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The northwestern part of the Black Sea (NWBS) is a vast shallow water area, biocenoses of which
are an important component of the Black Sea ecosystem. Since the benthos of this region has not
been studied in recent decades, data on its current state are relevant. A significant contribution
to the taxonomic composition of macrozoobenthos is made by polychaetes of the family Spionidae,
which are represented by a large number of species and are characterized by high abundance rates.
The aim of the research is to study the species composition, distribution, and quantitative representa-
tion of polychaetes of the family Spionidae in the NWBS at depths of more than 10—15 m. The ma-
terial used was macrozoobenthos sampled from 160 stations (230 samples) during research cruises
of the RV “Maria S. Merian” and the RV “Professor Vodyanitsky” in 2010-2017 at depths from 10
to 137 m. Bottom sediments were sampled with an Ocean-25 bottom grab (capture area of 0.25 m?)
and a box corer (S = 0.1 m?). Bottom sediments were washed through sieves with the smallest mesh
diameter of 1 mm. On the surveyed shelf area of the NWBS, 83 Polychaeta species were found,
including 12 Spionidae species. Polychaetes were recorded at all the stations performed, while spi-
onids were noted at 66% of their total number. At single stations, up to 6 Spionidae species were
registered, but more often, there were 2—3 species. In total, 11 species were identified: Aonides pau-
cibranchiata Southern, 1914, Dipolydora quadrilobata (Jacobi, 1883), Microspio mecznikowiana (Cla-
parede, 1869), Prionospio cf. cirrifera Wirén, 1883, Polydora cornuta Bosc, 1802, Pygospio elegans
Claparede, 1863, Scolelepis tridentata (Southern, 1914), Scolelepis (Scolelepis) cantabra (Rioja, 1918),
Spio decorata Bobretzky, 1871, Laonice cf. cirrata (M. Sars, 1851), and Marenzelleria neglecta Siko-
rski & Bick, 2004. Non-identified specimens of the genus Prionospio were registered as well. Spionidae
distribution in the water area of the NWBS is uneven, which is due to the response of certain species
to various environmental factors. The maximum density of spionids was 2,984 ind.-m™2 and the av-
erage density was (477 * 126) ind.-m™. The highest density of Spionidae was observed in the depth
range of 20—-40 m. In terms of density, P. cf. cirrifera, A. paucibranchiata, and D. quadrilobata predom-
inated. Out of identified species, three (M. neglecta, P. cornuta, and D. quadrilobata) are non-native
for the Black Sea. In the taxonomic composition of Polychaeta of the NWBS, Spionidae accounted
for 14%, while in the quantitative representation, their contribution reached 42% of the total den-
sity of polychaetes. This indicates a significant role of this family in the functioning of the benthic
ecosystem of the NWBS.

Keywords: Polychaeta, Spionidae, Dipolydora quadrilobata, density, distribution, northwestern part
of the Black Sea

In the second half of the XX century, 192 species were known in the Polychaeta fauna
of the Black Sea [Mordukhai-Boltovskoi, 1972]; later, 195 species [Kiseleva, 2004]. In recent decades,
the intensification of benthic research (especially in Turkish waters), the development of taxonomy,
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and the introduction of non-native species into the Black Sea resulted in a rapid increase in this num-
ber to 238 [Kurt-Sahin, Cinar, 2012] and then to 256 [Kurt Sahin et al., 2019]. Polychaetes were
recorded at all depths inhabited by macrozoobenthos in the Black Sea — from 0 to 150 m. In terms
of the species number, one of the most represented families in the Black Sea is Spionidae Grube,
1850: in 1972, 19 species were known (9.7% of the Polychaeta fauna); by the end of the XX century,
34 species (13.3%) [Kurt-Sahin, Cinar, 2012; Kurt Sahin et al., 2019; Mordukhai-Boltovskoi, 1972].

Spionidae is a family of small, predominantly detritivorous polychaetes that are found in a wide
variety of biotopes from intertidal to deep-sea zone, but most of the species inhabit shallow waters. Spio-
nids mainly inhabit soft bottoms, moving freely in sediments near the surface or living in temporary
or permanent tubes. The density of such tube-dwelling polychaetes can reach thousands of individuals
per m? [Blake, 1996; Radashevsky, 2012]. Some species of the genus Polydora Bosc, 1802 are bor-
ers in various substrates. Most spionids live in marine environments with oceanic salinity; at the same
time, certain species exhibit low-salinity tolerance, and some representatives of the genera Prionospio
Malmgren, 1867, Pseudopolydora Czerniavsky, 1881, and Streblospio Webster, 1879 are recorded only
in estuaries or lakes [Blake, 1996; Radashevsky, 2012]. The larval development of spionids is var-
ied — from pelagic and planktotrophic to almost entirely capsule-based and lecithotrophic [Blake, Arnof-
sky, 1999]. Larvae of shallow-water sublittoral species, especially those found in estuaries (often used
as port areas), easily survive in ballast waters and are transported throughout the world [Radashevsky,
2012; Surugiu, 2012]. As a result, the proportion of spionids is significant in the number of non-native
polychaetes in various areas of the World Ocean [Boltachova et al., 2015; Dagli et al., 2011; Radashevsky,
Selifonova, 2013]. For the northern part of the Black Sea, 11 non-native Polychaeta species are known,
and 5 out of them belong to the family Spionidae [Boltachova et al., 2021].

The northwestern part of the Black Sea (hereinafter NWBS) is its largest shallow bay, boarded by Ro-
mania, Ukraine, and Crimea. Its southern border has been drawn in different ways — along the line con-
necting Cape Kaliakra (Bulgaria) with Cape Tarkhankut on the Crimean coast [Biologiya, 1967], along
the edge of the continental shelf or 100-m isobath [Samyshev, Zolotarev, 2018], and along the parallel
44°40’N [Severo-zapadnaya chast’, 2006]. The bottom surface of the NWBS is flat, with a slight slope
to the south; it is crossed by the trenches of the Odessa, Dnieper, and Karkinit basins, as well as by river
paleochannels and sandbars. The predominant type of sediments in the NWBS are shell debris of vary-
ing degree of siltation, which occupy the central part of the area (depths of 10-30 m). In the north
for the Odessa—Tendrovskaya depression and in the east for the Karkinit one, the characteristic type
of sediments is fine aleurite silts. In the southern part of the area, at depths of 50-100 m, silts with
a high content of pelite fraction are common [Samyshev, Zolotarev, 2018]. The NWBS is characterized
by variations in water temperature and salinity over a wider range than that in other parts of the Black
Sea. At a 20-m horizon, the minimum temperature is +4 °C in winter and +10 °C in summer. The wa-
ter salinity at depths exceeding 10 m in the warm season varies from 16.6%o in the west to 19.5%o
in the east. The oxygen content in autumn—winter is close to normal; in summer, its concentration can
decrease, causing suffocation death [Biologiya, 1967; Samyshev, Zolotarev, 2018].

By the early 1960s, 63 species of polychaetes were known for the NWBS, inter alia 7 species
of spionids [Biologiya, 1967]. Subsequently, numerous studies of shallow waters of the Romanian shelf,
as well as estuaries and bays of the Odessa region and the western coast of Crimea, led to an increase
in the faunal list of polychaetes to 132 species (out of them, 12 belonged to Spionidae) [Kiseleva, 2004;
Marinov, 1977].

Serious disturbances in the Black Sea ecosystem in the 1970-1980s, related to anthropogenic eu-
trophication of the basin and its consequences (decrease in water transparency and formation of zones
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with near-bottom hypoxia), as well as siltation of the bottom substrate resulting from seafood fishing,
were most disastrous for the NWBS. This led to a drop in species richness in benthic communi-
ties, sharp fluctuations in the density and biomass of benthos, a change in the role of some com-
mon species, the disappearance of certain species, and the appearance of new ones in the benthic
fauna of the area [Losovskaya, 1977; Revkov et al., 2018; Severo-zapadnaya chast’, 2006]. Specifically,
in the 1980s compared to 1953-1960, in the areas between the Danube and Dnieper rivers, the num-
ber of polychaete species decreased from 29 to 17. However, in quantitative terms, mass development
of some species was registered, including representatives of the genera Spio, Prionospio, and Polydora,
identified as Spio filicornis, Prionospio cirrifera, and Polydora limicola, respectively [Losovskaya, 1991;
Severo-zapadnaya chast’, 2006]. De-eutrophication of the Black Sea basin since the mid-1990s [Zaika,
2011], the prohibition of bottom fishing for sprat and mussel dredging in the late 1980s in Ukraine,
and subsequent stricter control over the use of bottom fishing gear gave rise to improved general in-
dicators of zoobenthos representation [Revkov et al., 2018]. The benthic research in the last decade
of the XX century and the first decades of the XXI century in the NWBS was mainly carried out in shal-
low bays, bights, and estuaries. The same applies to special studies of the polychaete fauna: those were
mostly carried out in the Odessa region, Sevastopol bays, and shallow coastal areas of Romania [Bolta-
chova, Lisitskaya, 2007; Boltachova et al., 2015; Bondarenko, 2009, 2017; Surugiu, 2005, 2012].
In the central region of the NWBS at depths of more than 10-15 m, benthic investigations were rare.
Thus, in 2012, in the Zernov Phyllophora Field area (the central region of the NWBS), 14 species
of polychaetes (inter alia 2 species of spionids) were noted in the composition of macrobenthos [Ko-
valishina, Kachalov, 2015]. In 2003, when studying meiobenthos along the western coast of the Black
Sea (off the coast of Romania and Ukraine), 24 Polychaeta species were recorded (including 5 Spionidae
species) [Vorobyova, Bondarenko, 2009]. In 2006-2007, a detailed investigation of the benthic fauna
was carried out in a small area of the Romanian shelf, covering all depths inhabited by macrobenthos.
It resulted in registration of 43 species of polychaetes (out of them, 10 spionids). Interestingly, mass
development of a new species non-native for the Black Sea, Dipolydora quadrilobata (Jacobi, 1883),
was observed [Begun et al., 2010; Surugiu, 2012].

Thus, we have to admit that the bottom fauna of the most extensive part of the Black Sea shelf,
which is under ever-increasing anthropogenic load, has remained virtually out of the spotlight of re-
searchers over the past 30 years. A significant part of macrobenthos, and often the predominant one
in terms of density, are Polychaeta species, and out of them, in turn, Spionidae representatives usually
dominate. The aim of our research is to study the species composition, distribution, and quantitative
development of polychaetes of the family Spionidae in the northwestern part of the Black Sea at depths
of more than 10-15 m.

MATERIAL AND METHODS

The material was macrobenthos sampled in the NWBS during the cruise no. 15/2 of the RV
“Maria S. Merian” (May 2010) and cruises no. 64, 68, 70, 72, 84, 86, 90, and 96 of the RV “Professor
Vodyanitsky” (July and November 2010, August 2011, May 2013, April, June, and October 2016,
and July 2017). The stations were performed in the depth range of 10-137 m (Table 1). From the RV
“Professor Vodyanitsky,” bottom sediments were sampled with Ocean-25 bottom grabs (capture area
of 0.25 m?); from the RV “Maria S. Merian,” using a box corer (capture area of 0.1 m?). Bottom sedi-
ments were washed through sieves with the smallest diameter of 1 mm. The material was fixed with a 4%
formaldehyde solution and further processed in a laboratory. In total, 230 samples from 160 stations
were taken and processed. Golden Software Surfer 2011 was used to create species distribution maps.

Mopckoii 6uonornyeckuii xkypHaia Marine Biological Journal 2023 vol. 8 no. 4
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Table 1. Coordinates of stations in the northwestern part of the Black Sea, performed in 2010-2017
on the RV “Maria S. Merian” (*) and “Professor Vodyanitsky,” where Spionidae were found

