5a). The distributions of individ-
uals of clusters B and D overlap (see Fig. 5a). Let us, however, take into account that with incomplete
separation of several sets (groups) in the coordinates of the principal components, individuals of the non-
separated groups may become isolated at the next step of the analysis, when the already isolated groups
are excluded from consideration. Let us exclude from analysis 4 specimens of cluster A and 2 specimens
of cluster C and repeat the PCA for 9 specimens of clusters B and D. It is obvious that clusters B and D
are clearly separated (Fig. 5b).

When using the discriminant analysis, one cycle of calculations was enough to sort 15 studied in-
dividuals into 4 clusters, and one graph was enough to visualize the results. When applying the PCA,
two cycles and graphs were required. This fact is quite understandable if we take into account that PC1,
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PC2... are the axes of the greatest variance between all individuals of the analyzed sample, without
a priori division into groups, while the discriminant functions Df1_, Df_2... are the axes of the great-
est differences between the centroids of already specified groups, previously identified by the cluster
analysis.

For further consideration, it is important to note that two isolated clusters are clearly separated, each
cluster by one of the two principal components: cluster A, by PC1, and cluster C, by PC2 (see Fig. 5a).
The distributions of clusters B and D overlap both by PC1 and PC2 (see Fig. 5b). The division
is clear and unambiguous only by the combination of the first two principal components: PC1
and PC2 (see Fig. 5b).

Thus, in the space of the considered characters, the studied specimens form 4 well-differentiated
groups. Such heterogeneity can be interpreted differently reflecting several situations. One of them
is a change in morphological proportions as the molluscs grow due to ontogenetic allometry. In this case,
distances between clusters to one degree or another reflect the differences between individuals of various
size groups. Specifically, positive allometry was revealed for the dependence of the anadara shell height
and its width (convexity) on the length: H = 0.730 x L1'937*00184 3nq D = 0.473 x L!193%0.022 " regpec-
tively [Zhavoronkova, Zolotnitsky, 2014]. Although the molluscs in our sample differ little in the absolute
size of their shells, this hypothesis requires verification.

Another possible situation is the presence of epigenetically determined channels (creodes) in the on-
togeny of individuals of the analyzed A. kagoshimensis population. Creodes serve as attractors for the tra-
jectories of individual development and are realized in the phenotype in the form of morphologically
distinguishable groups of individuals. Each creode corresponds to a separate cluster.

The so-called ontogenetic channel method allows us to distinguish these two fundamentally different
situations. The pattern is as follows. The values of one of the principal components reflecting the mor-
phology of individuals are plotted on the ordinate axis (Y) of the graphs, and the parameter reflecting
absolute sizes of individuals (in our case, it is the shell length, L, in mm) is plotted on the abscissa
axis (X) [Mina et al., 1996]. This approach helps in estimating the ratio of differences mediated by al-
lometric growth and differences related to polymorphism. In other words, it helps in separating differ-
ences of size groups in a single, monomorphic population from differences of morphological subunits
of a polymorphic population. The results of this approach are shown in Fig. 6.

The distribution of specimens of cluster A along the ordinate axis (PC1) is clearly separated
from the distribution of specimens of the other three clusters. So, each specimen of cluster A is morpho-
logically different from all comparable-sized specimens of the other clusters of the sample (Fig. 6a).

It follows from the above that the observed isolation of 4 individuals of cluster A cannot be explained
by the size difference: this is not allometry, but evidence of morphological subdivision of the population.
The section highlighted in Fig. 6a by shading is usually considered in studies of this issue as an ‘onto-
genetic channel’: a two-dimensional projection of the region of the multidimensional space of charac-
ters where individual ontogenetic trajectories are located [Mina, 2001; Mina et al., 1996]. Thus, there
are grounds for a completely justified assumption that the development of individuals of cluster A occurs
in a separate ontogenetic channel (see Fig. 6a).

Along the ordinate axis (here, it is no longer PC1, but PC2 of 15 specimens), two molluscs of clus-
ter C also differ from all the same-sized ones (see Fig. 6b). The short size range and small number
of individuals do not yet allow us to claim that it is an independent ontogenetic channel, but the phenetic
isolation of this group can hardly be unambiguously explained by the effect of allometry.
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Fig. 6. Ontogenetic channels of Anadara kagoshimensis individuals of the Kerch Strait: a, individuals
of cluster A, PCI1 to the principal component analysis (PCA) of variability of 15 individuals of the studied
sample; b, individuals of cluster C, PC2 to the PCA of variability of 15 individuals of the studied sample;
¢, individuals of clusters B and D, PC1 to the PCA of variability of 9 individuals of clusters B and D; d, indi-
viduals of clusters B and D, PC2 to the PCA of variability of 9 individuals of clusters B and D. Numbering
of individuals and group designations are the same as in Figs 2—4

In Fig. 6¢ and 6d, the ordinate axes show the values of PC1 and PC2 of the PCA not for all 15 indi-
viduals studied, but only for 9 molluscs of clusters B and D. Obviously, the distributions of the compared
groups slightly overlap, and, despite the almost complete coincidence of the size ranges, we would mis-
takenly come to a conclusion about just a tendency for the isolation of the channels analyzed. The graph
in Fig. 5b helps to avoid such an error: there, clusters B and D are clearly separated, with a pronounced
hiatus in the combination of PC1 and PC2. Thus, we do not deal with a tendency, but with a complete
separation of the ontogenetic trajectories of these groups in the multidimensional space of the initial
characters.

Let us summarize the results of the analysis of morphological variability:

1. Multivariate analysis of the variability of the sampled individuals shows that the studied population
is heterogeneous and is divided into several clearly distinct groups based on the set of characters
considered.

2. Analysis of the ratio of morphological differences of specimens of the identified groups with differ-
ences in their absolute sizes does not provide grounds for concluding that the identified differences
are allometric in nature.
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3. The above provides reasonable grounds to believe that there are several ontogenetic channels
in the morphogenesis of individuals of the studied population of A. kagoshimensis. At the moment,
the presence of such channels can be discussed at the level of a hypothesis, and its confirmation
requires further research involving additional material.

DISCISSION

The presented results clearly indicate that all analyzed individuals belong to one species known both
from the native range (Indo-Pacific region) and the area of invasion (waters of Spain, Italy, and Ro-
mania). The reduction in genetic diversity is not as significant as, for example, in the case of the rapa
whelk and the Pacific oyster [Chandler et al., 2008; Slynko et al., 2018]. In the Azov—Black Sea basin,
these invasive mollusc species (the anadara, the rapa whelk, and the Pacific oyster) have a similar
origin (Indo-Pacific region), although the scenarios for their distribution are different.

In the case of the Pacific oyster, there was a deliberate introduction from the Sea of Japan and Euro-
pean oyster nurseries [Slynko et al., 2018]. Its low genetic diversity may be due to both intense inbreeding
under mariculture conditions and the poor genetic diversity of donor populations. The low genetic di-
versity observed in the rapa whelk populations could be driven by the founder effect in the absence
of repeated invasions. Apparently, as assumed by M. Pereladov [2013], there is a high mortality rate
of both adult individuals attached to the surface of vessel bottoms and larvae in ballast water during
long-term transportation.

The higher genetic diversity in the anadara invasive populations is mediated by the fact that both
in the Atlantic and in the Mediterranean basin, they are permanently replenished with individuals
from the native range due to the significantly increased cargo turnover with the Indochina countries [Ul-
man et al., 2017; Zenetos et al., 2010]. Surprisingly, the Kerch Strait sample does not contain haplotypes
that are most common in populations from waters of Spain, Italy, and Romania. At the same time, there
are haplotypes identical to those from the native range, but absent from the above-mentioned Euro-
pean populations. A relatively large number of haplotypes (13) in the Black Sea (5 in the Kerch Strait,
and 8 in the waters of Romania) is likely to result from the absence of two effects, the founder one
and the bottleneck one, during the invasion. The obtained data suggest that in the case of the anadara,
we observe multiple expansion [Wilson et al., 2009]. However, applying the Tajima’s test (D) and Fu’s
test (Fs) on our material, this hypothesis cannot be verified, since the test results are statistically
insignificant.

Most ecological studies on the Black Sea anadara highlight stability and even prosperity of its popula-
tions [Anistratenko, Khaliman, 2006; Ivanov, 1991; Revkov, 2016; Revkov, Scherban, 2017; Zolotarev,
Zolotarev, 1987]. In the area of its invasion, the mollusc demonstrates a wide range of salinity, res-
piratory, and trophic adaptations. A logical question arises: what ensures its adaptive success? A high
level of morphological divergence of populations of this species in the northwestern Black Sea has been
previously noted [Finogenova et al., 2012]. In this case, according to the classical concepts of I. Schmal-
hausen [1982] and A. Rasnitsyn [1987], multiple stable channels of ontogenetic development should be
formed acting as attractors and ensuring pronounced morphological differentiation at the definitive
stages. Apparently, this is exactly the pattern we observe when analyzing the morphological variability
of the Kerch Strait anadara (the Sea of Azov). A similar pattern of subdivision by morphometric fea-
tures was recently revealed for the anadara of the Black Sea and Sea of Azov [Mirzoeva, Zhukov, 2021].
The authors interpreted the clusters obtained after excluding dimensional variability as ecomorphotypes,
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the formation of which contributes to more successful adaptation of molluscs to a heterogeneous environ-
ment. Despite the use of different terminology, we are likely to be talking about the same phenomenon:
intrapopulation divergence related to the diversity of biotopes colonized by this species. The obtained re-
sults of the study of the anadara morphological variability are obviously preliminary and require further
research.

Conclusions. Based on the analysis of the nucleotide sequences of the COI mtDNA gene fragment,
it was possible to confirm that Anadara kagoshimensis (Tokunaga, 1906), originating from the Pacific
basin, inhabits the Sea of Azov waters, namely the Kerch Strait. It is quite likely that we are dealing with
repeated expansion with a classic anthropogenous type of distribution. The success of the introduction
seems to be partly associated with the ability of this mollusc to form multiple trajectories of individual
development in population ontogenesis, apparently corresponding to different ecological forms.