Crléffe no., Sta. no. 01C\Iloordmatczs]_:‘ Depth, m Cn;:; no., Sta. 0. 01Sloordlnat(st Depth, m
15/2%, 361 44.8123 | 31.9220 82 35 459822 | 33.2445 10
05.2010 362 44.8000 | 31.9167 83 70 36 45.8966 | 33.1836 11
533 44.6427 | 33.0012 137 07 20’11 37 45.9187 | 33.2030 11
10 44,5637 | 33.3487 87 ’ 39 45.6855 | 32.7660 27
64 14 44.9425 | 33.1562 93 43 45.0499 | 33.0611 87
07.20’10 15 45.0163 | 33.2269 70 25 45.3927 | 30.9839 44
16 45.0639 | 33.2757 30 27 45.5261 | 32.4353 29
16a 45.0602 | 33.2408 46 28 45.5008 | 32.4574 30
1 45.2987 | 30.4802 39 29 45.5513 | 32.5885 25
2 45.2991 | 30.7001 37 33 46.0380 | 31.5362 17
3 45.2917 | 30.9250 41 72, 34 45.5929 | 31.6435 41
4 45.2986 | 31.3889 52 05.2013 35 452912 | 32.6741 38
5 45.2937 | 31.6469 48 42 45.2904 | 32.9596 19
6 45.6448 | 31.7874 39 43 44.9267 | 33.1849 86
7 45.6351 | 31.5076 43 46 45.1206 | 33.2371 12
8 45.6365 | 31.2552 44 47 45.0747 | 33.2365 33
9 45.6290 | 31.0414 36 48 45.0397 | 33.4934 18
10 45.6356 | 30.8020 36 34 6 32.7348 | 45.3332 25
11 45.6403 | 30.6059 27 04 2616 7 33.1420 | 45.1580 22
12 45.8440 | 30.7423 19 ’ 9 33.4366 | 44.9882 31
13 45.8467 | 30.8700 23 1 33.1095 | 45.2032 18
14 45.9829 | 30.8871 21 2 32.8980 | 45.2643 44
68, 15 46.0883 | 31.0988 34 4 32.7493 | 45.6053 22
11.2010 16 459818 | 31.0895 35 5 32.7767 | 45.6183 21
17 45.8706 | 31.0942 35 6 32.7617 | 45.6407 22
18 45.7575 | 31.1146 36 86, 7 33.0298 | 45.7457 20
19 45.5013 | 31.1370 46 06.2016 8 33.0653 | 45.7542 15
20 45.4717 | 31.3650 48 9 33.0360 | 45.7805 18
21 45.7565 | 31.3578 41 10 33.0725 | 45.7917 14
22 45.8446 | 31.3595 25 11 33.0402 | 45.8167 15
23 459671 | 31.3588 22 12 32.5667 | 45.4955 23
24 46.0685 | 31.3507 20 46 32.8333 | 44.8667 117
25 46.0675 | 31.5848 20 5 45.0898 | 32.5528 81
26 45.9552 | 31.5824 23 90 7 45.0375 | 32.2256 72
27 45.8411 | 31.9533 26 10 2(;16 8 45.1638 | 32.1172 57
28 45.8470 | 31.5804 26 ’ 9 45.2914 | 32.0502 50
29 45.7458 | 31.5857 33 12 449757 | 31.9271 59
30 45.4820 | 31.5827 49 2 32.7175 | 45.6037 27
18 45.5061 | 31.4006 46 3 32.7698 | 45.5877 20
19 45.5074 | 30.7159 38 4 32.7602 | 45.6324 20
20 45.6205 | 30.6288 24 5 32.7684 | 45.6963 27
21 45.6237 | 30.8368 35 6 32.9815 | 45.7229 20
22 45.7381 | 30.9173 32 7 33.0648 | 45.7547 19
23 45.6188 | 31.0552 35 8 32.9976 | 45.7855 19
70 24 46.0582 | 31.2220 31 96, 9 327175 | 45.7372 28
07.20’11 25 46.4474 | 31.3842 15 07.2017 14 33.3472 | 45.0042 30
26 46.0482 | 31.5383 20 15 33.3581 | 44.8797 74
27 46.6195 | 31.6360 45 41 32.2197 | 45.6271 34
28 45.7008 | 31.9797 33 42 31.9658 | 45.5478 40
30 45.8130 | 32.4892 31 44 31.6527 | 45.2310 59
32 45.9190 | 33.0002 11 45 31.4489 | 45.1643 61
33 45.9690 | 33.2062 11 48 32.5612 | 45.0892 79
34 45.9224 | 33.2708 11
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RESULTS

Representatives of the family Spionidae were found in almost the entire surveyed shelf area — at 105
out of 160 stations performed (Fig. 1). In total, 20,263 Spionidae specimens were recorded,
and 11 species were identified: Aonides paucibranchiata Southern, 1914, Dipolydora quadrilobata (Ja-
cobi, 1883), Microspio mecznikowiana (Claparede, 1869), Prionospio cf. cirrifera Wirén, 1883, Polydora
cornuta Bosc, 1802, Pygospio elegans Claparede, 1863, Scolelepis tridentata (Southern, 1914), Scolelepis
(Scolelepis) cantabra (Rioja, 1918), Laonice cf. cirrata (M. Sars, 1851), Marenzelleria neglecta Sikorski
& Bick, 2004, and Spio decorata” Bobretzky, 1871. Prionospio sp. (non-identified down to a species
level) were registered as well.

Black Sea

=T T T T —
30 30.5 31 31.5 32 325 33 335 34

Fig. 1. Spionidae distribution on the shelf of the northwestern part of the Black Sea in 2010-2017:
O, benthic stations; @, stations where Spionidae representatives were found

Spionidae were noted at all surveyed depths — down to 137 m. As known, in the Black Sea,
the maximum depths suitable for macrozoobenthos habitat are limited by isobaths of 150-170 m;
in the NWBS, 110-125 m [Kiseleva, 1981, 2004]. Thus, representatives of this family inhabit the en-
tire depth range of the NWBS. Spionids were recorded on various sediments, but preferred coarse sand
with shell debris; there, their average density was 729 ind.-m~2, while on finer silted sand, the value
was 399 ind.-m™. On aleurite and pelite silts, spionids were less common, and their density was mini-
mum, 33 ind.-m™. At individual stations, Spionidae density reached 2,984 ind.-m™2, and the average value
was (477 + 126) ind.-m™2. Especially high density of spionids was registered in the west of the central
region of the NWBS and in some coastal areas of the Karkinitsky and Kalamitsky bays (Fig. 2).

Aonides paucibranchiata Southern, 1914. The material was 619 ind. The RV “Professor Vodya-
nitsky”: cruise no. 64, sta. 14; cruise no. 68, sta. 2—4, 7-10, 12, 14, 19, 24, 25, 28, 30; cruise no. 70,
sta. 19-22, 26, 43; cruise no. 72, sta. 25, 47; cruise no. 84, sta. 6, 7; cruise no. 86, sta. 5, 12, 46; cruise
no. 90, sta. 8, 12; cruise no. 96, sta. 14, 44, 45. The RV “Maria S. Merian”: cruise no. 15/2, sta. 361, 362.

*A thorough examination of polychaetes of the genus Spio, previously attributed by us, as well as by most other researchers,

to the species S. filicornis (Miiller, 1776), led to the conclusion that this is S. decorata Bobretzky, 1871 [Boltachova,
Lisitskaya, 2019]. The opinion that the Black Sea is inhabited by the latter species is currently shared by a number
of authors [V. Radashevsky, oral report; Surugiu, 2005].
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Fig. 2. Spionidae density on the shelf of the northwestern part of the Black Sea in 2010-2017

Amphi-Atlantic species. It is distributed in the White and North seas, off the Atlantic coast of Eu-
rope, in the Mediterranean Sea, and in the Gulf of Mexico [Dauvin et al., 2003; Fauchald et al., 2009;
Fauvel, 1927]. In the Black Sea, it is recorded everywhere — off the coasts of Bulgaria, Romania,
and Turkey [Marinov, 1977; Kurt-Sahin, Cinar, 2012; Surugiu, 2005], in the NWBS [Biologiya, 1967],
and off the Crimean and Caucasian coasts [Kiseleva, 2004; Vinogradov, Losovskaya, 1968].

We found this species at 35 stations in a wide depth range (19-117 m) on sand, shell debris,
and their mixture, sometimes slightly silted (Fig. 3). A higher frequency of occurrence was revealed
at depths of 2060 and 80-100 m. The density varied in the range of 2—260 ind.-m™2, with the average
value of (44 * 20) ind.-m™. The maximum density for A. paucibranchiata was registered in the western
region of the NWBS — 260 and 192 ind.-m™? (cruise no. 70, sta. 21, depth of 35 m; cruise no. 72, sta. 25,
depth of 44 m). The species had relatively low density and frequency of occurrence at the lowest (less
than 20 m) and greatest (more than 100 m) depths.

80

40

T T — 0
30 30.5 31 31.5 32 325 33 33.5 34

Fig. 3. Aonides paucibranchiata distribution on the shelf of the northwestern part of the Black Sea
in 2010-2017

Mopckoii buonoruueckuii kypHan Marine Biological Journal 2023 vol. 8 no. 4



Distribution of polychaetes of the family Spionidae (Annelida)... 9

There are contradictory data on A. paucibranchiata confinement to various depths and sediments.
According to K. Vinogradov, this species is found primarily on coarse sand with shell debris at depths
of 10-22 m [Vinogradov, Losovskaya, 1968]. At the same time, its large accumulations were revealed
by M. Bicescu off the Romanian coast on silty sediments at depths of 110 and 124 m, where its density
reached 1,000 and 3,000 ind.-m™2, respectively [Kiseleva, 2004]. Our data confirm the wide ecological
range of A. paucibranchiata distribution in the Black Sea.

Dipolydora quadrilobata (Jacobi, 1883). The material was 2,560 ind. The RV “Professor Vodyani-
tsky”: cruise no. 64, sta. 10, 14, 15; cruise no. 68, sta. 1-4, 9-13, 16-20, 22-24, 28-30; cruise no. 70,
sta. 18—24, 43; cruise no. 72, sta. 33, 34, 43; cruise 90, sta. 5. The RV “Maria S. Merian”: cruise no. 15/2,
sta. 362.

Arctic-boreal species. It is known for the Atlantic coast of Europe and North America [Blake, 1969;
Dauvin et al., 2003; Fauvel, 1927], the Okhotsk Sea, the Sea of Japan, and the Bering Sea [Radashevsky,
1993; Ushakov, 1955], the Pacific coast of North America [Blake, 1996], and the Adriatic Sea [Castelli
etal., 1995]. This species is a recent invader into the Black Sea [Todorova, Panayotova, 2006, cited from:
Surugiu, 2012].

We found D. quadrilobata at 36 stations in a wide depth range (17-93 m) on sandy and shell debris
sediments of varying degree of siltation. The species was most often registered in the central region
of the NWBS; its maximum density was also recorded there (cruise no. 70, sta. 2, depth of 37 m) (Fig. 4).
D. quadrilobata frequency of occurrence was higher at depths of 20—40 and 80—100 m (Fig. 5). However,
high density was noted in the range of 20-60 m, while at depths exceeding 80 m, the value was low.
In general, the density varied from 4 to 1,184 ind.-m~2, and the average was (177 £ 99) ind.-m~2.

Fig. 4. Dipolydora quadrilobata distribution on the shelf of the northwestern part of the Black Sea
in 2010-2017

Despite the fact that D. quadrilobata was recorded on various sediments, its distribution was un-
even. Specifically, on silty sediments, the minimum density was registered, on average 14 ind.-m™.
On silted shell debris, the value was an order of magnitude higher, 142 ind.-m™2. On sandy and shell
debris, the average density of this species was 277 ind.-m™.

The high (50%) frequency of occurrence of D. quadrilobata at great depths is of interest. Studies
of this species off the Atlantic coast of North America showed the existence of two ecological forms that
differ in the type of larval development [Blake, 1969]. Those were characterized by different temperature
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optimums for larval growth — +6...+10 and +10...+15 °C [Blake, 1969]. In the Black Sea, at a depth
of more than 50-55 m, water temperature is constant, about +8 °C, while at lower depths, 30—40 m,
it rises to +11...+13 °C [Ivanov, Belokopytov, 2011]. These temperatures correspond to the optimal
ones for the indicated ecological forms of D. quadrilobata. In the very surface layer, the water can warm
up to +28...429 °C, which may explain the absence of this species at depths less than 20 m. It can be
assumed that the Black Sea is inhabited by both ecological forms of D. quadrilobata, the taxonomic
status of which requires further research.
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Fig. 5. Dipolydora quadrilobata frequency of occurrence (A) and density (B) on the shelf of the north-
western part of the Black Sea in 2010-2017

Laonice cf. cirrata (M. Sars, 1851). The material was 2 ind. The RV “Professor Vodyanitsky”:
cruise no. 96, sta. 2, 5.

The species is distributed in the Arctic seas, the northern Pacific Ocean, the Atlantic, and the Mediter-
ranean and Marmara seas [Blake, 1996; Fauvel, 1927; Rullier, 1963; Sikorski, 2003; Zhirkov, 2001;
Cinar et al., 2014]. In the Black Sea, single finds are known for the Karadag water area [Vinogradov,
1949], the Bosphorus outlet area, and the coast of Bulgaria [Kurt-Sahin, Cinar, 2012; Rullier, 1963].

We noted L. cf. cirrata off the coast of Crimea in the Karkinitsky Bay (Fig. 6) at a depth of 27 m
on silted shell debris.

Marenzelleria neglecta Sikorski & Bick, 2004. The material was 1 ind. The RV “Professor
Vodyanitsky”: cruise no. 84, sta. 6.

The species is listed for the Atlantic coast of North America, the Canadian Arctic, and the North
and Baltic seas [Sikorski, Bick, 2004]. M. neglecta is a non-native species widely distributed in the Baltic
Sea; in 2014, it was revealed in the Sea of Azov, where it seemed to arrive with the ballast waters of ships
passing the Volga-Baltic and Volga-Don channels on their way from the North Atlantic and the Baltic
Sea [Syomin et al., 2016]. The species is spreading rapidly in the Sea of Azov and has already been
registered in the Kerch Strait and off the coast of the Taman Peninsula [Syomin et al., 2017].

We recorded M. neglecta near the Tarkhankut Peninsula (western coast of Crimea) at a depth of 25 m
on sand with shell debris (Fig. 6). This find is the first for the NWBS. Considering the rapid distribution
of this species, in the coming years, we can expect its naturalization throughout the Sea of Azov—Black
Sea basin.