This work was carried out within the framework of IBSS state research assignment No. 124022400148-4
and 124022400152-1, IEE RAS state research assignment No. 1022061400194-8-1.6.19, and IBIW RAS state
research assignment No. 124032100075-5 and 124032500016-4.
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MetogaMu MOJIEKYJISIPHO-TEHETHYECKOTO ¥ MHOTOMEPHOTO MOP(OMETPUIECKOTO aHAIN3a HCCIIeN0-
BaHA MHBAa3WitHAs TOMYJISIIUS BYCTBOPYATOro MOJUTIOCKA poja Anadara, obutawomas B KepueH-
CKOM TIpOJIBE A30BCKOTO MOpsl. MOJUTIOCKM 3TOTO pojia SIBJISIOTCS BeChbMa YCIEIIHBIMH BCeJeHIIa-
MU B A30BO-YepHOMOpPCKOM OacceiiHe, OKa3biBasi 3HAUUTEIbHOE BIIMSHUE Ha MECTHBIE OMOIIEHO3bI,
YTO OMpeJieisieT aKTyaJbHOCTh UCCIIeJOBaHUs. 3aqadueil paboThl ObUIO YTOUHUTH BUOBYIO ITPHHA]I-
JISKHOCTh Y MPOAHATIM3UPOBATh TEHETUUECKUN U (peHOTUNMYeCKuil moaumMopdusm anagapsl B Kep-
YEHCKOM ITPOJIMBE B KOHTEKCTE €€ aJalTUBHBIX BO3MOXKHOCTEH M MHBA3UOHHOTO ycriexa. [loaTeepaxie-
Ha TIPUHAJIC)KHOCTh UCCIIeIOBAHHOW TIOMYJIAIMHK K BUIY Anadara kagoshimensis (Tokunaga, 1906).
Jlns1 mpencTaBuTeNeld 3ToM MOIMYJIAINY U3y4YeHa M3MEHUYHBOCTh 6 MOp(OMETpHUECKHX MPU3HAKOB pa-
KOBHHBI 1 TToMMOpdu3M parMeHTa reHa nuToxpomokcuaassl I. [eHeTrueckoe pazHooOpasue B HC-
ClielyeMol BHIOOPKE OKa3aJloch He HIKe, YeM B HEKOTOPHIX HATUBHBIX MOMYJISIIUSAX aHagapbl. AHa-
713 MOP(OJIOrUIECKON M3MEHYUBOCTH JAET OCHOBAHUS MOJIaraTh, YTO B MHAWBUJYaJIbHOM Pa3BUTHU
ocobeil paccmarpuBaeMoi nonynusiuuu A. kagoshimensis IMeeT MeCTO HECKOJIbKO KaHAJIOB OHTOre-
He3a. Bricka3aHo MpearoioxeHue, 4To 3T0 0OCTOSATENBCTBO CIOCOOCTBOBANIO aJAITUBHOMY YCIIEeXy
aHajapsl B A30B0-UepHOMOpPCKOM OacceliHe.

KiroueBnle caoBa: Anadara kagoshimensis, nutoxpomokcunasa I, Y€pnoe mope, Kepuenckuit
MIPOJIUB, YYKEPOJHBIN BU[, aJlalITAIMs, TEHETUIECKOE pa3HooOpa3ue
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In December 2024, up to 4,000 tons of petroleum products entered the marine environment
of the Kerch Strait as a result of an accident involving two tankers carrying fuel oil. Consider-
ing intensive shipping in the region and chronic hydrocarbon (HC) loading there, the task of de-
termining the extent of pollution and assessing the state of waters has become urgent. The aim
of this study was to evaluate the qualitative and quantitative composition of HC in the Kerch
Strait waters after the accident. Sampling was carried out in spring 2025 during the 134™ cruise
of the RV “Professor Vodyanitsky.” HC and n-alkane concentrations were determined by gas chro-
matography. Physicochemical parameters of waters were also assessed (pH, Eh, dissolved oxygen,
temperature, and salinity). HC content ranged 0.01 to 0.27 mg-L™!, with the maximum permissi-
ble concentration (0.05 mg-L™!) exceeded at 6 stations out of 13. The highest values were recorded
in the pre-strait area of the Black Sea. At stations with elevated HC levels, signs of biodegraded oil pol-
lution were recorded. Physicochemical parameters of waters remained within normal limits. The dis-
tribution of n-alkanes and HC composition provide evidence for actively occurring self-purification
processes.

Keywords: pollution, water, hydrocarbons, Kerch Strait, Black Sea

Oil products remain one of the key pollutants of marine ecosystems. Tanker accidents significantly
contribute to their release into the marine environment [Avarii 1 posledstviya, 2025]. The first large-scale
accident occurred in March 1957: over 120 thousand tons of oil entered waters off the coast of Great
Britain as a result of the “Torrey Canyon” oil spill. The Kerch Strait is also considered to be an impact area
due to intensive shipping, activity of Kavkaz and Krym ports, and the operation of the roadstead trans-
shipment complex in the southern strait [Matishov et al., 2013]. On 11 November, 2007, during a storm,
the oil tanker “Volgoneft-139” sank there with 5 thousand tons of fuel oil, and about 1.3 thousand tons
entered the water area [ Tikhonova et al., 2021]. The second accident occurred in 2017: the bulk carrier
“Geroi Arsenala” split in two with 19 tons of diesel fuel and 1.5 tons of motor oil on board [Krushe-
nie sukhogruza, 2020]. On 15 December, 2024, there was another shipwreck in the strait: two tankers,
“Volgoneft-212” and “Volgoneft-239,” both with a cargo of fuel oil, were caught in a storm. One tanker
split in two, and another ran aground. This resulted in a spill of 2.4 to 4 thousand tons of fuel oil
out of a total volume of 9.2 thousand tons [ Yunusov, 2025].
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Due to active water circulation from both the Sea of Azov and Black Sea, pollutants are relatively
quickly carried beyond the strait. Currents from the Sea of Azov prevail over the Black Sea ones.
River runoff is important in the formation of surge phenomena and water level fluctuations at the ends
of the strait and affects the water balance of both seas [Eremeev et al., 2003; The Oil Spill Accident,
2008]. Studies provide evidence that the pre-strait area of the Black Sea is subject to the greatest pol-
lution, while currents from the Sea of Azov mainly transport organic matter of allochthonous and au-
tochthonous origin [Nemirovskaya et al., 2022a]. According to previously obtained data, on 13 Novem-
ber, 2007, the concentration of oil products in the surface water layer at the tanker wreck site
was 2.5 mg-L_l, i. e., it reached 50 MPC (maximum permissible concentration) [Matishov et al., 2013].
It was 8 times higher than the mean content of oil products in the strait waters in 1985-1988 [Klenkin
et al., 2007]. In the first months after the accident, values of 3—14 thousand MPC of oil products were
recorded in water, and clots of fresh fuel oil were found in bottom sediments. By May 2008, the situation
with oil pollution of the strait waters and bottom had stabilized; by August 2008, the strait was completely
cleared of the consequences of the accidental fuel oil spill [Fashchuk et al., 2010].

Thus, given the high technogenic load, the issue of assessing the state of water masses of the Kerch
Strait and adjacent areas of the Black Sea and Sea of Azov is of particular relevance. The aim of this
work was to determine the qualitative and quantitative composition of hydrocarbons in the Kerch Strait
waters after the tanker accident in December 2024.

MATERIAL AND METHODS

Water from the Kerch Strait surface layer was sampled in glass containers with a bathometer
on 15-16 March, 2025 (the 134" cruise of the RV “Professor Vodyanitsky”) along a grid of sta-
tions (Fig. 1). The work was carried out at a wind speed of 2.4-9.4 m-:s™!, wave height of 0.3—-1.2 m,
and air temperature of +10.1...4+11.9 °C. Physical and chemical parameters of water (temperature, salin-
ity, pH, Eh, and dissolved oxygen content) were measured with a verified portable logging multiparam-
eter meter HI-98194 (Hanna Instruments, Germany). This tool provides measurements in the following
ranges:

 temperature, 0.0 to +50.0 °C (resolution 0.1 °C, and error 0.1 °C);

* salinity, 0.00 to 70.00 psu (resolution 0.01 psu, and error £0.01 psu);

* pH, 0.0 to 14.0 (resolution 0.01, and error £0.02);

* Eh (redox potential), —2,000 to +2,000 mV (resolution 0.1 mV, and error £1.0 mV);

» dissolved oxygen, 0.00 to 50.00 mg-L™! (resolution 0.01 mg-L™!, and error £0.10 mg-L™").

Extracts with hexane were prepared according to the state standard GOST R 52406-2005 directly
onboard the research vessel (IBSS core facility RV “Professor Vodyanitsky”). The content of hydrocar-
bons (hereinafter HC) and n-alkanes in water was determined by gas chromatography on a Crystal 5000.2
chromatograph (“Chromatec,” Russia) with a flame ionization detector at the IBSS core facility “Spec-
trometry and Chromatography.” The method ensures obtaining results with an accuracy not exceeding
the following values (with a confidence probability P of 0.95): at an oil product concentration 0.02
to 0.5 mg-dm™ inclusive, the relative standard deviation of reproducibility is 25%, and at a concentration
over 0.5 mg-dm'3, 13%. To process the results, Chromatec Analytic 3.0 software was used, and absolute
calibration and percentage normalization were applied. HC origin was determined based on the chro-
matogram character, n-alkane distribution, and biogeochemical markers. The difference in means of two
samples was assessed based on box plots (MS Office Excel) with outliers showing the distribution of data
by quartiles; the median and outliers were highlighted.
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Fig. 1. Schematic map of water sampling from the surface layer in the Kerch Strait water area
(the 134™ cruise of the RV “Professor Vodyanitsky,” March 2025)

RESULTS AND DISCUSSION

The physical and chemical parameters of water (Table 1) are sensitive indicators of pollution, in-
cluding fuel oil one, and allow for the rapid detection of deviations from the natural state of seawater
in the ecosystem. The values of pH in the surface layer at the stations surveyed varied 8.2 to 8.4 indicating
a slight alkaline reaction of the aquatic environment. No dependence of water pH on HC concentration
in it was revealed. The values of Eh varied +85 to +134 mV; this characterizes the aquatic environ-
ment as an oxidizing one. The lowest values of Eh were recorded in water of shallow stations (e. g.,
+85 mV at sta. 366); higher values were registered at deeper stations (+134 mV at sta. 256). Oxygen
saturation ranged 101 to 105%, and the concentration of dissolved oxygen ranged 9.6 to 10.9 mg-L™%.
The highest values (105% and 10.9 mg-L'l) were revealed at sta. 366 and 367, while the minimum one,
at sta. 254 (101%). Water masses of the surveyed area were characterized by saturation and slight
supersaturation with oxygen. At all the stations, the content of dissolved oxygen was above the stan-
dard value of 6 mg-L™!. According to the Order of the State Fisheries Committee of Russia No. 96
of 28.04.1999, this may indicate optimal aeration. In case of fuel oil pollution, a sharp decrease in these
parameters is usually observed due to oxygen consumption for HC oxidation and toxic effects on phyto-
plankton and microfauna. In this case, the recorded levels of dissolved oxygen may indirectly evi-
dence the lack of large-scale fuel oil pollution in water. In the surface layers, salinity varied 18.52
to 18.74 psu. These values are typical for the water area surveyed. Water temperature in the surface
layer varied +8.5 to +10.0 °C. In terms of organoleptic properties, inter alia the absence of a film
on the surface and the lack of changes in color, odor, and turbidity, no traces of fuel oil were registered
in the surface water layer.
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Table 1. Physical and chemical parameters of the surface water in the Kerch Strait, March 2025

::lf;‘l;’; t,°C pH Eh, mV DO, % DO, mg.L-! S, psu
366 1881 8.3 185 1045 10.9 18.54
362 19.47 8.4 188 103.9 10.6 18.67
363 19.70 8.2 196 102.0 9.6 18.67
364 19.73 8.2 1102 104.4 10.5 18.73
365 19.88 8.2 188 103.6 10.5 18.73
368 19.19 8.2 1103 1035 10.6 18.69
367 1871 8.2 1113 105.0 10.9 18.52
252 19.57 8.2 +100 104.8 10.7 18.74
253 19.32 8.2 117 1027 10.5 18.48
254 110.63 8.2 1132 100.5 10.3 18.60
370 19.72 8.2 120 101.6 10.2 18.49
256 19.94 8.2 1134 101.2 10.2 18.65
360 £10.00 8.2 +130 101.4 10.3 18.65

Note: DO, dissolved oxygen; S, salinity.

HC concentration in the water area surveyed varied within the range of 0.01-0.27 mg-L™" (Fig. 2A).
At 6 stations out of 13, HC content in water exceeded the MPC (0.05 mg-L™") or was at its level. Sta-
tions with a slight excess of sanitary standards (1 to 1.6 MPC) were grouped near the western coast
of the strait (Kerch area). At stations located in the eastern strait, the values were within the MPC. A sig-
nificant excess was revealed at 2 stations in the pre-strait area of the Black Sea, southward of the tanker
wreck site (Fig. 2A).
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Fig. 2. Hydrocarbon concentration (A) and n-alkanes/hydrocarbons ratio (B) in the surface layer
of the Kerch Strait waters (the 134™ cruise of the RV “Professor Vodyanitsky,” March 2025)

In the surface water layer, the n-alkanes/hydrocarbons ratio varied 38 to 78% averaging
60% (Fig. 2B). These values are elevated and provide evidence for an intensive flow of n-alkanes into
the strait water area.

Statistical analysis (Fig. 3a—c) showed the presence of outliers among the obtained values of HC
concentration, unresolved complex mixture (hereinafter UCM), and n-alkanes/hydrocarbons ratio. Thus,
we revealed stations with indicators significantly exceeding HC values characteristic of the water area
surveyed.
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Fig. 3. Box plots showing the presence of statistical outliers in the data: a, hydrocarbon concentration;
b, unresolved complex mixture (UCM); ¢, n-alkanes/hydrocarbons ratio

As noted above, sta. 252 and 360 were characterized by elevated HC values. At these stations, HC
concentration significantly exceeded the MPC: by 5.4 times. In terms of n-alkanes/hydrocarbons ratio,
elevated values were recorded at sta. 252 and 367, and reduced ones, at sta. 365 (Fig. 3c). HC content
noted at other stations was typical for this area [Nemirovskaya et al., 2022a]. Furthermore, at sta. 252
and 360, UCM was determined: 0.46 and 0.44 mg-L™!, respectively. The presence of UCM in water indi-
cates oil pollution [Wang et al., 2015]. In this area, similar values were observed before (in 2019-2021):
oil pollution reached 0.25 mg.L™' [Nemirovskaya et al., 2022b], while the presence of UCM
was not recorded at that time. There was no UCM at other sites surveyed.

UCM accumulation is also possible as a result of biodegradation of saturated oil components [Hu
et al., 2018]. The “hump” on chromatograms is shifted to the high-molecular weight region (Fig. 4),
which also provides evidence for the oil nature of UCM [Nemirovskaya, 2013] and, consequently,
the presence of oil pollution in water.
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Fig. 4. Example of a chromatogram showing the presence of an unresolved complex mixture (UCM)

in the surface layer of the Kerch Strait waters (sta. 360) (the 134™ cruise of the RV “Professor Vodyanitsky,”
March 2025)

In water studied, n-alkanes were identified within the range of C;7—Cs;, with Cs¢ and Cs; recorded
at sta. 252 and 360. At other sites, n-alkanes were found within C;7—Cjs; this range is typical for coastal
waters.
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Based on the data obtained, a significant difference in the content of oil products at sta. 252 and 360
was established compared to that at other stations surveyed. Due to this fact, the composition of n-alkanes
was analyzed for selected groups of stations separately. The stations were divided into two groups:
G1 (sta. 252 and 360) and G2 (stations 363, 365, 367, 368, 353, 352, 370, and 356). At the stations with
low and moderate HC content (G2), the distribution of n-alkanes was of a bimodal character (Fig. 5a).
For G2, the peaks in the low-molecular weight region fell on autochthonous Cy7 (10%) and C;9 (8%) [Ne-
mirovskaya, 2013]. Allochthonous n-alkanes, Cy7 (8%), Cy9 (14%), and C3; (13%), dominated over au-
tochthonous ones and formed the second maximum. The revealed pattern of the distribution of n-alkanes
corresponds to that in coastal waters, where natural sources of HC prevail. However, given the sam-
pling area where chronic oil pollution was recorded (a shipping artery) [Nemirovskaya et al., 2022b],
it can be assumed that in this case, traces of oil products that underwent biotransformation were also
present. Thus, active self-purification processes are taking place in the studied components in waters
of the Kerch Strait ecosystem.
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Fig. 5. Distribution of n-alkanes in water at stations with low and moderate hydrocarbon content (a)

and high hydrocarbon content (b) in the Kerch Strait (the 134™ cruise of the RV “Professor Vodyanitsky,”
March 2025)

At stations with high HC concentration (G1), the distribution of n-alkanes differed significantly
from that for G2. The content of autochthonous C;7 and C;9 was minor (lower than 1%). The dis-
tribution was unimodal, with maximums of C,;, Cy, and Cs; (Fig. 5b) and with a fairly high pro-
portion of Cyg and Cj. The distribution pattern is similar to that recorded in biodegraded oil aggre-
gates [Nemirovskaya, 2013]. The distribution of n-alkanes during biodegradation was characterized
by the absence of peaks in the low-molecular weight region, typical of oil pollution, and the pre-
dominance of peaks of Cy—Cp, which may indicate a high degree of HC weathering. The predom-
inance of odd n-alkanes, typical of allochthonous matter, seems to be related to the active decom-
position of even high-molecular weight homologues [Nemirovskaya, 2013]. As established before,
in some cases, after oil spills, allochthonous homologues predominated in the composition of n-alkanes
[Wang, Fingas, 2003].

To clarity HC origin, additional parameters were also considered, in particular, the CPI, marker (car-
bon preference index). It is the key one for revealing the presence of oil products and is de-
scribed by the ratio of the number of odd homologues in the high-molecular weight region to even
ones [Peters, Moldowan, 1993]. In the presence of fresh oil pollution, the marker values are close
to 1. At stations of Gl, its values were 2.3 and 2.8, which corresponds to those for a biogenic
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substance [Ficken et al., 2000]. If we assume the influx of fuel oil, we can conclude as follows: its rel-
atively light components are likely to have degraded after two months; a trace of its presence could be
the “hump” on the chromatogram (see Fig. 4).

UCM/n-alkanes ratio for stations of G1 was 2.1 and 2.75 (> 2), and this is typical for degraded oil
products [Shirneshan et al., 2016]. As already noted, the “hump” is shifted to the high-molecular weight
region and is located under the dominant peaks; it is typical for oil pollution.

Based on the nature of the chromatograms and the values of individual markers of HC origin at sta-
tions of G1, it can be assumed that elevated HC concentrations in water masses of these sites are related
to the presence of biodegraded oil components.

Thus, traces of oil pollution were recorded in the Black Sea water area adjacent to the Kerch
Strait. Importantly, its components were heavily biodegraded, which may indicate active self-purification
processes.