Microspio mecznikowiana (Claparede, 1869). The material was 15 ind. The RV “Professor
Vodyanitsky”: cruise no. 68, sta. 1, 11; cruise no. 70, sta. 33; cruise no. 96, sta. 41 (Fig. 6).
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Black Sea
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Fig. 6. Finds on the shelf of the northwestern part of the Black Sea in 2010-2017: @, Polydora cornuta;
®, Laonice cf. cirrata; @, Microspio mecznikowiana; ®, Marenzelleria neglecta; @, Scolelepis tridentata;
, Pygospio elegans; @, Scolelepis (Scolelepis) cantabra; @, Spio decorata

The species is noted off the Atlantic coast of Europe, in the Mediterranean, Red, Marmara, and Black
seas, and in the Sea of Azov [Dauvin et al., 2003; Kiseleva, 2004; Cinar et al., 2014]. In the Black Sea,
it is recorded in different areas at depths of 0-49 m [Kiseleva, 1981, 2004; Marinov, 1977; Samyshev,
Zolotarev, 2018; Vinogradov, 1949; Vinogradov, Losovskaya, 1968].

We found M. mecznikowiana at depths of 11-39 m on silted shell debris; its density did not exceed
20 ind.-m2 (Fig. 6). Since this species prefers shallow-water areas [Vinogradov, 1949], it was extremely
rarely identified in cruise material.

Polydora cornuta Bosc, 1802. The material was 30 ind. The RV “Professor Vodyanitsky”: cruise
no. 68, sta. 13, 14, 23; cruise no. 70, sta. 25, 30; cruise no. 86, sta. 6.

Widespread species, cosmopolitan. It is especially abundant in estuaries and seaports, in eutrophi-
cated water areas [Blake, 1996; Radashevsky, Selifonova, 2013]. It is one of the first invaders to spread
massively in the Black Sea [Boltachova, Lisitskaya, 2007; Losovskaya, Nesterova, 1964; Boltachova et al.,
2021; Radashevsky, Selifonova, 2013; Surugiu, 2012].

In our samples, P. cornuta was found singly at depths of 15-31 m on silted shell debris and sand mixed
with silt. Its density did not exceed 30 ind.-m™. This can be explained by the fact that our studies were
carried out mainly at depths exceeding 20 m in open waters, remote from bays, estuaries, and ports (see
Fig. 6). Meanwhile, as known, in shallow bays, at depths of 0-33 m, P. cornuta is a widespread species;
off the Romanian coast, in the Gulf of Mangalia, its density reached 150 thousand ind.-m™ [Surugiu,
2012].

Prionospio cf. cirrifera Wiren, 1883. The material was 15,611 ind. The RV “Professor Vodyani-
tsky”: cruise no. 64, sta. 14, 15, 16, 16a; cruise no. 68, sta. 1-30; cruise no. 70, sta. 18-21, 23-28, 32-37,
39, 43; cruise no. 72, sta. 25-29, 33-35, 42, 46—48; cruise no. 84, sta. 6, 7, 9; cruise no. 86, sta. 1, 2, 4-8,
10-12; cruise no. 90, sta. 7, 9, 12; cruise no. 96, sta. 3, 4, 6-9, 14, 15, 41, 42, 44, 48. The RV “Maria S.
Merian”: cruise no. 15/2, sta. 533.

For a long time, the species was considered as widespread and cosmopolitan. It was first described
from the Arctic Ocean; it is known for the North Atlantic [Dauvin et al., 2003; Zhirkov, 2001 ], the coasts
of Asia and South Africa [Day, 1967; Shen et al., 2010], and the Mediterranean Sea [Castelli et al., 1995;
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Cinar, Ergen, 1999]. Some researchers consider the species to be cold-water and question the fact of its
habitat in the Mediterranean basin [Faulwetter et al., 2017; Maciolek, 1985; Mackie, 1984]. In the Black
Sea, P. cf. cirrifera is noted everywhere — off the coasts of Bulgaria, Romania, and Turkey [Kurt-Sahin,
Cinar, 2012; Marinov, 1977; Surugiu, 2005; Cinar et al., 2014], as well as off the Crimean and Caucasian
coasts [Biologiya, 1967; Kiseleva, 1981, 2004; Vinogradov, Losovskaya, 1968].

We found this species at 92 stations over the entire range of depths studied (10-137 m) on a vari-
ety of sediments (shell debris, sand, their mixture, silted sand or shell debris, and silt). P. cf. cirrifera
was especially widespread in the central region of the NWBS and in the Karkinitsky and Kalamitsky
bays (Fig. 7).

Fig. 7. Prionospio cf. cirrifera distribution on the shelf of the northwestern part of the Black Sea
in 2010-2017

Analysis of P. cf. cirrifera bathymetric distribution showed as follows. Despite the fact that the species
occurs at all depths studied, its frequency of occurrence drops with increasing depth. The frequency of oc-
currence exceeding 50% (indicator of the fact that the species was one of the leading in communities)
was registered at depths of down to 60 m (Fig. 8).
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Fig. 8. Prionospiocf. cirriferafrequency of occurrence (A) and density (B) on the shelf of the northwestern
part of the Black Sea in 2010-2017
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Average density of this species at the site was (419 * 126) ind..-m . The maximum density
of P. cf. cirrifera was recorded in the Karkinitsky Bay, in the area of the Small Phyllophora
Field — 2,984 ind.-m™ (cruise no. 96, sta. 4, depth of 20 m). The species was most abundant in shal-
low waters; at depths of more than 60 m, its density was extremely low. This depth distribution is likely
to result from the fact that these polychaetes prefer denser sediments, which lie at lower depths. When
comparing the density of P. cf. cirrifera on various sediments, the values turned out to be maximum
on shell debris with an admixture of silt [(653 £ 213) ind.-m™] and minimum on purely silty sedi-
ments [(104 +61) ind.-m™]. The confinement of this species to silted sands is also revealed for the eastern
Mediterranean basin [Dagli et al., 2011]. The values obtained during our research on the maximum den-
sity of P. cf. cirrifera exceed those known for the Black Sea. Specifically, off the Crimean coast on sandy
sediments, P. cf. cirrifera density was 396 ind.-m™2, while in the NWBS off the coast of Bulgaria on shell
debris—sandy sediments, the value was 267 ind.-m™2 [Kiseleva, 2004; Marinov, 1977].

Pygospio elegans Claparede, 1863. The material was 15 ind. The RV “Professor Vodyanitsky”:
cruise no. 68, sta. 12; cruise no. 70, sta. 19, 20. Depths were 19-24 m; sediments were sand
with shell debris.

The species is distributed very widely — the Arctic seas, the Baltic Sea, the Atlantic coast of Europe
and North America [Dauvin et al., 2003; Radashevsky et al., 2016; Zhirkov, 2001], the Pacific coast
of Asia and North America [Blake, 1996; Ushakov, 1955], the Mediterranean, Marmara, and Black
seas, and the Sea of Azov [Kiseleva, 2004; Rullier, 1963]. Genetic studies confirmed that P. elegans
is an amphiboreal species [Radashevsky et al., 2016].

We found it in the central region of the NWBS at depths of 19-38 m on sand and silted shell debris;
the density did not exceed 52 ind.-m ™ (Fig. 6). In the Black Sea, P. elegans is known to inhabit sandy-silty
sediments at depths of 0-100 m [Kiseleva, 1981]. It does not form large aggregations. The species toler-
ates a wide range of salinity and is more often registered in desalinated zones [Vinogradov, Losovskaya,
1968].

Scolelepis (Scolelepis) cantabra (Rioja, 1918). The material was 1 ind. The RV “Professor
Vodyanitsky”: cruise no. 86, sta. 7.

It is distributed in the Atlantic off the coast of Portugal, France, and Ireland [Dauvin et al., 2003;
Kiseleva, 2004; Rioja, 1918], as well as in the Mediterranean Sea. In the Black Sea, it is a rare species

recorded only off the western coast of Crimea and off the coast of Romania [Boltachova et al., 2022;
Marinov, 1977; Mokievsky, 1949].

We found S. cantabra at a depth of 16 m on silted sand in the southern area of the Karkinitsky
Bay, west of the Bakal Spit (Fig. 6). In the Black Sea, the species is typical for sandy shallow waters.
According to O. Mokievsky [1949], it was widespread in the pseudolitoral zone of the western coast
of Crimea, where its density reached 325 ind.-m™.

Scolelepis tridentata (Southern, 1914). The material was 5 ind. The RV “Professor Vodyanitsky”:
cruise no. 86, sta. 9; cruise no. 96, sta. 6.

The species is distributed off the coast of Ireland, in the northern Atlantic Ocean, and in the Mediter-
ranean Sea [Dauvin et al., 2003; Faulwetter et al., 2017; Southern, 1914; Cinar et al., 2014]. In the Black
Sea and the Sea of Azov, it is recorded for almost all areas at depths of down to 27 m, but its occurrence
and density are low [Kiseleva, 2004; Kurt-Sahin, Cinar, 2012; Marinov, 1977; Vorobyova, Bondarenko,
2009].

We noted S. fridentata at a depth of 18-20 m, on silted sand with shell debris in the southern
Karkinitsky Bay, in the area of the Small Phyllophora Field (Fig. 6).
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Spio decorata Bobretzky, 1871. The material was 1,404 ind. The RV “Professor Vodyanitsky”:
cruise no. 68, sta. 9, 11-14, 22-29; cruise no. 70, sta. 19-21, 25, 26, 32; cruise no. 86, sta. 10, 12.

The species is distributed along the Atlantic coast of Europe [Bick et al., 2010; Dauvin, 1989; Dauvin
etal., 2003], in the Mediterranean Sea [Faulwetter et al., 2017; Giordanella, 1969; Simboura, Nicolaidou,
2001], and in the Black Sea — off the Caucasian coast [Chernyavskii, 1880], in Turkey [Kurt Sahin et al.,
2017; Cinar, Gonliigiir-Demirci, 2005] and Romania [Surugiu, 2005]. Assuming that for a long time
researchers of the Black Sea mistakenly attributed Spio decorata to Spio filicornis [Boltachova, Lisitskaya,
2019], S. decorata should be considered as widespread along all the shores of the Black Sea and in the Sea
of Azov [Kiseleva, 2004; Marinov, 1977; Vinogradov, Losovskaya, 1968].

We registered the species at 21 stations at depths from 11 to 38 m on sandy-shell debris
sediments (Fig. 6). The highest frequency of occurrence of S. decorata was recorded at a depth
of 20-30 m (Fig. 10). Its density ranged within 2-556 ind.-m™, averaging (136 + 72) ind..-m™.
The species is especially widespread in the central region of the NWBS, in the Zernov Phyllophora
Field area; there, its maximum density was registered (cruise no. 68, sta. 12, depth of 19 m). The maxi-
mum density, in contrast to the frequency of occurrence, was noted in the range of 10-20 m; the value
decreased with increasing depth (Fig. 9).
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Fig. 9. Spio decorata frequency of occurrence (A) and density (B) on the shelf of the northwestern part
of the Black Sea in 2010-2017

It is known that S. decorata (listed as S. filicornis) is common in the Black Sea at depths of down
to 30 m at a salinity of 10.5-18.08%o [Kiseleva, 2004; Vinogradov, Losovskaya, 1968]. Considering that
S. decorata reproduction occurs at water temperatures above +8 °C, it can be assumed that the lower limit
of the species distribution is determined by the position of the thermocline [Boltachova, Lisitskaya, 2019].
In the shallow NWBS, the boundary of the upper layer, heated in the summer season to +28...+29 °C,
lies at a depth of about 30 m; deeper, there is a quasi-homogeneous layer with water temperature of about
+8 °C [Ivanov, Belokopytov, 2011].

DISCUSSION

In recent years, numerous studies have been carried out in the field of the taxonomy of the family Spi-
onidae. New species have been identified, some of the previously described ones have been redescribed,
and ranges have been clarified. Specifically, the redescription of Spio filicornis Miiller, 1776 [Bick
et al., 2010], as noted above, led to the revision of the Black Sea specimens of the genus Spio
and to the conclusion that this is S. decorata Bobretzky, 1871 [Boltachova, Lisitskaya, 2019].
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The features of the systematic status of the Black Sea spionids Prionospio cf. cirrifera and Laonice cf. cir-
rata also raise questions. Both species were previously considered as widespread, but some researchers,
as mentioned earlier, are of the opinion that these are cold-water species and doubt the fact of their
occurrence in the Mediterranean Sea [Maciolek, 1985; Mackie, 1984; Sikorski, 2003]. To date, P. cir-
rifera and L. cirrata from the seas of the Mediterranean basin have uncertain systematic status (ques-
tionable) [Faulwetter et al., 2017]. Finds of L. cirrata in the Mediterranean may be finds of another
species — Laonice bahusiensis Soderstrom, 1920 [Sikorski, 2003]. The distribution of the first one
is limited to subpolar territories, but L. bahusiensis, a very similar species, has a more southern dis-
tribution and is also present in the Central and Eastern Mediterranean [Sikorski, 2003; Cinar et al.,
2014]. The specimens of this genus we found were not well preserved, so we tentatively assigned them
to L. cf. cirrata.

Some authors believe that P. cirrifera is a species from the seas of the Arctic Ocean and is unlikely
to occur south of Portugal [Maciolek, 1985]. A. Mackie [1984] assumed that the Mediterranean speci-
mens belong to other, endemic species. From the Mediterranean specimens of Prionospio, a new species
was isolated — Prionospio maciolekae Dagli & Cinar, 2011. Other P. cirrifera specimens, from Italy,
were revised by Dagli and Cmar [2011] and classified as a non-native species Prionospio pulchra Ima-
Jima, 1990. However, P. cirrifera retains the status of the widespread Prionospio species in the region [Ci-
nar et al., 2014]. Recently, several species of the genus Prionospio (the group Minuspio) have been
recorded off the Turkish coast of the Black Sea [Kurt Sahin et al., 2017; Cinar et al., 2014]. How-
ever, P. cirrifera is still considered as one of the most abundant Spionidae representatives in the Black
Sea [Kiseleva, 2004; Kurt-Sahin, Cinar, 2012; Surugiu, 2005]. Recent studies of Prionospio specimens
sampled off the Caucasian coast led the authors to conclude the presence of two species — P. pulchra
and Prionospio cf. multibranchiata Berkeley, 1927 [Syomin, Simakova, 2020]. In our material, there was
a small number of Prionospio sp. (non-identified down to a species level). Those, according to morpho-
logical characteristics, were rather close to P. maciolekae, but it was impossible to accurately identify
them. Most of Prionospio (the group Minuspio) could not be assigned to these three species (P. pulchra,
P. multibranchiata, and P. maciolekae), and we, in anticipation of further studies, more detailed, inter alia
genetic ones, left the name P. cf. cirrifera for them.

In the Black Sea macrozoobenthos, the group of polychaetes, as a rule, is the most abundant among
all the taxa — both in the number of species and in quantitative terms, i. e., in the number of specimens.
On the surveyed area of the NWBS shelf, we noted 83 Polychaeta species, and out of them, 12 species
were Spionidae, which accounted for 14% of the taxonomic composition of this group. Polychaetes were
registered at all performed stations, spionids — at 66% of their total number. At most stations, 2-3 species
were recorded, and at single stations, up to 6 Spionidae species were found. The density of polychaetes
at stations ranged from 66 to 17,708 ind.-m™2, averaging 1,127 ind.-m™2. At the same time, the density
of spionids varied from 4 to 2,984 ind.-m™2, and the average value was (477 £ 126) ind.-m™2. Thus, while
spionids accounted only for 14% of the taxonomic composition of polychaetes in the NWBS, their contri-
bution in quantitative representation reached 42%, which may indicate a significant role of polychaetes
of this family in the functioning of the benthic ecosystem of the NWBS.

The distribution of spionids in the NWBS is uneven, which is due to the response of individual species
to various environmental factors. In the Black Sea, such important factors for the life of hydrobionts,
as water temperature, in coastal areas water salinity as well, and the composition of sediments, vary
naturally with changes in depth. Consequently, it is of some interest to fix the bathymetric boundaries
of species habitat, although it is not always clear, which environmental factor limits the depth distribution
of a certain species. In the NWBS, spionids were recorded at depths of 10-137 m. Depths of 11-40 m,
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which warm up well in the warm season, limited the distribution of the Atlantic-Mediterranean species
M. mecznikowiana, S. decorata, S. tridentata, and S. cantabra, as well as amphiboreal P. elegans, in-
habiting warm waters of temperate latitudes. In the widest range of depths in the NWBS, the species
of Arctic-boreal origin were found — D. quadrilobata (17-93 m) and A. paucibranchiata (19-117 m).

The highest density of spionids was noted in the range of 20—40 m — (721 * 206) ind.-m™2 (Fig. 10).
At depths exceeding 60 m, spionids were not abundant — from (15 * 10) ind..m™ at 60-80 m
to (44 * 38) ind.m™ at 80-100 m. The proportion of thermophilic species (S. decorata,
M. mecznikowiana, S. tridentata, and S. cantabra) in the total density of spionids accounted for 33%
at a depth of 10-20 m and 12% at 21-40 m. The maximum density of Spionidae was determined
by a small number of species. The density of cold-water A. paucibranchiata at a depth of down to 60 m
did not exceed 15%, but deeper than 60 m, it ranged from 30 to 60% of the total density.

/\ W Pygospio elegans

o 600
= B Spio decorata
‘. 500
=
.:;" 400 Other Spionidae
=

300
<
'g O Aonides paucibranchiata
= 200
=]
< 100 B Dipolydora qudrilobata

W Prinospio cf. cirrifera

Fig. 10. Density of common Spionidae species at different depths on the shelf of the northwestern part
of the Black Sea in 2010-2017

The density of the most abundant species, P. cf. cirrifera, at depths of down to 60 m accounted
for about 50%, while deeper, it accounted for 15-30% of the total density of spionids. The density of an-
other common species, D. quadrilobata, was maximum at a depth of 20-60 m [(232 + 127) ind.-m™7],
but its frequency of occurrence was relatively high both at 20-39 m [30%] and 80-99 m [50%]. Such
a wide bathymetric distribution of P. cf. cirrifera, as well as the previously discussed complexities
of P. cf. cirrifera systematic status and the features of D. quadrilobata reproductive biology, allow
suggesting that the NWBS is inhabited by several species of the genera Prionospio and Dipolydora.

Conclusion:

1. In 2010-2017, during the research, 12 Polychaeta species belonging to the family Spionidae were
recorded on the shelf of the northwestern part of the Black Sea. In total, 11 species were identified:
Aonides paucibranchiata, Dipolydora quadrilobata, Microspio mecznikowiana, Prionospio cf. cir-
rifera, Polydora cornuta, Pygospio elegans, Scolelepis tridentata, Scolelepis (Scolelepis) cantabra,
Spio decorata, Laonice cf. cirrata, and Marenzelleria neglecta. Prionospio sp. were registered as well.
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2. Spionids were found at depths from 10 to 137 m, on different bottom sediments, and in various
communities. The highest values of their density and frequency of occurrence were noted in the depth
range of 20—40 m. The maximum density of Spionidae reached 2,984 ind.-m™, the average value
was (477 +126) ind.-m™2. P. cf. cirrifera, A. paucibranchiata, and D. quadrilobata dominated in terms
of density.

3. Out of the species we recorded, three are non-native. Thus, P. cornuta is a species known since
the middle of the XX century and now widely distributed throughout the Black Sea. D. quadrilobata
is a species introduced in the early XXI century and rapidly distributing from the coast of Romania
in the eastern direction. M. neglecta is a species registered in the Black Sea in 2017 and not yet
widespread.

4. In the taxonomic composition of polychaetes of the northwestern part of the Black Sea, Spionidae ac-
counted for only 14%, while in quantitative representation, their contribution reached 42% of the to-
tal density of Polychaeta. It indicates a significant role of this family in the functioning of the benthic
ecosystem of the surveyed area.

This work was carried out within the framework of IBSS state research assignment “Regularities of formation
and anthropogenic transformation of biodiversity and biological resources of the Sea of Azov-Black Sea basin
and other areas of the World Ocean” (No. 121030100028-0) and “Investigation of mechanisms of controlling pro-
duction processes in biotechnological complexes with the aim of developing scientific foundations for production
of biologically active substances and technical products of marine genesis” (No. 121030300149-0).
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PACIIPOCTPAHEHME ITOJINXET CEMEVCTBA SPIONIDAE (ANNELIDA)
HA IIIEJIb®E CEBEPO-3AIIAJTHON YACTH YEPHOI'O MOPSI

H. A. boarauesa, /1. B. [lonzopoBsa, E. B. JIucumnkas

®I'BYH PULL «MucTuTyT GHosoruu 10xkHbX Mopeid uMenn A. O. Kosanesckoro PAH»,
Cesacromnosb, Poccuiickas ®enepanys
E-mail: nboltacheva@mail.ru

Cesepo-3anajHast yactb Y€pHoro mopsi (C3UM) — oOmupHas MeJIKOBOJHASI aKBATOPUsi, OMOIIEHO-
3bI KOTOPOH SIBJISIIOTCS] BAKHOM YaCThIO SKocucTeMbl YépHoro Mopsi. [IockosibKy B TOC/eTHUE Jecs-
THIeTHs] OEHTOC 3TOr0 pernoHa MPAaKTHUECKU He OBbUT UCCIeJOBAH, CBEICHUS O ero COBPEMEHHOM
COCTOSTHMY aKTyaslbHBL. CYIECTBEHHBIN BKJIaJ B TAKCOHOMHUYECKHI COCTaB MaKpO3000eHTOca BHO-
CAT TIOJIMXETHl ceMelcTBa Spionidae, KOTOpbIe MPeACTaBIeHb! OOJBIIMM KOJIMYECTBOM BHUIIOB U Xa-
PaKTEepU3YIOTCs BBICOKUMHU TMOKa3aTeNIsIMU YUCIeHHOCTU. Llenb uccienoBaHusi — W3y4YuTh BUIOBOW
COCTaB, paclipe/ie/ieHle U KOJUYECTBEHHOE pa3BUTHeE MOJMUXeT cemeiictBa Spionidae B C3UM Ha rity-
6uHax 6osiee 10—15 M. Matepuasiom NOCIyXuiu MPoObl Makpo3000eHToca, coOpaHHbie ¢ 160 craH-
i (230 npo6) B peiicax HUC Maria S. Merian u «IIpodeccop Bonsauikuii» B 2010-2017 rr.
Ha ryouHax ot 10 go 137 m. OTOOp AOHHBIX OCAKOB OCYIIECTBJISUIMA C IMOMOILBIO JHOYEpraTe/e
«Oxean-25» (maomanp 3axsata 0,25 M%) u box corer (S = 0,1 mM?). [pyHT NPOMBIBATN Yepe3 CUTA
¢ HauMeHbIMM JuameTpoM 1 mm. Ha oGcnemoBanHoit yactu menbha C3UM oOHapyxkeHo 83 BUIa
Polychaeta, B Tom uncine 12 Spionidae. [TosmxeTsl OTMEYeHBI Ha BCeX BBHITIOJTHEHHBIX CTAHITUSX, CITH-
OHUIBI — Ha 66 % ux o0mero KojmyecTBa. Ha OTAEIbHBIX CTaHIIMAX 3apEeruCTPUPOBAHO 110 6 BUIOB
CIMOHU[, HO valle Bctpevanoch 2—3 Buaa. UnentudpunupoBano 11 Bunos: Aonides paucibranchiata
Southern, 1914, Dipolydora quadrilobata (Jacobi, 1883), Microspio mecznikowiana (Claparede, 1869),
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Prionospio cf. cirrifera Wirén, 1883, Polydora cornuta Bosc, 1802, Pygospio elegans Claparede, 1863,
Scolelepis tridentata (Southern, 1914), Scolelepis (Scolelepis) cantabra (Rioja, 1918), Spio decorata
Bobretzky, 1871, Laonice cf. cirrata (M. Sars, 1851) u Marenzelleria neglecta Sikorski & Bick, 2004.
3aperucTpupoBaHbl He UAeHTU(UIMPOBAaHHbBIE 10 BUIA K3eMIUIApbl Prionospio sp. Pacnpenenenve
crionus1 B akBaTopuu C3YM HepaBHOMEPHO, 4TO 0OYCJIOBJIEHO peakiier OTIe/IbHbBIX BUJIOB Ha pa3-
JIMYHBIE SKONOTMYecKHe (DaKTOPE. MakcuManbHas IIOTHOCTH Spionidae mocTurana 2984 9K3.-M ™2,
cpenuss cocraBisuia (477 £ 126) 3Kk3.-M~2. Hambosee BBICOKYIO TUIOTHOCTh CITUOHMJ| HaOJIoaIN
B quanazoHe niyouH 20—40 wm. Io miotHocTn nomunupoBanu P. cf. cirrifera, A. paucibranchiata
u D. quadrilobata. VI3 nneHTRUIMPOBAHHBIX BUAOB Tpu (M. neglecta, P. cornuta n D. quadrilobata)
ABJIAIOTCA BeeneHIlaMu B Y€pHoe Mope. B TakcoHommueckoM coctaBe nosuxer C3UYM Spionidae 3a-
HuManu 14 %, Toraa Kak B KOJMYECTBEHHOM Pa3BUTUU UX BKJIAJ Jocturai 42 % cyMMapHOH IJIOTHO-

ctu Polychaeta, 4Tto cBUIeTeILCTBYET O CYIIECTBEHHOU POJIM STOTO CEMENCTBa B (DYHKIIMOHUPOBAHUHT
JoHHOU 3KocucTteMbl C3UM.

KmoueBrnie caoBa: Polychaeta, Spionidae, Dipolydora quadrilobata, IIOTHOCTB, paciipeneyicHue,
ceBepo-3anajHas yactb YEpHOro Mops
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The gastropod Rapana venosa has spread from the Western Pacific to the Black Sea, Mediterranean
Sea, and coastal areas on both sides of the Atlantic Ocean largely due to its ecological and mor-
phological plasticity. Numerous works have been devoted to the study of the variability of the rapa
whelk shell. The functional morphology and morphological variability of the R. venosa operculum
have been insufficiently studied, and the description of this exosomatic organ is given only schemati-
cally. Based on the analysis of 190 R. venosa specimens sampled in two areas of the Black Sea, detailed
description is given, and trends in the morphological variability of the operculum are shown depending
on the specimen age and size. The characteristics determining the normal and aberrant development
of the operculum are evaluated. It is shown for the first time that R. venosa has regenerative capabili-
ties, up to the restoration of the lost operculum, and morphogenetic adaptive potential. A manifestation
of this potential is the formation of a hypertrophied large operculum, with the shape that is not character-
istic of any other Muricidae species and gastropods in general. Apparently, the abnormal size and shape
of the operculum are a defensive response to pressure from predators, especially crabs. The previously
unknown ability to regenerate the operculum broadens the understanding of the physiological capabil-
ities of the rapa whelk. The phenomenon of operculum formation with a unique shape for gastropods
is another manifestation of morphological plasticity, which made R. venosa one of the most successful
invasive species in the modern marine environment.