Conclusions. The values of hydrocarbon (HC) concentration in the surveyed water area, the Kerch
Strait, fluctuated within the range of 0.01 to 0.27 mg-L™'. At 6 stations out of 13 analyzed, HC content
in the surface water layer exceeded the MPC (0.05 mg-L™") or was at its level. Stations with a slight
excess of sanitary standards (1-1.6 MPC) were grouped near the western coast of the strait (Kerch area).
At the stations situated in the eastern Kerch Strait, the values were within the MPC. A significant excess
of the MPC for the HC content was registered at two stations in the pre-strait area of the Black Sea.

At the stations with low and moderate HC pollution, the distribution pattern of n-alkanes corresponds
to that in coastal waters, where natural sources of HC prevail. However, given the intensity of shipping
in the sampling area, where chronic oil pollution was recorded, it can be assumed as follows: in this case,
there were traces of oil products that underwent biotransformation.

At the stations with an increased HC content — in the Black Sea water area adjacent to the Kerch
Strait — traces of oil pollution were revealed based on the presence of an unresolved complex mixture.
The origin of this pollution remains unclear, as it is impossible to clarify the composition of the fuel oil
by the methods used. Strong biodegradation of oil components was recorded, which may evidence active
self-purification processes in this water area.

This work was carried out within the framework of IBSS state research assignment “Assessment of oil pollu-
tion of coastal marine waters of the Crimean Peninsula resulting from the Kerch Strait disaster in December 2024
and development of recommendations for improving coastal waters by stimulating natural self-purification processes”
(No. 125050605819-8).
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HE®TAHOE 3ATPA3HEHUE KEPYEHCKOTI'O ITPOJINBA
ITIOCJIE ABAPUU TAHKEPOB «BOJI'OHE®Tb» B IEKABPE 2024 T'.

0. B. CouoBnéBa, E. A. Tuxonona, K. M. 3apunosa

®I'BYH PULL «HucTuTyT GHosoruu 10xkHbIX Mopelt uvmenn A. O. Koanesckoro PAH»,
Cesactono:nb, Poccuiickas ®enepanus
E-mail: zaripova_km@ibss-ras.ru

B neka6pe 2024 r. B pe3yJbTare aBapuM IBYX TaHKEPOB, IEPEBO3UBIINX Ma3yT, B KepueHckom mpo-
JIMBE B MOPCKYIO cpelly MOCTynuio 10 4 Thic. T HepTenpoayKToB. C y4ETOM CYyJOXOAHOTO XapakTepa
pEeruoHa 1 XpoOHUYECKOH Harpy3ku yrieBogopogamu (Y B) akTyanbHBIMU 3ala4aMU CTATU BBIsSIBJICHUE
MacIITa0oB 3arps3HEHUs U aHATIM3 COCTOSIHUA BOJbL. Llenb paboThl — OmnpenenuTh KaueCTBEHHBIH
U KOJMYeCTBEeHHBI coctaB YB B Boae Kepuenckoro nposusa nociie aBapuu. [IpoGootbop mpose-
neén BecHon 2025 1. B pamkax 134-ro peiica HUC «IIpodeccop Bonssaumikmii». KormenTparm YB
Y H-JIKAaHOB OIpeieieHbl METOJI0M Ta30Bol Xxpomartorpacduu. OnieHeHb (hPU3NKO-XUMHUYECKHEe Mapa-
meTpsl Boawl (pH, Eh, coneprkanre pacTBOPEHHOTO KUCIOPOIa, TEMITEpaTypa 1 COJIEHOCTh). 3HAUCHUS
KoHIeHTpanuu Y B konedamuce ot 0,01 mo 0,27 Mt rpu 3ToM Ha 6 u3 13 craHimii OblTa IPeBbI-
mena ITJIK (0,05 mr-n~!). MakcumanbHEIe BeTMumHb 3apUKCHPOBAHB B aKBaTOpHH YEpHOTo Mops,
npuieramiiel K mpojuBy. Ha cTaHIUSX ¢ BRICOKMMU YPOBHSIMU cojiepxanus YB B Bone oOHapyxe-
HBI IPU3HAKK OMOJETpafipOBAaHHOTO He(PTSHOTO 3arps3HeHns. PU3UKO-XUMHUYECKHUE TTIOKa3aTe ! BO-
JIbl OCTaBaJIMCh B Mpejiesiax HOpMBL. Pacripenesienne H-aJKaHOB M cocTaB Y B yKa3bIBalOT Ha aKTUBHO
MIPOUCXOISAIINE MPOLECCH CAMOOYHITICHHS.

KiroueBble cJioBa: 3arpsisHeHMe, BOja, YIiieBoAopoibl, KepueHckuii mposue, Ye€pHOoe Mope
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Sea ice can serve as a habitat for microalgae which can adapt to its unique conditions and success-
fully reproduce in it. This paper continues the analysis of material obtained for the first time from sea
ice in two bays of Russky Island (the Sea of Japan) in 2020-2021 aimed at studying layer-by-layer
distribution of the qualitative and quantitative composition of inhabiting microalgae. The taxonomic
analysis allowed for identifying 87 species of microalgae from 48 genera and 7 divisions. The max-
imum species richness was characteristic of the Bacillariophyta division (57-100% of the species
number in an ice layer). Algal flora of sea ice and under-ice water was formed mainly by benthic cos-
mopolites. The composition of dominant species varied depending on year, bay, and depth of an ice
layer; the prevailing species were Chaetoceros socialis f. radians, Cylindrotheca closterium, Navicula
septentrionalis, Nitzschia frigida, Thalassiosira gravida, T. nordenskioeldii, and Plagioselmis sp. Species
composition varied most significantly between years of the study. Differences in species composi-
tion were also noted between bays and biotopes, as well as depending on the position of the layer
in the ice column.

Keywords: ice algal flora, diatoms, Sea of Japan

Sea ice is a combination of rather harsh ecological factors. Nevertheless, some microalgae species
are capable of adapting to this environment and successfully colonizing ice thereby affecting its phys-
ical and chemical properties. In turn, the state of ice, including its thickness and breakup timing,
affects the ecosystem and the productivity of the entire water area during winter and early spring.
Across this period, microalgae extensively developing within ice serve as a critical source of primary
production.

Peter the Great Bay (the Sea of Japan) is one of the southernmost areas in the Northern Hemisphere
capable of sustaining a stable ice cover for several months. However, research on its ice biota has been lim-
ited to the analysis of chlorophyll content and the value of primary production of microalgae [Kuznetsov,
1980], as well as production characteristics within ice of the Razdolnaya River estuary [Zvalinsky et al.,
2010]. In the Voevoda and Novik bays of Russky Island, hydrological, hydrochemical, and ecological
studies have been carried out [Barabanshchikov et al., 2015, 2018; Khristoforova et al., 2016, 2017;
Mel’nichenko et al., 2014, 2017]. The sea-ice biotope in Peter the Great Bay has not been covered by al-
gological surveys prior to this work, likely due to methodological challenges of sampling. In contrast,
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the under-ice phytoplankton community in the bay has been extensively investigated in terms of species
richness and abundance [Orlova et al., 2009; Ponomareva, 2017; Semkin et al., 2022; Shevchenko et al.,
2020; Sorokin, Konovalova, 1973; Stonik, 2018].

The first research of sea-ice microalgae in two bays of Russky Island, the Voevoda and Novik bays,
was conducted in 2020-2021, and the findings on the quantitative characteristics of ice microalgae were
published [Yurikova, Begun, 2022]. This work is a continuation of the study, and its aim is to analyze
microalgae species composition in both sea ice and under-ice water in the Voevoda and Novik bays
of Russky Island during winter of 2020 and 2021.

MATERIAL AND METHODS

The study was carried out in February 2020 and 2021 in the Voevoda and Novik bays (Russky
Island, the Sea of Japan) (Fig. 1). The environmental conditions during the field surveys and the sampling
methodology were described in detail by E. Yurikova and A. Begun earlier [2022].

Sea of Japan

Fig. 1. Sampling sites in bays of Russky Island (the Sea of Japan): 1, the Voevoda Bay; 2, the Novik Bay

In 2020, ice thickness was approximately 40 cm in both bays; in 2021, it was about 60 cm. In 2020,
4 ice and 1 under-ice water samples were taken in each bay, while in 2021, 6 ice samples and 1 under-ice
water sample were taken. Samples were fixed with Utermohl’s solution to a pale-yellow color [Utermohl,
1958]. Following a method for sedimentation [Radchenko et al., 2010], after 12 days, the supernatant
was decanted from each sample, and a residue of 100-200 mL was left.

For scanning electron microscopy, samples were prepared by boiling in 98% sulfuric acid for 40 min
and then rinsed with distilled water. The material was analyzed in the laboratory of marine micro-
biota of NSCMB FEB RAS. For species identification of microalgae, we used a transmitted light
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microscope Olympus BX41 equipped with a UPLanF1 100x/1.30 objective (Japan). Taxonomic iden-
tification was verified under a Zeiss Sigma 300 VP scanning electron microscope (the UK). Microalgal
classification follows the system of [Konovalova et al., 1989] updated with nomenclatural revisions over
the past 10 years. For identification, we used the guides [Hoppenrath et al., 2009; Identifying Marine
Phytoplankton, 1997; Konovalova, 1998; Konovalova et al., 1989; Ryabushko, Begun, 2015].

Similarity analysis was performed in PRIMER v7.0.21 [Clarke, Gorley, 2015; Clarke, Warwick,
2001]. Non-metric multidimensional scaling was applied to ordinate algal communities based on species
composition for different ice layers and under-ice water. The Sgrensen coefficient was used as the distance
measure.

RESULTS

In sea ice and under-ice water samples of 2020-2021, 87 taxa (species, varieties, and forms)
from 48 genera and 7 divisions were identified (Table 1): Ochrophyta (2 species), Bacillariophyta (67),
Cryptophyta (1), Dinophyta (13), Chlorophyta (2), Euglenophyta (1), and Haptophyta (1). Sixteen taxa
could not be identified down to the species level. In ice, 79 species were recorded; out of them, 46 were
exclusive to this biotope. In under-ice water, 41 species were registered, with only 8 being exclusive to it.

In 2020, 52 species from 31 genera and 4 divisions were noted for both bays, with 36 species
out of them inhabiting the Voevoda Bay, and 37, the Novik Bay. Twenty-one species were common
to two bays. In 2021, 63 species representing 41 genera and 7 divisions were found, with 50 species
out of them inhabiting the Voevoda Bay, and 43, the Novik Bay. Thirty-one species were common
for these two bays.

Ecological characteristic was determined for 66 out of 87 taxa revealed, and phytogeographical one,
for 62. Benthic species dominated accounting for 50% (51% of recorded in sea ice, and 45% of regis-
tered in under-ice water). Benthic-planktonic species constituted 9%. Out of planktonic species, neritic
ones accounted for 24%; oceanic for 8%; panthalassic for 8%; and freshwater for 1%. Phytogeographical
analysis showed that cosmopolitans were the largest group comprising 40% of species (40% of noted
in seaice, and 48% of found in under-ice water). Out of the total number of species with known phytogeo-
graphic characteristic, tropical-arctic-boreal algae comprised 19%; tropical-boreal, 18%; arctic-boreal,
15%; boreal, 5%; and bipolar, 3%.

Table 1. Species composition of microalgae in sea ice (I) and under-ice water (UIW) of two bays of Russky
Island in 2020-2021

2020 2021
Taxon Ecological | Phytogeographical | Voevoda Novik Voevoda Novik
characteristic characteristic Bay Bay Bay Bay
I |UIW| T |[UIW| I |UIW| I |UIW

Ochrophyta

Ebria tripartita
(Schumann) N B - - - - - — + _
Lemmermann, 1899

Octactis speculum
(Ehrenberg)

F. H. Chang, J. M. Grieve
et J. E. Sutherland, 2017

Continued on the next page...
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Taxon

Ecological
characteristic

Phytogeographical
characteristic

2020

2021

Novik
Bay

Voevoda
Bay

Novik
Bay

Voevoda
Bay

I |UIW| T | UIW

I |UIW| T | UIW

Bacillariophyta

Actinoptychus senarius
(Ehrenberg) Ehrenberg,
1843

BP

C

Amphora proteus
Gregory, 1857

Ben

Asterionella formosa
Hassall, 1850

Fw

Caloneis liber
(W. Smith) Cleve, 1894

Ben

Chaetoceros socialis
f. radians (F. Schiitt)
A. 1. Proshkina-
Lavrenko, 1963

TAB

Cocconeis costata
Gregory, 1855

Ben

Cocconeis scutellum
Ehrenberg, 1838

Ben

Coscinodiscus oculus-iridis
(Ehrenberg)
Ehrenberg, 1840

AB

Coscinodiscus sp.

Cyclotella
choctawhatcheeana
Prasad, 1990

TB

Cylindrotheca closterium
(Ehrenberg) Reimann
et J. C. Lewin, 1964

BP

Cymbellafalsa diluviana
(Krasske) Lange-Bertalot
et Metzeltin, 2009

Ben

Detonula confervacea
(Cleve) Gran, 1896

AB

Diploneis chersonensis
(Grunow) Cleve, 1894

Ben

TAB

Diploneis lineata
(Donkin) Cleve, 1894

Ben

TB

Diploneis smithii
(Brébisson) Cleve, 1894

Ben

Entomoneis gigantea
var. decussata (Grunow)
Nizamuddin, 1982

BP

Grammatophora marina
(Lyngbye) Kiitzing, 1844

Ben

C

+ | - - | +

Continued on the next page...
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2020 2021

Ecological | Phytogeographical | Voevoda Novik Voevoda Novik
characteristic characteristic Bay Bay Bay Bay
I |UIW| T |UW| T |UW| I |UIW

Taxon

Gyrosigma arcuatum

(Donkin) Sterrenburg, Ben C - - - - + - - _
2005

Gyrosigma fasciola

(Ehrenberg) J. W. Griffith Ben - - - - - + - - -

et Henfrey, 1856

Gyrosigma tenuissimum
(W. Smith) Griffith Ben TB - - - - - - + -
et Henfrey, 1856

Halamphora costata

B TB - - | - - -
(W. Smith) Levkov, 2009 en * * *
I ;
alamphora cymbifera Ben B N B B B N B B B
(Gregory) Levkov, 2009
Haslea ostrearia
B TB - - | -] - - - -
(Gaillon) Simonsen, 1974 en *
Leptocylindrus minimus
Gran, 1915 N TAB S I i R H B
Licmophora abbreviata
C. Agardh, 1831 Ben ¢ S A i ) R L
Li h ]
icmophora communis Ben AB _ _ | L]z |

(Heiberg) Grunow, 1881
Melosira moniliformis
(O. F. Miiller) BP TAB — - - — - - + -
C. Agardh, 1824
Melosira moniliformis
var. subglobosa (Grunow) BP AB - - - - + - - -
Hustedt, 1927

Navicula distans

B TAB - - - - -
(W. Smith) Ralfs, 1861 en T *
Navicula granii

N AB - - - - -

(Jgrgensen) Gran, 1908 " " "
Navicula johanrossii
Giffen, 1967 Ben T8 e e e
Navicula ramosissima

B TAB S T I A
(C. Agardh) Cleve, 1895 en
Navicula septentrionalis
Cleve, 1896 N AB S A Al R B i B
Navicula sp. 1 - - + + + + - - - -
Navicula sp. 2 - - + - - - - - - -
Navicula sp. 3 - - - | - - | - + | = R
Navicula transitans
var. derasa (Grunow) - - - - - + + + + +

Cleve, 1883

Continued on the next page...
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2020 2021

Ecological | Phytogeographical | Voevoda Novik Voevoda Novik
characteristic characteristic Bay Bay Bay Bay
I |UIW| T |UIW| T |UIW| I |UIW

Taxon

Navicula transitans
var. derasa f. delicatula - - - - - + + + + +
Heimdal, 1970
Nitzschia angularis
W. Smith, 1853
Nitzschia distans
W. Gregory, 1857
Nitzschia frigida
Grunow, 1880
Nitzschia sp. 1 - - - - - - + - - -

Ben C - - - + - - - -

Ben TB - - + - - - - -

Nitzschia sp. 2 - - - | + +

Nitzschia sp. 3 - - - - -

Nitzschia sp. 4 - - - - - - + + + +

Odontella aurita
(Lyngbye) BP TAB + |+ + | - + | + + | +
C. Agardh, 1832

Farlibellus delognei (Van
Heurck) E. J. Cox, 1988

Pinnularia sp. - - - - - - + - - -

Ben C - | - - | - + | + - | +

Pleurosigma elongatum
W. Smith, 1852
Pleurosigma formosum
W. Smith, 1852
Pleurosigma inflatum
Shadbolt, 1854
Pleurosigma intermedium
W. Smith, 1853
Pseudo-nitzschia
fraudulenta (Cleve) P C - - + - - - - _
Hasle, 1993
Pseudo-nitzschia pungens
(Grunow ex Cleve) P C - - + - - - - -
G. R. Hasle, 1993
Rhaphoneis amphiceros
(Ehrenberg) Ehrenberg, Ben TB - - - - - - + _
1844

Rhoicosphenia marina
(Kiitzing) M. Schmidt, 1889

Skeletonema sp. - - + - + - + - - -

Ben C - | - - | - + | + + | +

Ben TAB + - - - - - - _

Ben TB + + - - - - - _

Ben TAB + - - - - - - _

Ben TAB - - - - + - - -

Tabularia fasciculata
(C. Agardh) D. M. Williams Ben C + + + + + - + —
et Round, 1986

Continued on the next page...
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2020 2021
Taxon Ecological | Phytogeographical | Voevoda Novik Voevoda Novik
characteristic characteristic Bay Bay Bay Bay
I |UIW| T |[UW| I |UW| I |UIW
Tabularia tabulata Ben C . B B B N N N B
(C. Agardh) Snoeijs, 1992
Thalassionema nitzschioides
(Grunow) Mereschkowsky, P TAB + + + — - — - _
1902
Z‘ggéasswszra gravida Cleve, p Bip B B B . N B B B
Thalassiosira nordenskioeldii
Cleve, 1873 N AB + + + - + + + +
Thalassiosira punctigera
(Castracane) ﬁasle, é; 983 N 8 B B h - * + * -
Thalassiosira sp. - - + - - - - - - -
Trachyneis aspera
(Ehrer)llberg) Cpleve, 1894 Ben ¢ S A A i R
Ulnaria ulna (Nitzsch
P. Compere, ;001 : Ben C - - - - - - * -
Cryptophyta
Plagioselmis sp. ‘ - - ‘ - ‘ - ‘ - ‘ - ‘ - ‘ + ‘ - ‘ +
Dinophyta

Alexandrium sp. - - - - - + - - - -
Amphidinium sphenoides
Wufff, 1919 O AB N
Dinophysis acuminata
Claparede et Lachmann, N C + - + - - - - -
1859
Gyrodinium fusiforme
Kﬁfoid et Svi;zy{ 1921 N TAB S A A i N
Gyrodinium lacryma
(Meunier) Kofoid et Swezy, o) AB - - - - - — - +
1921
Oblea rotunda (Lebour)
Balech ex Sournia, 1973 0 - * a * - - - - -
Protoceratium reticulatum
(Claparede et Lachmann) N C + - - - - — - _
Biitschli, 1885
Protoperidinium brevipes
(Paulsen, 1908) Balech, N C + - - + - - + _
1974
Protoperidinium depressum
(Bailelﬁ;, 1854) Balepch, 1974 O ¢ S A i ) i R
Protoperidinium granii
(Osteﬁfeld) Balefh, 1974 N - e

Continued on the next page...
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2020 2021
Taxon Ecological | Phytogeographical | Voevoda Novik Voevoda Novik
characteristic characteristic Bay Bay Bay Bay
I |UIW| T |UIW| I |UIW| I |UIW
Protoperidinium pellucidum
Bergli 1881 p N C + + + + + - - -
Protoperidinium
pentagonum (Gran) N Bip + - + - - - - _
Balech, 1974
Protoperidinium sp. - - + - - - + + - -
Chlorophyta
Carteria sp. - - - - - - + - + -
Chlamydomonas sp. - - - - - - + - + -
Euglenophyta
Eutreptiella braarudii B B B B N . N N N N
Throndsen, 1969
Haptophyta
Unidentified
. - - - | - - | - + | - + | -
species

Note: N, neritic; O, oceanic; P, panthalassic; Ben, benthic; BP, bentic-planktonic; FW, freshwater; B, boreal;
C, cosmopolite; AB, arctic-boreal; TB, tropical-boreal; TAB, tropical-arctic-boreal; Bip, bipolar.