Keywords: variability, operculum, morphology, regeneration, Rapana venosa

The Western Pacific predatory gastropod Rapana venosa (Valenciennes, 1846), being transferred
by ships, entered the Black Sea in the early 1940s and successfully adapted there [Bondarev, 2010, 2014;
Chukhchin, 1961, 1984; Drapkin, 1953]. Then, this species spread its expansion to the Mediterranean
Sea and the Atlantic Ocean waters off the coast of Europe and North and South America [Alien Species
Alert, 2004; Bondarev, 2010; Xue et al., 2018].

The success of colonization of a wide range by the rapa whelk was due to the features of its
biology: high fertility, development of eggs in durable capsules, the possibility of a long stay
in the planktonic phase, and tolerance to abiotic environmental factors [Alien Species Alert, 2004;
Chukhchin, 1984; Drapkin, 1953]. Successful adaptation to new habitat conditions and to their
changes is largely determined both by ecological and morphological plasticity of R. venosa [Bon-
darev, 2010, 2013, 2015, 2016; Chukhchin, 1961; Kosyan, 2013]. The functional morphology
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and morphological variability of the species shell are most studied [Bondarev, 2010, 2013, 2016;
Chukhchin, 1961, 1970; Kosyan, 2013]. Much less attention is paid to the analysis of the operculum.
The monograph devoted to the functional morphology of the rapa whelk [Chukhchin, 1970] contains
just a mention of the presence of a horny operculum, and the figure shows its position on a mollusc
foot. “The Guide to Fauna of the Black Sea and the Sea of Azov” [Golikov et al., 1972] provides
a brief description of the operculum for the genus Rapana Schumacher, 1817; however, the opercu-
lum is not described in the diagnosis of the species R. venosa. The features of the rapa whelk op-
erculum morphology are discussed in several publications in terms of the possibility of determining
the age of individuals by growth lines (“rings”) [Choi, Ryu, 2009; Chukhchin, 1961; Kosyan, Anti-
pushkina, 2011]. A detailed analysis in this field was carried out for the banded dye-murex Hexaplex
trunculus (Linnaeus, 1758) [Vasconcelos et al., 2012]. The variability and functionality of the op-
erculum under different ecological conditions were investigated in the Atlantic dogwinkle Nucella
lapillus (Linnaeus, 1758). Based on the studies, it was concluded that N. lapillus operculum plays
a more significant role in defense against predators, especially crabs, than in defense against desiccation
on the littoral [Keppens et al., 2008].

R. venosa operculum also has an important protective function, but its functional morphology
and variability have not been well investigated and have not been described. The aim of this study is to fill
the gap based on the analysis of material that allows to trace age-related changes, sex-driven differences,
and anomalies in the operculum development under the effect of external factors.

MATERIAL AND METHODS

The material was sampled in summer and autumn, 28.06.2020-28.11.2020, using freediving equip-
ment at depths of 1.0-6.0 m in the Donuzlav Bay (the Northwestern Crimea) and in the bays of Se-
vastopol (the Southwestern Crimea) of the Black Sea (Fig. 1). In the Donuzlav Bay, 49 specimens
were sampled (14 females and 35 males), and in Sevastopol bays, 145 specimens (10 juveniles, 48 fe-
males, and 87 males). R. venosa sample for statistical analysis of the operculum characteristics consists
of 190 specimens (10 juveniles, 62 females, and 118 males), with a shell height from 10.4 to 135.0 mm
and age from 5-6 months to 15 years.
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Fig. 1. Schematic map of sampling areas: 1, the Donuzlav Bay; 2, Sevastopol bays
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The main morphological parameters of R. venosa shell and operculum are shown in Fig. 2A and 3A:
Hs, shell height; Ds, width or maximum diameter of the last whorl of the shell; Ha, aperture height;
Da, aperture width; Ho, operculum height; and Do, operculum width. The sex of individuals (F, female;
M, male; and J, juveniles) was determined by the presence/absence of a penis in males/females, respec-
tively, and the color of the gonads (Fig. 2B); the age was determined by spawning marks [Bondarev,
2010, 2015; Chukhchin, 1961, 1970; Kosyan, Antipushkina, 2011].

Fig. 2. A, main morphological parameters of Rapana venosa shell and operculum (in parentheses, there
are the dimensions of the pictured specimen, male, 3 years old): Hs, shell height (108.8 mm); Ds, width
or maximum diameter of the last whorl (77 mm); Ha, aperture height (91 mm); Da, aperture width (39 mm);
Ho, operculum height (50.3 mm); Do, operculum width (33.8 mm). B, R. venosa soft body with opercu-
Ium (0): M, male, 12 years old, ventral view (p, penis; f, foot; gon, gonad); F, female, 3 years old, dorsal view

Fig. 3. A, the inner side of Rapana venosa operculum (Ho, 28.5 mm; Do, 23 mm) with 5 “rings” (shown
by arrows R1-R5) and the imprint of its attachment site (light-colored surface) on the dorsal side of the foot.
The arrow indicates the point of measurement of the operculum thickness (Th_m); the outline of light (pink)
dots shows the area of the operculum attachment. B, R. venosa specimen (M; 4 years old; Hs, 68 mm;
Ds, 48 mm) with the operculum (the parameters are given above, see A) retracted inside the aperture

Mopckoii 6uonornyeckuii xkypHaia Marine Biological Journal 2023 vol. 8 no. 4
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The linear dimensions of shells and opercula were determined with a caliper with an accuracy
of 0.1 mm. The operculum thickness (Tho) was measured with a caliper to the nearest 0.01 mm in the lo-
cation shown by an arrow (Th_m) in Fig. 3A. To study Tho variability, we used 60 rapa whelk speci-
mens (10 juveniles, 20 females, and 30 males) representing the entire size and age range of the gen-
eral sample and reflecting the structure of the modern Black Sea metapopulation of R. venosa, where
the proportion of males usually exceeds the proportion of females [Bondarev, 2010, 2014, 2016].

Morphometric characteristics of opercula regenerated after predator damage were not included
in the data analysis.

Graphs were plotted and raw data were statistically processed applying standard algorithms of para-
metric and rank analysis with the use of SigmaPlot for Windows [2023] and MS Office Excel (v10).

RESULTS

R. venosa operculum consisting of a horn-like substance is located on the dorsal side of the mol-
lusc massive foot (Figs 2B, 3A). The operculum is attached to the rapa whelk foot not by its entire
inner surface, but only by its part (Fig. 3A). The operculum is the thickest outside the attachment site,
where horn-like substance layering is maximum (shown by an arrow in Fig. 3A). The thickness naturally
increases with mollusc shell size (Hs) and age (Fig. 4).
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Fig. 4. Graphs of the dependence of Rapana venosa operculum thickness: A, on the shell height (Hs);
B, on the age of the mollusc

The dependence of R. venosa operculum thickness on shell height is well approximated by a power
function (R?=0.9664) (Fig. 4A). The plot of the dependence on aperture height (no plot is shown) looks
similar, but the coefficient of determination is slightly lower (R? = 0.9627). The operculum thickness
correlates well with age (R? = 0.8574), but there are pronounced individual deviations (Fig. 4B).

In our sample, Tho values varied from 0.02 mm in a juvenile individual with a size (Hs) of 10.4 mm
to 1.9 mm in an 8-year-old male with a shell height (Hs) of 114.0 mm. The operculum thickness of ju-
venile R. venosa about 5-6 months old with Hs ranging from 10.4 to 21.3 mm was 0.02-0.07 mm.
The largest specimen in our sample (Hs of 135 mm), a 12-year-old male, had Tho of 1.62 mm.
The mean thickness and the range of variation in the operculum thickness in females are lower than
in males (Table 1).
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Table 1. Indicators of Rapana venosa operculum thickness (Tho) by sex and age groups (&, number
of individuals; F, females; M, males; J, juveniles; Hs, shell height, mm; M, mean values; o, standard
deviation)

Age, years Hs, mm Tho
Sex N (rr;gin,—}r]nax) (min’—max) min max M o
J 10 0.5 10.4-21.3 0.02 0.07 0.04 0.014
F 20 1-15 34.6-126.0 0.2 1.55 0.76 0.46
M 30 1-12 36.8-135.0 0.3 1.90 0.97 0.50
J+F+M 60 0.5-15 10.4-135.0 0.02 1.90 0.74 0.55

Toward the periphery, the operculum decreases in terms of its thickness to a thin flexible film, which
i1s minimum in the zone of growth on the inner edge, thinner than 0.01 mm. The flexibility and smooth
surface of the peripheral zone ensure a tight adhesion of the operculum edges to the inner surface
of the shell aperture. Moreover, such a structure of the operculum allows the mollusc to retract it deep
inside the shell (Fig. 3B) and more effectively block the access of predators to the soft body.

The outer surface of the operculum is streaked with growth lines of varying relief [Figs 2A, B (F),
5A, D, 6A].

Fig. 5. A-F, opercula of two different-aged individuals of Rapana venosa. A—C, 2+ years; Hs, 64.2 mm;
Ho, 27 mm; Do, 16.5 mm; number of “rings” (RN), 6. D-F, 4 years; Hs, 36.8 mm; Ho, 15.2 mm; Do, 9.3 mm;
RN, 4. A, D, outer surface; B, C, E, F, inner surface (B, E, in reflected light; C, F, in transmitted light)

On the inner side of the operculum, the attachment site has a relief of concentric horseshoe-shaped
ridges mirrored on the corresponding section of the dorsal side of the mollusc foot (Fig. 3A). The number
of these ridges, commonly referred to as “rings” in the literature [Choi, Ryu, 2009; Chukhchin, 1961;
Kosyan, Antipushkina, 2011], increases with age as the mollusc grows, as shown in Table 2.

Mopckoii 6uonornyeckuii xkypHaia Marine Biological Journal 2023 vol. 8 no. 4



28 I. P. Bondarev

Table 2. The number of “rings” (RN) on the inner side of Rapana venosa operculum for individuals
of different age (years) and size (Hs, mm) (N, the number of individuals in the sample)

RN 2 3 4 5 6 7 8 9 10 11 12
Age 0.5 0.5 24 1-8 2-9 3-12 4-9 10-12 | 8-13 9-15 8-12
Hs 104- | 16.8- | 36.8- | 35.2- 44— 64— 88.2— | 745- | 63.3- | 1122- | 91.5-
16.4 21.3 60.8 96.5 114 109.5 103 91.5 117.3 126 135
N 5 5 3 85 47 23 3 3 9 3 4

As follows from Table 2, the operculum of juvenile specimens has 2-3 “rings.” Most (82%) of ex-
amined R. venosa have 5 to 7 “rings” on the operculum; out of them, 55% have 5 “rings.” The age
of those individuals varies from 1 to 12 years, and the size (Hs) ranges from 35.2 to 114 mm. The high-
est number of “rings” (8—12) is typical for large old individuals (Table 2). In molluscs up to and including
5 years, the “rings” on the inner side of the operculum usually differ quite clearly (Figs 3A, 5B, C, E,
F). The “rings” are distinctly visible in transmitted light due to thickening relative to the base surface
of the operculum (Fig. 5C, F). On the operculum of older individuals, the lines of “rings” are more
often “intertwined” (Fig. 6B); sometimes, those are indistinguishable, and less often those are clearly
distinguishable (Fig. 6C).

Fig. 6. A, Rapana venosa; male; 12 years old; Hs, 91.5 mm; with an abnormally wide operculum. B, its op-
erculum (Ho, 45 mm; Do, 50.2 mm; RN, 12), inner view. C, operculum (Ho 62.5 mm; Do, 55.5 mm; RN, 10)
of 12-year-old male R. venosa (Hs, 115.7 mm), inner view

Initially, the operculum of juvenile R. venosa has the shape of a triangle with rounded corners; this
shape is typical for individuals up to 2-3 years old (Figs 2A, 5A—C). The long (inner) side of the triangle,
oriented along the shell columella, is the growth zone of the operculum, and its nucleus is located
on the opposite apex of the outer edge. With increasing age of the mollusc, the apexes of the corners
become more and more rounded (Fig. 5D-F), and the operculum shape changes from subtriangular
to irregularly oval, corresponding to the aperture shape. Such a change occurs due to abrasion of the nu-
cleus area and a gradual decrease in the growth rate of the rapa whelk and its operculum as the mollusc
becomes older.
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The operculum height and width increase as R. venosa shell grows. The operculum height (Ho) cor-
relates better with the aperture height (Ha) (Fig. 7A) than with the shell height, where the coefficient
of determination is slightly lower (R? = 0.9764) (no plot is shown). The operculum width (Do) is more
closely (R?=0.9497) related to the width of the last whorl of the shell (Ds) (Fig. 7B) than to the aperture
width (Da) (R? = 0.9199) (no plot is shown).
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Fig. 7. Graphs of correspondence between the size of the operculum and the size of Rapana venosa shell:
A, between the operculum height (Ho) and the aperture height (Ha); B, between the operculum width (Do)
and the diameter of the last whorl (Ds)

At a high level of correspondence between the parameters of the operculum and the size of R. venosa
shell, there are individual and repeated deviations. The highest Ho value (62.5 mm) was noted in a spec-
imen with Hs of 115.5 mm, Ha of 102.0 mm, Ds of 102.0 mm, Da of 57.8 mm, and Do of 55.5 mm.
The largest mollusc in our sample (with Hs of 135.0 mm, Ha of 115.2 mm, and Ds of 101.0 mm)
has Ho of 56.8 mm, but the highest Do, 58.6 mm. These and several other individuals exhibited the phe-
nomenon of a hypertrophied wide operculum (Figs 6A, B, 8A-C, 10D). This anomaly was registered
only in male R. venosa and is typical for older individuals from the Donuzlav Bay, while in other areas,
it is rare and much less pronounced (Fig. 8C).

The proportions of the operculum and the phenomenon of its abnormal width can be quantitatively
assessed by the ratio of the parameters Do and Ho (Table 3).

Table 3. Indicators of the width-to-height ratio of Rapana venosa operculum (Do/Ho) of the areas
of the Donuzlav Bay (DB) and Sevastopol bays (SB) and the entire sample (DB +SB) by sex groups
(N, number of individuals; F, females; M, males; J, juveniles; M, mean values; o, standard deviation)

Area
Sex The Donuzlav Bay (DB) Sevastopol bays (SB) DB + SB
Min-max | N M o Min—max N M o Min—max N M o

J - - - - 0.54-0.7 10 | 0.61 | 0.04 | 0.54-0.7 10 | 0.61 | 0.04
F 0.66-0.81 | 14 | 0.71 | 0.05 | 0.48-0.76 | 48 | 0.67 | 0.06 | 0.48-0.81 62 | 0.68 | 0.055
M 0.63-1.13 | 31 | 0.81 | 0.14 | 0.53-0.9 87 | 0.72 | 0.07 | 0.53-1.13 | 118 | 0.74 | 0.07
F+M 0.63-1.13 | 45 | 0.77 | 0.14 | 0.48-0.9 135 | 0.70 | 0.07 | 0.48-1.13 | 180 | 0.72 | 0.09
J+F+M | 0.63-1.13 | 45 | 0.77 | 0.14 | 0.48-0.9 145 | 0.69 | 0.07 | 0.48-1.13 | 190 | 0.71 | 0.09
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Fig. 8. Specimens of Rapana venosa males with an abnormally wide operculum. A, B, shells from the Donu-
zlav Bay; 10 years old. A: Hs, 107.8 mm; Ho, 48 mm; Do, 57 mm. B, Hs, 96.3 mm; Ho, 46 mm; Do, 52.2 mm.
C, living specimen from the Solenaya Bay (Sevastopol); 8 years old; Hs, 64.5 mm; Ho, 26.5 mm;
Do, 23.8 mm

The highest Do/ Ho value, 1.19 (57.0/48.0 mm), was recorded in a 9-year-old male from the Donu-
zlav Bay with Hs of 107.8 mm, Ha of 91.0 mm, Ds of 80.1 mm, and Da of 42.0 mm (Fig. 8A).
In Sevastopol bays, Do/Ho does not exceed 0.9 (23.8/26.5 mm) (Table 3), as in an 8-year-old male
with Hs of 64.5 mm (Fig. 8B). In Sevastopol bays, the morphological parameters of R. venosa shells
are characteristic of the Crimean coast; the operculum has characteristic shape and proportions as well.
Do/Ho value of 0.7 for the rapa whelk in this area (Table 3) can be considered mean for the Crimea.
R. venosa individuals from the Donuzlav Bay up to 5 years old have similar mean Do/ Ho values as well.
An example is Do/Ho of 0.67 (33.8/50.3 mm) of a fairly large (Hs of 108.8 mm) 3-year-old male
R. venosa (Fig. 2A).

Do/ Ho for females has lower values than for males, and this is especially pronounced in the rapa
whelk from the Donuzlav Bay (Table 3). With age, the “expansion” of R. venosa operculum
increases, but in older specimens, individual characteristics are more pronounced (Fig. 9A, B).
The relationship between Do/Ho and age is stronger for males (R? = 0.4325) (Fig. 9B) than
for females (R? = 0.0365) (no plot is shown).
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Fig. 9. Plots of Do/Ho dependence of Rapana venosa on the age of individuals: A, for the entire sample;
B, for males
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Based on the data in Table 3, the operculum of the mature rapa whelk with Do/Ho > 0.81 (M + o)
should be considered abnormally wide. Only 6-year-old males and older specimens have such Do/Ho
values, and their proportion is 11.6% (22 ind.) of the total sample, 37.8% (17 ind.) of the sample
from the Donuzlav Bay, and 3.5% (5 ind.) of the sample from Sevastopol bays. According to the re-
sults of the analysis of variance, Do/Ho distribution in the general sample by sex is not nor-
mal (Shapiro—Wilcoxon test, significance level of P < 0.05). Therefore, to compare two groups (all males
vs. all females), Mann—Whitney rank test was applied. The differences between the samples in the me-
dian values of Do/Ho are statistically highly significant (at P < 0.001) and amount to 0.715 and 0.672
for males and females, respectively, i. e., sex differences in Do/ Ho are obvious.

According to the results of morphometric analysis of the operculum of females from two
areas (the Donuzlav Bay and Sevastopol bays), the mean values of Do/ Ho between groups do not differ
statistically significantly (parametric test, P > 0.05). At the same time, the normal distribution of vari-
ants in the samples is observed (Shapiro—Wilcoxon test is passed, P = 0.096), and the variants are quite
evenly and compactly grouped around the mean value (Fig. 10A—C). Do/ Ho variation indicators, M * o,
are 0.71 £0.05 for the Donuzlav Bay and 0.67 £ 0.06 for Sevastopol bays (Table 3).
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Fig. 10. Graphs of variation characteristics of Do/Ho for Rapana venosa: A, B, for females (F)
and males (M) of the entire sample; C, for females (F); D, for males (M) of the Donuzlav Bay (DB) and Se-
vastopol bays (SB). A: vertical rows of “circles” correspond to a row of Do/Ho values. A, C: bold points
show mean values (M); “whiskers” show ranges from mean values (M * o). B, D: the lower and upper
boundaries of the boxes correspond to 25% and 75% of the total number of measurements; “whiskers”
are the intervals of the dispersion spread; bold points are the percentiles of the total number of mea-
surements [5™ (bottom) and 951 (top)]; the bold line inside the boxes is the mean value; the thin line
is the median
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When analyzing samples of males from two areas, it was established as follows: the me-
dian values differ significantly (rank test, P < 0.001) due to the special ratio of the opercu-
lum morphometric characteristics in individuals from the Donuzlav Bay. Do/Ho median for male
R. venosa from this bay is 0.826, while for males from Sevastopol bays, the value is 0.710.
This allows us to say that morphological deviations in the operculum proportions are inherent
only in males. Those are more pronounced in the environmental conditions of the Donuzlav Bay:
the upper limit of Do/Ho values (95" percentile) exceeds 1.1 (Table 3; Figs 9, 10D). The results
of testing using the quantile method for extreme variants (possible statistical outliers) to belong
to the sample showed that all the outliers in Do/Ho in some rapa whelk from the Donuzlav Bay
statistically belong to the sample (for P = 0.05) and cannot be discarded in variational analysis
as random anomalies.

The coeflicient of variation (CV) of Do/Ho for the sample of males from the Donuzlav Bay
was 21.2%, and for the sample from Sevastopol bays, 9.1%. For samples of females, CV values were
even lower: 6.6% for the Donuzlav Bay and 8.4% for Sevastopol bays. The results obtained allow sug-
gesting that, despite the significant variability in the initial data, we are dealing with a single sample
of males from the Donuzlav Bay. For other groups (both females and males), the assertion that in each
case this is a single sample is even more confirmed.

The shape of R. venosa operculum changes in accordance with changes in the growth rate of the mol-
lusc. This relation can be seen especially clearly in spawning annual marks on the shell (Fig. 11). Those
are noticeable on the shell surface cleaned of fouling by their orange-red color emphasizing the relief
of an axial ridge, which corresponds to the stage of growth interruption and thickening of the outer edge
of the aperture associated with spawning. A decrease in the distance between the marks on the shell
and growth lines on the operculum corresponds to a drop in growth rates, and vice versa; this re-
flects age-related changes and (or) food availability. R. venosa individuals in Fig. 11 show an abnor-
mally high increase in the shell and operculum growth in the year of sampling against the backdrop
of a natural decrease in the rate of shell growth with age. The line of the outer edge from the nucleus
to the inner side of the operculum is a conventional graph of the mollusc growth rate. An increase
in the slope steepness of this line relative to an imaginary midline connecting the nucleus and the cen-
ter of the inner edge corresponds to the stage of accelerating growth and increasing the operculum
height (Fig. 11B-D).

Morphological changes in R. venosa operculum occur as a result of attacks by predators and dam-
age to the protective outer layer of the mollusc (Figs 12, 13). In the Black Sea, such predators
are crabs Carcinus aestuarii Nardo, 1847 and Eriphia verrucosa (Forskal, 1775). Damage remains
on the shell as scars, even if it was inflicted at the early stages of the shell formation (Fig. 12A). In-
terestingly, the rapa whelk operculum, the foot, and the gland forming the operculum can be damaged
to varying degree. As a result, a horny “pear]” can be formed on the mollusc foot next to the oper-
culum - a round formation with a convex surface and an oval depression on the inside providing at-
tachment to the foot (Fig. 12B). On the inner side of the operculum, an irregularly shaped “blister”
can be formed (Figs 12C, 13B).
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Fig. 11. Shells (A, E) of Rapana venosa (M, 9 years old) with annual spawning marks (am) and their
opercula (B-D). A, the specimen from the Kazachya Bay (Sevastopol); Hs, 64 mm. B, C, its opercu-
lum (Ho, 26.5 mm; Do, 19.5 mm): B, outer side; C, inner side. D, outer side of the operculum (Ho, 55.5 mm;
Do, 54.1 mm) of the specimen from the Donuzlav Bay, Hs, 115.5 mm, E

Fig. 12. A, specimen of Rapana venosa male; 8 years old; Hs, 88.2 mm; with damage at the apex (shown
by the arrow). B, horny “pearl” of 4.2 x 3.3 x 2.9 mm [enlarged view from above; bottom view (be-
low) on the same scale as the operculum]. C, operculum (inner side) of this individual (Ho, 43.1 mm;
Do, 32.3 mm) with a “blister” of 5.2 x 3.8 mm
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Shell damage that occurs in the first year can manifest itself throughout the life of the mollusc
via the formation of ray “tracing” on the outer surface of the operculum (Fig. 13A). After rough dam-
age to the shell (Fig. 13C) and almost complete detachment of the operculum from the attachment site
on the foot, the rapa whelk can generate a new, duplicate operculum attached to the first one (Fig. 13D,
E). If the operculum is severely damaged or completely detached, it can be regenerated in an aberrant
form (Fig. 13F, G).

Fig. 13. A, B, operculum of Rapana venosa female; 12 years old; Hs, 74.5 mm; Ho, 34.2 mm; Do, 22 mm;
with double-ray “tracing” of damage along the outer surface (A) and a “blister” on the inner side (B).
C, R. venosa individual; M; 7 years old; Hs, 74.3 mm; with rough damage on the last whorl (shown by arrows).
D, inner; E, outer side of its regenerated “duplicated” operculum (Ho, 28.6 mm; Do, 21.8 mm). F, outer;
G, inner side of the regenerated operculum (Ho, 50 mm; Do, 18.5 mm) of R. venosa; male; 9 years old;
Hs, 122 mm

DISCUSSION

In general terms, R. venosa operculum corresponds to the description for representatives of Rapana
genus: large, horny, with a nucleus shifted to the outer edge and concentric growth lines [Golikov et al.,
1972]. The deeper examination of the morphology of the rapa whelk operculum allows us to more fully
assess the functionality and variability of this exosomatic organ.

Flexible and smooth edges of the operculum, which do not grow to the foot, act as a cuff and con-
tribute to its tight adjacency to the inner surface of the aperture; also, those provide the ability to retract
the soft body deep inside the shell (Fig. 3). This “option” is extremely important in defense against
crabs capable of breaking off significant fragments of the shell, especially at the stage of active growth
of the mollusc, when its thickness is insufficient to withstand the efforts of a predator [Bondarev, 2013].
The operculum allows R. venosa not only to protect itself from the intrusion of a predator, but also
to maintain a special environment of the mantle fluid which ensures the normal functioning of the rapa
whelk under adverse conditions [Bondarev, 2013].
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The ribbed structure of the inner surface increases the adhesive area of the operculum and the foot
and allows it to more effectively resist mechanical stress in various directions, preventing break-
ing off. Horseshoe-shaped ridges, the number of which rises with the mollusc growth, are not an-
nual rings. V. Chukhchin [1961] was the first to draw attention to this fact; according to him, even
juveniles with a shell height of 10-20 mm may have 5 “rings” on the operculum, as well as adult
rapa whelk with Hs of 70-80 mm. However, determining R. venosa age, especially age of old indi-
viduals, by spawning marks is quite laborious (due to the need for cleaning the shell surface of foul-
ing), and sometimes, it is simply impossible (if the shell surface is severely damaged by boring para-
sites). Moreover, in some habitats, R. venosa is characterized by weakly visible spawning marks. These
circumstances force researchers to continue attempts to use growth lines on the operculum to deter-
mine the mollusc age [Choi, Ryu, 2009]. Based on the analysis of the content of stable oxygen iso-
topes in shell carbonates, it was established that the obtained data for determining individual age
corresponded to the results of calculating the years of life of R. venosa specimens using spawning
marks. As assumed, single coincidences of the number of “rings” on the operculum and the estab-
lished age of the mollusc are accidental [Kosyan, Antipushkina, 2011]. Studying the growth of lay-
ers in cross sections under a microscope, counting the number of visible “rings” on the operculum,
and assessment of their correspondence to annual marks of H. trunculus shell also led to the conclu-
sion that it is impossible to use these morphological elements of the operculum to determine the age
of the mollusc [Vasconcelos et al., 2012].