In the Voevoda Bay in 2020, the highest species number was revealed for ice layers of 0-10
and 10-20 cm (22 species each), and in 2021, for the layer of 10-20 cm (28 species) (Fig. 2). Con-
versely, in the Novik Bay in both years, the highest species richness was found in under-ice wa-
ter (19 and 22 species). Diatoms dominated the microalgal community in both biotopes accounting
for 100% in one of ice layers. Pennate diatoms were significantly more diverse (53 species) than cen-
tric ones (14 species), with mean pennate-to-centric ratios of 3:1 and 6:1 in ice and under-ice wa-
ter, respectively. In 2020, the diversity of centric diatoms peaked in ice layers of 0—10 and 10-20 cm
in both bays (5 and 4 species); in 2021, in the lower ice layer of the Voevoda Bay, 50-62 cm (6 species),
and in the mid-ice layer of the Novik Bay, 30—40 cm (4 species).

The sea-ice algal community was dominated by neritic planktonic species, primarily arctic-boreal
ones (Fig. 3). The prevailing taxa varied by location, year, biotope, and sampling depth. Thus, in 2020,
sea ice in the Voevoda Bay was co-dominated by Nitzschia frigida (up to 94% of total abundance
in an ice layer) and Thalassiosira nordenskioeldii (up to 41%). In under-ice water, the prevailing taxa
were Nitzschia sp. 2 (up to 41%) and Cylindrotheca closterium (up to 31%). In the Novik Bay, the ice
community was dominated by C. closterium (up to 63%), T. nordenskioeldii (up to 55%), and N. frigida
(up to 28%), while under-ice water was dominated by Thalassiosira gravida (up to 88%). In 2021,
in the Voevoda Bay ice, the prevailing taxa were Navicula septentrionalis (up to 59%), Nitzschia sp. 4
(up to 46%), Navicula granii (up to 41%), and Chaetoceros socialis f. radians (up to 76%). Under-ice
water was dominated by Plagioselmis sp. (up to 67%). In the Novik Bay, the ice community was char-
acterized by the high abundance of Nitzschia sp. 4 (up to 72%), N. frigida (up to 40%), and C. socialis
f. radians (up to 27%), and under-ice water community, by the high abundance of T. nordenskioeldii
(up to 34%) and Plagioselmis sp. (up to 25%).
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Fig. 2. Species number in samples of ice and under-ice water in the Voevoda and Novik bays

(2]

Fig. 3. Dominant microalgal species: a, Nitzschia frigida; b, Navicula septentrionalis; c, Cylindrotheca
closterium (a light microscope); d, Thalassiosira nordenskioeldii (a scanning electron microscope).
Scale bars are 20 um (a—c) and 4 um (d)
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Statistical analysis revealed that microalgal community structure varied noticeably across ice layers
and under-ice water, with the key drivers being biotope, sampling depth, location, and year (Fig. 4).
Inter-annual variation was the most significant factor, with similarity between samples from the same
year of 25% only. In 2021, communities showed pronounced spatial segregation clustering by bay,
with within-bay similarity of 40%. In contrast, in 2020, there was no clear spatial pattern. The high-
est similarity, 65%, was recorded between several neighboring ice layers: in 2020, between those
of 20—40 cm in the Novik Bay, and in 2021, between those of 30—50 cm in the Voevoda Bay and 0—20 cm
in the Novik Bay.

2D Stress: 0.18 [Resemblance: S8 Sorensen Year/Bay
W 2020 Voevoda
- W 2020 Novik
S W 2021 Voevoda
v 2021 Novik
2LNAO B
Vi ~ 21.N.50, TP
(W 2N NS0, Similarity
{ 1N ; A\ 72 25
20030 - Y V/- | — 40
[ e T 65
L W \ /)
5, i N S /
e W) e
/1/ \\‘\ // A
« /
ZI?A./N\.\?D 20.V.10: r’ 21.V.50 \
/ 20.N.20 - \ 4 S 21.v.20 \
i B e ! L N\ () AW
! / PR | - 21v3y 7 (W)
P j20N30) (M) I 4 \2 T
\ - ! W ! /
N % 2v0 | \ N\ B0
m / NN 21va40 ) (W)
- / O\ J o=
\\ / N
: 20.v.20 ST
\.)

Fig. 4. Non-metric multidimensional scaling of algal flora ordination for samples of ice and under-ice
water. Samples are signed according to a “year.bay.layer” pattern; a digit in a layer index indicates its upper
boundary; W denotes a sample of under-ice water

DISCUSSION

The sea-ice algal communities in the Voevoda and Novik bays exhibited similar taxonomic struc-
ture, with diatoms dominating both species composition and richness [Yurikova, Begun, 2022]. Within
2020-2021, 45 species were common for two bays (52% of their total number). The similarity in algal
flora in the bays can be traced through the revealed most species-rich genera. Moreover, in the Novik Bay,
a higher number of represented groups were identified in each year of the study. While species richness
of sea-ice microalgae was similar between two bays in 2020, the Voevoda Bay showed 1.3-fold higher
richness in 2021 than the Novik Bay. The similarity in species composition likely reflects the close
geographical proximity of these bays, as well as their connection with the semi-enclosed Amur Bay
which features restricted water circulation. Differences in taxonomic structure are mediated by loca-
tion of the bays. The Novik Bay deeply embays Russky Island, and its mouth is substantially isolated
from the Eastern Bosphorus Strait; this results in the highly isolated nature of its biotope. The more ex-
posed Voevoda Bay experiences freshwater inflow from the Russkaya River that mediates the formation
of distinct microalgal community as compared to that in the Novik Bay.
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Statistical analysis revealed the most significant variability in the species composition of sea ice
and under-ice water samples between years of the study. In 2021, the microalgal composition in the bays
was richer than in 2020, and this aligns with the data on their quantitative development [ Yurikova, Begun,
2022]. This phenomenon may be attributed to specific meteorological conditions that favored the for-
mation of a thicker ice cover than in the previous year. Differences in species composition were also
affected by location (sampling site), biotope, and depth of the ice layer.

The majority of diatoms registered in sea ice of the Voevoda and Novik bays are well-documented
constituents of the under-ice phytoplankton in Peter the Great Bay; it develops at sub-zero water tem-
peratures and can attain bloom concentrations in winter and early spring [Begun et al., 2003, 2011;
Konovalova et al., 1989; Orlova et al., 2009; Ponomareva, 2017; Ryabushko et al., 2019; Shevchenko
et al., 2020; Stonik, 2018]. A study of microphytobenthos on rocky substrates within the ice sheet
of Vostok Bay in January 1980 recorded a peak diatom biomass (2,576 mg-m™) at a water tempera-
ture of —1.2 °C, and the dominant species was a benthic-planktonic one: Odontella aurita (Lyngbye)
C. Agardh, 1832 [Ryabushko, 1986; Ryabushko, Begun, 2015]. Interestingly, this species also occurred
in the Voevoda and Novik bays. Furthermore, several species we registered have been previously re-
ported in studies of sea-ice biota across polar regions [Buinitskii, 1973; Kauko et al., 2009; Mel'nikov,
1989; Usachev, 1949].

The common taxa in the ice algal flora of the bays of Russky Island are neritic planktonic species.
However, a significant proportion of other species covered benthic (49%) and benthic-planktonic (10%)
forms. Those are typical for sediment habitats or for fouling of various underwater substrates, and this
can be governed by the shallow nature of the bays and the proximity of the benthic biotope. Due to wave
action and uplift to the water surface, benthic species can colonize the underside of an ice cover using
it as a substrate and serving as cryoperiphyton [Buinitskii, 1973; Ewert, Deming, 2013; Mel'nikov, Bon-
darchuk, 1987]. As known [Kauko et al., 2009], due to turbulent mixing of pelagic waters, microalgae
cells are incorporated into sea ice during its formation. However, according to some researchers [Olsen
et al., 2017; Ratkova, Wassmann, 2005], microphytobenthos is another source for the replenishment
of the ice biotope with algal flora.

The microalgal community of Russky Island bays is a mixed planktonic diatom assemblage compris-
ing both centric forms (predominantly pelagic) and pennate ones (usually benthic-affiliated). This reflects
patterns observed in under-ice phytoplankton communities of Peter the Great Bay [Begun et al., 2011;
Ponomareva, 2017; Shevchenko et al., 2020; Sorokin, Konovalova, 1973]. Pennate species outnumbered
centric ones by 4 times, and such a greater diversity aligns with documented successional patterns during
ice algae bloom [Leu et al., 2015; Van Leeuwe et al., 2018].