Our data show as follows: the number of “rings” on the inner side of R. venosa operculum increases
with age (from 2 to 12), and the values may coincide, mainly for the age group of 5-7-year-old rapa
whelk, since most individuals (82%) have 5—7 “rings” (Table 2). According to our material, 1-year-old
molluscs (Table 2) and even younger ones [Chukhchin, 1961] can form the operculum with 5 “rings.”
The proportion of individuals with 5 “rings” on the operculum is 55% of the sample, but their age
is from 1 to 8 years. Thus, obviously, the correspondence between the number of “rings” and the num-
ber of years is random, and determination of R. venosa age cannot be based on counting the “rings”
of the operculum.

Based on a comparison of the time of damage to the shell and regeneration of the operculum,
we can say that R. venosa is capable of complete restoration of the operculum with 6 “rings” within
a year (Fig. 13). As already noted, after rough damage to the shell by a predator (Fig. 13C) and almost
complete detachment of the operculum from its attachment site on the foot, the mollusc is able to form
a new, duplicate operculum attached to the old one (Fig. 13E, F). A 9-year-old male (Hs of 122 mm),
with the shell bearing traces of a severe attack by a predator at 8 years, has the operculum that is not
fully restored (Fig. 13D, E). However, taking into account the width (18.5 mm) and thickness (0.95 mm),
probably, this is a newly formed operculum, since in males of this age and size from the Donuzlav Bay
the operculum is 2-3 times wider and up to 2 times thicker.

The formation of the previously undescribed horny “pearl” and “blisters” on R. venosa opercu-
lum (Fig. 12B) seems to occur according to the same principle as the well-known mineral and or-
ganic influx in bivalves when glands or tissues are irritated and start secreting dense covering
material layer by layer.

Already in the first months of shell formation, the proportions of the operculum (Do/Ho) corre-
spond to the shape inherent in sexually mature individuals (Table 3). In the first 3 years, the growth rate
of R. venosa is maximum, and this determines the subtriangular shape of the operculum (Figs 2A, SA-C).
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An age-related decrease in growth rates and abrasion of the nucleus area result in a change in shape
to a more oval one (Fig. SD-F). A rise in the relative operculum width with increasing age is more pro-
nounced in males (Fig. 9B). The lowest Do/ Ho values were recorded in females, 0.48 (in a 5-year-old
rapa whelk with Hs of 62.1 mm from Sevastopol bays). The maximum Do/Ho values, 0.76 for fe-
males of the same area (Table 3), were also registered in a 5-year-old R. venosa with a shell height
of 64.5 mm. Against the backdrop of individual growth characteristics, a general tendency for the rel-
ative width of the operculum (Do/Ho) to rise as the size of R. venosa shell increases can be traced
for the entire sample (Fig. 9).

Of particular interest is the phenomenon of an abnormally wide operculum, found in R. venosa
mainly from the Donuzlav Bay (Figs 6, 8, 11D). Such a shape of the operculum, with the width that can
exceed the width of the shell aperture, has not previously been described for any Muricidae representa-
tives or even for any Gastropoda species. The operculum thickness in abnormal individuals (1.0—1.9 mm)
is 1.5-2.5 times greater than the mean value for the sample, 0.74 mm (Table 1). Since this anomaly
in development was found in males alone, it is logical to assume that it is driven by the rapa whelk sex.
Male R. venosa have a fairly large penis (Fig. 2B), which can be damaged by predators during copulation.
Such an adaptation, as the operculum with a wide and free edge not attached to the body (Fig. 2B), can be
an effective additional protection for the penis, even if the soft body is not retracted inside the shell which
occurs during copulation. The Mediterranean green crab C. aestuarii, the most widespread rapa whelk
predator in the Donuzlav Bay, is capable of causing significant damage to the soft body and even to rather
thick-walled shell of R. venosa (Fig. 13C). Attacks of C. aestuarii on the rapa whelk were repeatedly ob-
served by the author during the sampling of material. Apparently, increased pressure from crabs on this
mollusc in the Donuzlav Bay is the reason for higher abundance of males with an abnormally wide opercu-
lum there (53%) than in Sevastopol bays (5.8%). It takes time for a wide operculum to be formed. Accord-
ingly, individuals with abnormal Do/ Ho are 6 years old and more, and the highest values are recorded
in specimens of 9 years old and more. A significant proportion (53%) of individuals with an abnor-
mally wide operculum among males from the Donuzlav Bay indicates that this phenomenon is not a ran-
dom deviation from the norm, but the result of morphogenesis initiated by predators. This is confirmed
by the analysis using the quantile method for extreme variants (possible statistical outliers) to belong
to the sample. Specifically, it showed that all outliers in Do/Ho belong to the sample of R. venosa
from the Donuzlav Bay and cannot be discarded as random anomalies (for P = 0.05). Despite the signifi-
cant variability in the data in the sample of males from the Donuzlav Bay (CV = 21.2%), we are dealing
with a single sample. For other studied groups of R. venosa, CV of Do/Ho does not exceed 9.1%;
therefore, the assertion that in each case the sample is single is even more confirmed.

According to molecular genetic studies, R. venosa in new habitats has an extremely low level of ge-
netic variability compared to that for populations from its native range [Slynko et al., 2020; Xue
et al., 2018]. However, with genetic monomorphism in the Black Sea, the rapa whelk demonstrates
a wide polymorphism of its shell [Bondarev, 2010, 2015, 2016; Chukhchin, 1961; Slynko et al., 2020]
and gonads [Bondarev, 2015]. The occurrence of a previously undescribed variant of the “expanded”
operculum shows a new facet of the potential for morphological variability of R. venosa.

Conclusion. The operculum of Rapana venosa is an exosomatic organ changing its morphology
with growth and age and demonstrating both regenerative capabilities and the morphogenetic potential
of the species. A striking manifestation of this potential is the formation of a hypertrophied large op-
erculum, with the proportions not being characteristic of any other Muricidae species and Gastropoda
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in general. The formation of an abnormally wide and thickened operculum in the rapa whelk can be
explained by increased pressure from predators. The presence of an abnormal operculum exclusively
in male R. venosa suggests that this feature is sex-driven and results from the adaptation, possibly
promoting protection for the reproductive organ from predators.

The discovery of the ability to regenerate the operculum expands the understanding of the physio-
logical capabilities of the rapa whelk. The phenomenon of the operculum formation with a unique
shape for gastropods is another manifestation of morphological plasticity, which made R. venosa
one of the most successful invasive species in the modern marine environment.

This work was carried out within the framework of IBSS state research assignment “‘Regularities of formation

and anthropogenic transformation of biodiversity and biological resources of the Sea of Azov-Black Sea basin
and other areas of the World Ocean” (No. 121030100028-0).
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OYHKIIMOHAJIBHAA MOP®OJIOI'UA
N MOP®OJIOTNIECKAA NSMEHYNBOCTD
OIIEPRYJIVMA RAPANA VENOSA (GASTROPODA, MURICIDAE)

N. I1. bonaapes

®I'BYH PUIL «MucTuTyT GHonoruu 10xHbX Mopeii umenn A. O. Koanesckoro PAH»,

Cesacronosb, Poccuiickas ®epepauus

E-mail: igor.p.bondarev@gmail.com

bproxoHoruii Mosutiock Rapana venosa pacipoCTpaHWICS U3 3anafHor yactu Tuxoro okeaHa B Yép-
Hoe 1 CpenuzeMHOe MOpPs1 ¥ IPUOPEXHbIE paililoHBI MO 00€ CTOPOHBI ATIAHTUYECKOTO OKeaHa BO MHO-
roMm OJarojiapsi CBOel 9KOJIOrMYecKor U MOp(OJIOTMYECKON IacTUYHOCTH. MccnenoBanuo Bapua-
OeTbHOCTH PAKOBUHBI ParaHbl MOCBSAIIEHB MHOTOUYKCIIEHHbIE paboThl. PyHKIMOHAIBHAS MOPQOIIO-
st 1 MopoIornuecKkas U3MEHYUBOCTh ONEPKyIyMa R. venosa M3y4eHbl HEOCTATOYHO, OMUCAHVE
9TOr0 K30COMATUYECKOTO OpraHa MPHBOAMTCS TOJBKO cxeMaTWdHo. Ha ocHOBe aHaim3a BBHIOOPKH
u3 190 3k3. R. venosa, coOpaHHBIX B ABYX pailoHax UEpHOro mMops, AaHO JeTaIbHOE OIMCaHUE U TO-
Ka3aHbl TpeHAbl MOP(OJIOrNIECKO U3MEHYMBOCTH ONEPKYJIyMa B 3aBUCMMOCTH OT BO3pacTa W pas-
Mepa ocoOeil. OlleHeHBl XapaKTePUCTUKH, ONpelesisioe HOpMalbHOe U a0eppaHTHOE Pa3BUTHE
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orepkyJsiyma. Bnepsble mokasaHo, 4to R. venosa UMeeT pereHepaTuBHbIe BOZMOKHOCTH, BIUTOTH JI0 BOC-
CTAQHOBJIEHWS YTPAUYEHHOU KPHIEUKH, U MOP(OTeHETUIECKUI aJallTAlIMOHHBIN TTOTEHIAN ONIepKY-
nyma. [IposiBieHreM Takoro NoTeHIMaia sBjsgeTcss (POPMUPOBAHUE TUIEPTPOPUPOBAHHO KPYITHOU
KpBIIIeYKH, (hopMa KOTOPOH He XapaKTepHa HU JIJIs1 OJTHOTO IPYTOro BUJIa MYPHIIU/L M TacTPOIIO B Iie-
JIoM. AHOMAJTBHBINA pazMep U (hopMa KpBIIIEUYKH, BEPOSATHO, SBJISIOTCS 3AIMTHON peakiel Ha JaB-
JIeHVe XMITHUKOB, MpeX/e Bcero kpados. PaHee Hen3BecTHast CIIOCOOHOCTb PEreHepUpOBaTh OMEPKY-
JIyM pacIvpsieT MpecTaBIeHuUs O (PU3UOIOTHUECKIX BO3MOXKHOCTSX panaHbl. PeHomeH ¢opmupoBa-
HUS KPBIIEUYKH YHUKATBHOU Cpefin TacTporol (hOpMBI — eIIIE OIHO MPOsIBIeHre MOP(OIOTnIeCcKOn
IUTACTUYHOCTH, TIO3BOJIMBINEH R. venosa 3aHATh MECTO CpeAr HauOoJiee YCIEITHbIX BUIOB-BCENICHIIEB
B COBPEMEHHOI MOPCKOH cpejie.

KuroueBbie cioBa: BapuaGeIbHOCTD, KpBIIIIeUKa, MOPQOJIOrysl, perenepanus, Rapana venosa
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Despite the fact that publications focused on marine mammals of the Barents Sea are quite numerous,
relevant data on their habitat in the Kola Bay area are scarce. The latest work detailing this aspect dates
back to 1997. At the same time, protected species of marine mammals (listed in the Red Data Book
of the Russian Federation) occur in the bay waters. With the progressive implementation of the Inte-
grated Development of the Murmansk Transport Hub project, the anthropogenic load on the Kola Bay
water area may increase multifold. Therefore, research on marine mammals occurring in its waters
becomes more and more relevant. This paper provides an updated list of marine mammals registered
in the Kola Bay, which is compiled on the basis of published data and observations of the authors.

Keywords: Kola Bay, Barents Sea, marine mammals, protected species

In the Kola Bay, Russia’s northernmost ice-free seaport is located, as well as the region’s largest
naval and industrial complexes. The port of Murmansk is the base of the nuclear-powered icebreaker
fleet. The Northern Sea Route starts there. However, the intensity of shipping in this area is rela-
tively low [Serova, 2018], but the situation may change over time due to growing interest in the Arc-
tic region. Within the framework of the Integrated Development of the Murmansk Transport Hub
project, it is planned to construct a year-round maritime transport hub based on the port of Mur-
mansk. The implementation requires dredging, reconstruction and modernization of the existing port
infrastructure on the Kola Bay eastern coast, and construction of an oil terminal and a coal trans-
shipment complex on its western coast [Skufyina, Serova, 2017]. To date, the Lavna coal terminal
is under intensive construction, and bored piles for future pouring stations are being installed. A div-
ing study of the seabed is carried out with the removal of foreign objects. Backfilling with rocky
soil is underway. The slope has been strengthened with large stones [Chekunkov, 2022]. The center
for the construction of large-capacity offshore structures, built in the Belokamenka village, is a key fa-
cility for the industry being created in Russia — the production of LNG equipment. This center consists
of five main sectors: the site for gravity-based structures, inter alia two dry docks; the topsides site; ma-
rine infrastructure facilities; engineering support facilities; and a residential complex and administrative
facilities [LNG Construction Center, 2022].

All the above suggests as follows: over time, the anthropogenic load on the Kola Bay water area
and, accordingly, on its biota will definitely increase. Despite the fact that studies of the bay have
more than a century-old history, publications focused on marine mammals occurring in its waters
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are scarce [Deryugin, 1915; Pleske, 1887; Smirnov, 1903; Zyryanov, Egorov, 2010]. The only rela-
tively modern work providing a description of the marine mammal species recorded in the Kola Bay
is the monograph [Goryaev, 1997]. This situation is mostly due to the lack of fishing for marine mammals
in this area and due to the sporadic nature of their occurrence.