Our study of sea ice in the bays of Russky Island revealed that the ice algal flora consists of both plank-
tonic and benthic microalgae. Such a composition is mediated by the fact as follows. During the character-
istic winter bloom of under-ice phytoplankton, abundant species become incorporated into the ice com-
munity with varying degrees of intensity during sea-ice formation. The intensity is associated with sev-
eral complex meteorological and hydrochemical processes occurring in the water area during this period.
This is reflected in the distinct species composition and quantitative abundance of microalgae [ Yurikova,
Begun, 2022] within each specific layer of an ice cover.

Conclusions. This survey substantially expanded data on microalgal flora of sea ice and under-ice
water in Peter the Great Bay. The first comprehensive species list of cryophilic microalgae is pro-
vided. It comprises 87 taxa from 48 genera and 7 divisions. The algal flora was dominated by ben-
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thic cosmopolitan species. The more exposed Voevoda Bay exhibited higher species richness but lower
divisional diversity than the enclosed Novik Bay.

In 2020, 52 species from 31 genera and 4 divisions were recorded in both bays. Out of these,
36 species were noted in the Voevoda Bay, and 37, in the Novik Bay; 21 species were common for two
bays. In 2021, 63 species from 41 genera and 7 divisions were registered. Out of these, 50 species were
found in the Voevoda Bay, and 43, in the Novik Bay; 31 species were common. Community composition
showed pronounced vertical stratification. The species composition in ice and under-ice water samples
was found to vary most significantly in different years of the study.
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BUJIOBOM COCTAB COOBIIECTBA MUKPOBO/IOPOCJIEN
MOPCKOI'O JIbJIA ¥ O AJIEJHOM BO/BI
B BYXTAX OCTPOBA PYCCKUM
(3AJIUB IETPA BEJIMKOI'O, ANIOHCKOE MOPE)
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HanmonanpHbIf HaydHBIN LIEHTP MOpcKo# ounosnoruu nmenu A. B. JKupmynckoro IBO PAH,
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Mopckoii 1€ criocoOeH BEICTYNAaTh B KAYeCTBE MECTOOOUTAHUS 7151 MUKPOBOZIOPOCIIEH, KOTOpPbIEe MO-
I'yT IpUCHOCA0IMBATELCS K €0 YHUKAJIBHBIM YCIOBUSIM H YCIEIIHO Pa3MHOXaThcsl B HEM. B HacTosmeit
paboTe MPOAOJIKEH aHAJIM3 MaTepuasa, BIEpBbIE MOTYUYEHHOTO MpPU MCCAEAOBAHMK MOPCKOTO JibAa
IByx OyxT octpoBa Pycckuii (SInmoHckoe mope) B 20202021 rr., € 1171610 U3yYUTb MOCIOWHOE pacipe-
JieJIeHUe KaueCTBEHHOTO U KOJIMYECTBEHHOT'O COCTaBa MUKPOBOJOPOCIIEH, HACEISIONINX ero. B pe3yib-
TaTe TAKCOHOMHYECKOTO aHATN3a UASHTU(UITIPOBAHO 87 BUIOB U3 48 POIOB U 7 OTIEIOB MUKPOBOIO-
pocJeii. MakcumalibHOE BHIOBOE OOTaTCTBO MpeICTaBlieHo Bujiamu otjeda Bacillariophyta (57-100 %
YKcsia BUJIOB B CJIO€ JIbAA). Anbrodhiopa MOPCKOIo JibAa M MOAJIEAHON BOABI ObUIa chOpMUpPOBaHA
B OCHOBHOM OEHTOCHBIMHM BHAAMH, OTHOCSLIMMHUCS K IpyHIe KOocMoroanToB. CocTaB JOMUHUPYIO-
[IMX BUJIOB U3MEHSUICS B 3aBUCUMOCTH OT T0fa, OyXThl M TIIyOWHBI M3y4aeMoro CJIOsl JbJa; B YMCIIO
npeBalupyomux BuoB Bxoguau Chaetoceros socialis f. radians, Cylindrotheca closterium, Navicula
septentrionalis, Nitzschia frigida, Thalassiosira gravida, T. nordenskioeldii n Plagioselmis sp. Hau60-
Jiee 3HAYUTENILHO BUIOBOM COCTAB Pa3IMUasiCst MEX 1y roJIlaMU UCCIIEIOBaHMS,  TAKXKe B 3aBUCUMOCTH
OT OyXTbI, OMOTOMA U PACTIOIOKEHUS CJIOSI B TOJIIIE JIbJA.

KuaroueBrble cjioBa: jnenoBas anbrodgiopa, IMaTOMOBHIE BOIOPOCH, STTOHCKOEe MOpe
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A rise in the frequency of harmful algal blooms is associated with increasing environmental pollu-
tion, in particular with a gain in heavy metal content in waters. The aim of the study was to assess
the effect of heavy metals on the growth rate of microalgae causing such blooms. The effect of heavy
metals on the growth rate of microalgae Heterosigma akashiwo, Alexandrium affine, and Prorocen-
trum foraminosum was investigated: cadmium Cd**, nickel Ni?*, and lead Pb®* at concentrations of 10
and 20 pug-L™!, as well as zinc Zn** and iron Fe®* at 50 and 100 ug-L™". The evaluation was carried
out on the third and seventh days of the experiment. These heavy metals were found to affect all in-
vestigated algae species. On the third day, the growth rate of H. akashiwo increased with the addition
of Cd**, Pb*, Ni%*, and Fe®"; the growth was suppressed with the addition of Zn?*. On the seventh
day, the microalga inhibition was recorded at 10 and 20 ug-L™! of Cd?**, 10 ug-L™! of Pb?* and Ni%,
and 100 pug-L™! of Zn*. H. akashiwo stimulation occurred at 20 pg-L™! of Pb?* and Ni%*, as well
as at 50 and 100 pg-L™! of Fe**. The growth rate of A. affine on the third day rose at 20 ug-L™! of Cd*,
10 and 20 pg-L™! of Pb* and Ni**, and 100 pg-L™! of Fe?* and Zn?*. On the seventh day, the growth
rate dropped because of the negative effect of 10 and 20 ug-L™! of Cd*" and Pb**, as well as 20 pug-L™!
of Ni?*. Stimulation of A. affine growth was registered at 10 pg-L™" of Ni*" and at both concentrations
of Fe** and Zn*". P. foraminosum was the least resistant to heavy metals. Its growth rate decreased when
exposed to all toxicants, except for Fe**: in this case, stimulation of the microalga growth occurred
on the seventh day of the experiment.

Keywords: Heterosigma akashiwo, Alexandrium affine, Prorocentrum foraminosum, cadmium, nickel,
lead, zinc, iron, heavy metals

In recent decades, in various areas of the World Ocean, a considerable rise in harmful blooms of al-
gae has been registered caused by a raphidophyte Heterosigma akashiwo (Y. Hada) Y. Hada ex Y. Hara,
M. Chihara [Dursun et al., 2016; Heisler et al., 2008] and by dinoflagellates of the genera Alexan-
drium Halim, 1960 [Anderson et al., 2012] and Prorocentrum Ehrenberg, 1834 [Li et al., 2021; Shin
et al.,, 2019]. Some researchers relate a gain in frequency of such events with increasing pollution
of the environment [Heisler et al., 2008]. Heavy metals are regularly recorded in waters of Russian
seas [Marine Water Pollution, 2020], and they are more and more often being revealed in other areas
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of the World Ocean. Effects of these toxicants on plant organisms have been studied for a long
time, but most investigations are focused on sublethal and lethal concentrations, while metal content
corresponding to a natural one is analyzed less and less [Nagajoti et al., 2010].

Due to the above, the aim of this work was to assess the effect of cadmium, nickel, lead, zinc, and iron
on the growth rate of three microalgae: Heterosigma akashiwo, Alexandrium affine H. Inoue & Y. Fukuyo
Balech, and Prorocentrum foraminosum Faust.

MATERIAL AND METHODS

Plant material. The objects of the study were cultures of unicellular algae H. akashiwo (strain
MBRU_HAK-SR11) (Raphidophyceae), A. affine (strain AFRU-12) (Dinophyta), and P. foraminosum
(strain MBRU_PrRUS_16) (Dinophyta). All the algae were provided by the “Marine Biobank”
core facility of the A. V. Zhirmunsky National Scientific Center of Marine Biology, FEB RAS
(https://marbank.dvo.ru/).

Experimental conditions. The algae were cultured on f medium [Guillard, Ryther, 1962]
in 250-mL Erlenmeyer flasks. A culture medium volume was 100 mL; temperature was +18 °C; light
intensity was 70 umol-m~%s™'; and a light/dark cycle was 14 h: 10h (light : dark). There was no air bub-
bling. A culture at the exponential growth stage was used as an inoculum. The initial cell concentra-
tion was 20,000 cells-mL™" for H. akashiwo, 300 cells-mL™" for P. foraminosum, and 1,000 cells-mL™"
for A. affine. Experiments lasted for seven days.

Samples of 1 mL were taken with a pipette dispenser (Tomanalit, Russia). Cells were counted
on the third and seventh days in a 50-mL Nageotte chamber under an EVOS M5000 microscope
(Thermo Fisher Scientific, the USA) at 10x magnification. A total of six replicates were counted for each
variant of the experiment. The investigations were carried out in three biological replicates [Rukovod-
stvo, 2002].

Toxicants and their concentrations. Cd** was added as 3CdSO4x 8H,0; Ni**, NiSO4x 7H,0;
Pb%*, PbCly; Zn*, ZnSO,x7H,0; and Fe**, FeCl;x 6H,0, with recalculation into metal ions
on the day of the experiment. Concentrations were chosen based on data on the content of these heavy
metals in coastal waters of Russia and their maximum permissible concentrations (MPC). Analyzed
values correspond to MPC and 2MPC [Marine Water Pollution, 2020].

The growth rate was calculated by the standard formula [Guillard, Ryther, 1962] The reliabil-
ity of differences between samples was assessed using the Mann—Whitney test at a significance level
of p <0.05.

RESULTS AND DISCUSSION

The growth rate of H. akashiwo was higher on the third day than the control when exposed to Pb**
and Ni** at a concentration of 10 ug-L™" and Fe** at 50 and 100 ug-L™! (Table 1). In other cases, the value
did not differ significantly from the control. On the seventh day, the growth rate at 10 ug-L™! of Cd**
was noticeably lower than that in the control.

The growth rate of A. affine increased significantly on the third day under the effect of Cd** at a con-
centration of 20 pg-L™!, as well as Pb®* and Ni?* (Table 2). The addition of 50 ug-L™' of Fe?* and Zn**
governed a decrease in the studied parameter. On the seventh day, with 10 and 20 ug-L™" of Cd** and Pb**
in a medium, the alga growth was inhibited. At the same time, 10 ug-L™" of Ni**, 50 ug-L™! of Fe?*,
and 100 ug-L™" of Zn?* stimulated the growth.
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Table 1. Mean values of the growth rate (div.-day™") of Heterosigma akashiwo when exposed to heavy
metals at different concentrations (ug-L™")

Cd2+ Pb2+ Ni2+ F62+ Zn2+
D 0
ay 10 20 10 20 10 20 50 100 50 100
The third 031 | 034 | 031 | 039 | 035 | 039 | 035 | 042 | 040 | 027 | 028
The seventh | 023 | 017 | 020 | 021 | 026 | 021 | 026 | 024 | 025 | 023 | 022

Note: values significantly higher than the control level (p < 0.05) are highlighted in bold; a value significantly lower
than the control level is highlighted in italics.

Table 2. Mean values of the growth rate (div.-day™") of Alexandrium affine when exposed to heavy metals
at different concentrations (ug-L™")

Cd2+ Pb2+ Ni2+ F62+ Zn2+
Day 0
10 20 10 20 10 20 50 100 50 100
The third 0.21 0.18 0.33 0.36 0.36 0.45 0.37 0.03 0.24 0.11 0.41
The seventh | 0.13 -0.16 | -0.29 | -0.01 0.05 0.21 0.12 0.27 0.14 0.13 0.23

Note: values significantly higher than the control level (p < 0.05) are highlighted in bold; values significantly lower

than the control level are highlighted in italics.

The growth rate of P. foraminosum at all analyzed metal concentrations was lower both on the third
and seventh days compared to the control. However, on the seventh day of the experiment,
with the addition of Fe?*, stimulation of the microalga growth was recorded (Table 3).

Table 3. Mean values of the growth rate (div.-day™") of Prorocentrum foraminosum when exposed to heavy
metals at different concentrations (ug-L™")

Cd2+ Pb2+ NiZ+ Fez+ Zn2+
Day 0
10 20 10 20 10 20 50 100 50 100
The third 0.24 0.05 0.21 0.12 0.10 0.08 0.20 | -0.20 | -0.33 | -0.11 0.10
The seventh 0.13 0.05 0.01 0.12 0.10 0.01 -0.03 0.16 0.24 0.13 0.06

Note: values significantly lower than the control level (p < 0.05) are highlighted in italics.

The toxicity of heavy metals for microalgae of different divisions has been shown repeatedly.
It is related mostly to the fact that they cause oxidative stress resulting from an increase in abundance
of free radicals. Due to damage to molecules by free radicals, physiological processes are violated,
and this ultimately affects the viability of cells [Nagajoti et al., 2010].

Heavy metals are non-degradable; accordingly, their interaction with organisms remains constant
throughout an experiment. In this case, a toxic effect may occur, and it was registered for P. foraminosum
in our study. However, we recorded stimulation of growth with a further decrease in its intensity,
i. e., hormesis effect, for H. akashiwo in a medium containing lead, nickel, and iron and for A. affine
in a medium containing cadmium, lead, nickel, and zinc. Hormesis is a two-phase, sometimes multi-
phase, dose-dependent response of an organism to the effect of a chemical substance; it is characterized
by periods of stimulation and suppression of various biological functions (growth intensity of the popula-
tion of organisms changes as well). The manifestation of hormesis is driven by physiological characteris-
tics of an organism. Usually, it occurs under the effect of concentrations lower than lethal ones [Calabrese,
Mattson, 2011; Cedergreen et al., 2007].
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In general, the studied species were more sensitive to the effect of all metals than other representatives
of microalgae. Thus, inhibition of the growth rate in Phaeocystis antarctica population by 10% was re-
vealed at a concentration of 135 pg-L™' of Cd** and 260 ug-L™! of Pb* [Gissi et al., 2015]. The growth
rate of Isochrysis galbana rose at 50-100 pg-L™! of Pb?** [Ahmadi et al., 2021]. At the same time,
Ankistrodesmus falcatus turned out to be a species close in its resistance to the effect of Ni**: its cell abun-
dance decreased at metal concentrations of 15-30 ug-L™" after just 24 h of the experiment [Martinez-
Ruiz, Martinez-Jeronimo, 2015].

Conclusion. Heavy metals we tested affected all analyzed microalgae species. The most sensitive one
was Prorocentrum foraminosum, and the least sensitive one was Heterosigma akashiwo. The growth rate
of H. akashiwo increased with the addition of Cd**, Pb*, Ni**, and Fe?*; the growth rate of Alexandrium
affine rose in a medium containing Cd**, Pb*, Ni?*, Fe*, and Zn?*. Therefore, it can be assumed that
the listed metals can affect the forming of blooms of these species.

This work was financed by the A. V. Zhirmunsky National Scientific Center of Marine Biology, FEB RAS,
state research assignment FWFE-2024-0004 “Dynamics of marine ecosystems, adaptation of marine organisms

and communities to environmental factors.”
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JEMCTBUE TAXKEJIBIX METAJLJIOB
HA CKOPOCTb POCTA MUKPOBO/JOPOCJIEA
HETEROSIGMA AKASHIWO, ALEXANDRIUM AFFINE
N PROROCENTRUM FORAMINOSUM

7K. B. Mapkunal, A. B. Orancras'?
'HauvoHaHEIA HAYYHBIA IEHTP MOpPCKOii Guonoruy uvenn A. B. JKupmyHckoro, BaaauBocTok,
Poccuiickas ®enepanus
2 JlanbHEBOCTOUHBII (besiepalibHBI YHUBEpCcHTeT, Biaausoctok, Poceniickas dexepanms
E-mail: alya_lokshina@mail.ru

VYBenMueHre 4acTOThl BPEJJOHOCHBIX LBETEHHI BOJOPOC]EH CBA3BIBAIOT C PACTYLIMM 3arps3HEHHEM
OKpY’KaIoIlel cpeJibl, B YaCTHOCTH C TIOBBIILIEHUEM COZIEPKAHUSA TSKENBIX METAJUIOB B Bojax. Llens pa-
GOTBl — OIICHUTH BIIMSIHUE TSKENBIX METAUIOB HA CKOPOCTh POCTa MUK POBOJIOPOCTIEH, BBI3BIBAIOIIHX
Takue IBeTeHus. V3ydyeHo NeiicTBHUEe MOHOB KaJIMUsI Cd2+, ceunna Pb**t u mukens Ni2* B KoHIEH-
tpaiusax 10 u 20 MK}, a Takxke 1MHKA 7Zn* u xenesa Fe3* B koHrenrpanusax 50 u 100 MEKT-JT 1
Ha CKOpPOCTh pocTa MHUKpoBopopociieit Heterosigma akashiwo, Alexandrium affine u Prorocentrum
Sforaminosum. OneHka BBIIIOJHEHA HAa TPETbH M CEIbMBIE CYTKH OMbITA. BBISBICHO, YTO 3TU TSKE-
JIble METaJUIbl OKa3blBA/IM BJMSHME Ha BCE W3yUYEeHHbIE BUAB! Bogopocield. Ha TpeTbu cyTKM CKOpOCTb
pocta H. akashiwo yemiumBanach 1ipu nodasnennu Cd>*, Pb?*, Ni** u Fe**; nonasnenne pocra
oGHapyxkeHo Tipu BHeceHuu Zn>*. Ha ceibMble CyTKM MHTMOMPOBAHHE MUKPOBOJOPOCIHU BHISABIEHO
npu cogepxanuu 10 u 20 mxr-r~! Cd?*, 10 mxr-n~! Pb** u Ni%*, a rakxke 100 mxr-n~! Zn?*. Cru-
mynsuus H. akashiwo nipoucxoauna ipu 20 mxr-m~! Pb?* u Ni%*, 50 u 100 mxr-n~! Fe**. Cxopocts
pocra A. affine Ha TpeTby cyTKM yBenmunBaziach npu 20 mxr-1~! Cd**, 10 u 20 mxr-1~! Pb?* u Ni*,
a takke 100 mxr-1~! Fe?* u Zn?*. Ha ceabMble CyTKM POCT yMEHBIIANCA B Pe3ybTaTe HEraTUBHOTO
smusaans 10 1 20 mxr-1~" Cd>* u Pb?* 1 20 mxr-n~! Ni?*. Ctumynsmus pocta BOAOPOCTH 3a(hMKCHPO-
Bana ipu 10 mxr-m~!' Ni%*, a Takxe npu o6enx koHneHTpanusax Fe’* u Zn?*. Haumenee ycToiuuBbIM
K TSDKEBIM MeTaJulaM oKazascs Bup P. foraminosum. Ero ckopocts pocta CHUKajlach NP BO3IEH-
CTBMM BCeX TOKCUKAHTOB, 3a MCKJoueHreM Fe’™: B JaHHOM cilydae MpOMCXOuIa CTUMYJIALMSA POCTa
MUKPOBOJIOPOCIIM Ha CEAbMOM JIEHb IKCIIEPUMEHTA.

KarwueBble ciaoBa: Heterosigma akashiwo, Alexandrium affine, Prorocentrum foraminosum,
KaJJMHIi, HUKeJIb, CBUHELI, IIUHK, KeJIe30, TSKEIbIe METaILIbI
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