The anthropogenic load observed and little research into the issue indicate the need for regular
study of marine mammals in the Kola Bay. This is especially true for species listed in the Red Book
of the Russian Federation and in the IUCN (International Union for Conservation of Nature) Red List.

MATERIAL AND METHODS

Murmansk Marine Biological Institute of the RAS (MMBI RAS) has at its disposal two biotechnical
aquatic complexes located on the Kola Bay coast — in the vicinity of Gadzhievo and Polyarny towns.
There, the staff of the institute conducts year-round research on true seals. The availability of motor boats
and the access to the bay made it possible to observe wild marine mammals both in nearby and relatively
distant sites of the water area. In 2011, we made the first attempts to carry out the research, and in 2018,
the observations became systematic. The results presented in this paper were obtained in 2011-2021.
The study areas were predominantly the northern and central Kola Bay, where marine mammals are most
often recorded. Animals were registered from the shore and during route observations. From the shore,
as a rule, marine mammals were noted accidentally — during research unrelated to the surveys. Route
observations were carried out in two directions — from Cape Tonya to Toros Island and from Cape Tonya
to Salny Island (Fig. 1). Due to weather conditions and limited navigation of small vessels in the Kola Bay
during the polar night, the surveys at this time were not strictly periodic.
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Fig. 1. Scheme of observation routes
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RESULTS AND DISCUSSION

Literature data and our observations [Deryugin, 1915; Goryaev, 1997; Pleske, 1887; Smirnov, 1903;

Tomilin, 1957, 1962; Zaytsev et al., 2018; Zyryanov, Egorov, 2010] evidence for the following: in the wa-
ters of the Kola Bay and the adjacent area, 14 species of marine mammals belonging to five families
can be recorded.

1.

Oceanic dolphins Delphinidae Gray, 1821 (order Cetacea Brisson, 1762, suborder Odontoceti
Flower, 1867). Two species — the white-beaked dolphin Lagenorhynchus albirostris (Gray, 1846)
and the killer whale Orcinus orca (Linnaeus, 1758).

Porpoises Phocoenidae Gray, 1825 (order Cetacea, suborder Odontoceti). One species — the harbor
porpoise Phocoena phocoena (Linnaeus, 1758).

Monodontidae Gray, 1821 (order Cetacea, suborder Odontoceti). One species — the beluga whale
Delphinapterus leucas (Pallas, 1776).

Rorquals Balaenopteridae Gray, 1864 (order Cetacea, suborder Mysticeti Flower, 1864). Five
species — the humpback whale Megaptera novaeangliae (Borowski, 1781), the fin whale Balaenoptera
physalus (Linnaeus, 1758), the sei whale Balaenoptera borealis (Lesson, 1828), the blue whale
Balaenoptera musculus (Linnaeus, 1758), and the common minke whale Balaenoptera acutorostrata
(Lacépede, 1804).

. True seals Phocidae Gray, 1825 (order Carnivora Bowdich, 1821, suborder Caniformia Kret-

zoi, 1938). Five species — the harbor seal Phoca vitulina (Linnaeus, 1758), the grey seal Halichoerus
grypus (Fabricius, 1791), the harp seal Pagophilus groenlandicus (Erxleben, 1777), the ringed seal
Pusa hispida (Schreber, 1775), and the bearded seal Erignathus barbatus (Erxleben, 1777).

Out of the species above, only seven were registered during our surveys.
Delphinidae. The white-beaked dolphin is the northernmost representative of its genus [Kinze,

2018] and one out of two species of the genus found in the Barents Sea [Kovacs et al., 2009]. It is the most
frequently recorded native cetacean (Fig. 2) [Fall, Skern-Mauritzen, 2014; Goryaev, 2017; Klepikovskiy
et al., 2012]. This marine mammal inhabits temperate and subarctic waters of the North Atlantic
and is recorded in both shelf and coastal water areas [Kinze, 2018]. It is listed in the Red Data Book
of the Russian Federation as a rare, vulnerable species [Perechen’ ob”ektov zhivotnogo mira, 2020].

In the Kola Bay, white-beaked dolphins are found irregularly. In 2011-2017, these animals were

registered only during the summer—autumn period [Zaytsev et al., 2018]; in 2018-2021, they were
not recorded at all. Until 2018, there was no mention of this species in the Kola Bay in the literature.

Fig. 2. White-beaked dolphins in the Kola Bay, 15.09.2011 (photo by 1. Gabay)
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The population status of the killer whale in the Barents Sea has not been sufficiently studied, which
1s primarily due to the sporadic nature of its appearance [Aars et al., 2016; Kovacs et al., 2009]. There
are references to the fact that the killer whale is a common species in the Kola Bay and can be ob-
served in Kildin Island vicinity [Deryugin, 1915; Goryaev, 1997]. Over the entire period of our re-
search, we were unable to confirm the entry of this marine mammal into the bay waters: all reports that
killer whales occur in local areas turned out to be false. Most often, other representatives of this family
or common minke whales were mistaken for them.

Phocoenidae. The harbor porpoise is one of the smallest cetacean species in the Barents Sea (Fig. 3),
inhabiting mainly coastal waters [Aars et al., 2016; Bjgrge, Tolley, 2018; Kovacs et al., 2009]. The geog-
raphy of its distribution is quite wide and covers waters from the equator to the Arctic [Lockyer, 2003].
The Barents Sea is inhabited by the North Atlantic subspecies P. p. phocoena (Linnaeus, 1758).

The harbor porpoise, along with the common minke whale, is the most frequently encountered
cetacean in the Kola Bay [Goryaev, 1997]. Its mass entries are often related to abundance of food
items (with no pronounced seasonal periodicity) [Deryugin, 1915; Goryaev, 1997; Tomilin, 1957].
Our surveys show a picture similar to that from the literature data: in different years, animals are found
in various seasons (Table 1).

Fig. 3. The harbor porpoise in the Kola Bay, 12.07.2018 (photo by A. Troshichev)

Monodontidae. The distribution of the beluga whale in the Barents Sea has a pronounced seasonality
closely related to changes in ice conditions throughout the year [Matishov, Ognetov, 2006; Ognetov
et al., 2003]. In the literature, there is a reference on beluga whales entering the Kola Bay in summer
months [Goryaev, 1997]. However, during our observations, we did not register this species in the bay
water area.

Balaenopteridae. Representatives of this family tend to occur in the Barents Sea waters during sum-
mer feeding. At the same time, some species can stay there for wintering [Aars et al., 2016; Tomilin,
1962]. The most frequently observed species are the common minke whale, the fin whale, and the hump-
back whale [Aars et al., 2016; Skern-Mauritzen et al., 2011]. The fin whale and the humpback whale
prefer open waters and are found in the western, central, and northern Barents Sea, while the com-
mon minke whale can usually be observed in coastal areas [Aars et al., 2016; Burdin et al., 2009;
Marine Mammals, 2017]. In the Barents Sea, the fin whale is represented by the northern subspecies
B. p. physalus (Linnaeus, 1758). It is listed in the Red Data Book of the Russian Federation as a species
of uncertain status [Perechen’ ob”ektov zhivotnogo mira, 2020] and in the [IUCN Red List, as vulnera-
ble (VU) [Cooke, 2018a]. The humpback whale is listed in the Red Data Book of the Russian Federation
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as recovering [Perechen’ ob”ektov zhivotnogo mira, 2020], and in the IUCN Red List, as a species
of least concern (LC) [Cooke, 2018b]. The only mention in the literature we have come across on the en-
try of humpback whales into the Kola Bay is the publication of Yu. Goryaev [1997] with reference
to L. Breitfuss (1903). Also, in the work on the Kola Bay fauna and the conditions of its existence,
K. Deryugin [1915] highlights the probability of this species entering the water area. Moreover, there
are references to the fact as follows: in the Murman coastal area and in the Kola Bay, the sei whale

and the blue whale, which are rarer for the Barents Sea, can be encountered [Deryugin, 1915; Goryaev,
1997; Pleske, 1887].

Table 1. The results of the registration of marine mammals when following the route Cape
Tonya — Toros Island — Cape Tonya
Dat Time Balaenopt torostrat Ph h Halich
ate of the route ataenoplera acutorostrala ocoena pnocoena akichoerus grypus
) ) Northwest of Sedlovaty Northwest of Sedlovaty In the water
12.07.2018 17:00_18'_00’ Island, Island, near Sedlovaty Island,
20:30-22:20 1 individual 10-15 individuals 1 individual
20:00-21:00,
21.07.2018 22:00-23:00 - - -
) ) In the water
16082018 | 17:00-18:00, _ - near Bolshoy Oleny Island,
18:00-19:00 1 individual
) ) North Northeast Northeast
08.09.2019 13:35_14:55’ of Bolshoy Oleny Island, of Cape Tonya, of Bolshoy Oleny Island,
15:00-16:00 1 individual 15 individuals 1 individual
Northeast of Sedlovaty
21:00-22:00, Island, 1 individual;
14.06.2020 23:00—-00:10 - - Devkina Pozhnya Bay,
1 individual

During our surveys, only two species representing this family were registered — the common minke
whale and the humpback whale. Interestingly, the common minke whale is the only species of baleen
whales which regularly occurs in the bay (Table 1). As for the humpback whale (Fig. 4), we observed
its appearance near Shurinov Island of the Kola Bay in March 2016.

Fig. 4. The humpback whale in the Kola Bay, 01.03.2016 (photo by A. Troshichev)
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Phocidae. The harbor seal is one of the most common pinnipeds in coastal waters [Burdin
et al., 2009; Teilmann, Galatius, 2018]. In Russia, it is a protected species [Zyryanov, Kavtsevich,
2014]. The Barents Sea is inhabited by the Atlantic subspecies of the harbor seal P. v. vitulina (Lin-
naecus, 1758) [Berta, Churchill, 2012]. On the Kola Peninsula coast, harbor seals are encountered
in the area from Varangerfjord in the west to the Ivanovskaya Bay in the east [Zyryanov, Egorov, 2010].

In the Kola Bay, the harbor seal is registered mainly in spring in its northern water area — in the Pala,
Olenya, and Sayda bays, as well as in the Ekaterininskaya Harbor [Zyryanov, Egorov, 2010]. During our
observations, not a single individual of this species was reliably identified.

The grey seal, the same as the harbor seal, is a coastal species, but it spends more time away
from the coast [Aars et al., 2016]. The Barents Sea is inhabited by the Atlantic subspecies of the grey
seal H. g. atlantica (Nehring, 1866) [Berta, Churchill, 2012; Olsen et al., 2016], listed in the Red Data
Book of the Murmansk region as a rare species [Kavtsevich, Erokhina, 2014]. This marine mammal
is registered throughout the Barents Sea coast of the Kola Peninsula [Vishnevskaya et al., 1990].

For the Kola Bay, only single cases of this species encounter are described [Goryaev, 1997]. Accord-
ing to the results of our surveys, the grey seal is the most common pinniped for this area. Its massive
aggregations were observed on the northern tip of Salny Island and in the northeast of Domashny Is-
land; the abundance of simultaneously registered individuals sometimes exceeds 30. For the first time,
the grey seal haulout on Salny Island was recorded in autumn 2011 (Table 2). Mass haulouts are regis-
tered only in the autumn—winter period (in the northern and central Kola Bay), and single encounters
occur year-round (Fig. 5).

= ‘TI ShT ( T

Fig. 5. Grey seals in the Kola Bay (photo by A. Troshichev)

The harp seal, the ringed seal, and the bearded seal are pagophilic species, i. e., these animals pre-
fer to live on ice. That is why their distribution in the Barents Sea has a pronounced seasonality (with
a reference to ice conditions) [Ognetov et al., 2003; Svetochev, Svetocheva, 2018].

Usually, the appearance of harp seals near the Murmansk coast occurs during their migration
from the White Sea to summer feeding grounds and back [Svetochev, Svetocheva, 2018]. In the lit-
erature, there are reports of many harp seals entering the Kola Bay — with the abundance of registered

individuals exceeding 500 [Goryaev, 1997]. During our observations, not a single harp seal was reliably
identified.

Mopckoii 6uonornyeckuii xkypHaia Marine Biological Journal 2023 vol. 8 no. 4



46 A. A. Zaytsev, A. R. Troshichev, M. V. Pakhomov, and A. P. Yakovlev

Table 2. Observations of the grey seal haulout on Salny Island

Abundance
Year Date Time of individu- Note
als
01.06 13:30 0
2011 17.11 Eig’ 11 Footprints of seals were noted in the snow above the high tide
18.04 15:00 1 The grey seal lied on a rock in the littoral zone
02.05 15:30 2 One individual in the water, and another one in the littoral
12.07 16:15 0
21.07 04:10 0
2018 16.08 14:30 0
09.10 13:50 0
11.10 12:50 2 Both animals were in the water
14.10 12:00 1 In the water
09.11 13:00 2 One individual in the water, and another one in the littoral
14.11 12:00 1 In the water
27.02 11:00 10 Nine individuals on the coast, and one individual in the water
10.04 13:40 0 There were no footprints on fresh snow
26.04 13:40 0
24.05 19:40 0
03.09 17:00 0
2019 08.09 11:00 ) In Pitkov Bay (2 km west of Salny Island), 67 grey seals were
observed
24.10 11:40 10 All seals were in the water near the coast
12.11 14:30 20 There were 15 seals on the coast and 5 in the littoral zone
711 11:00 40 About 30 seals W§re on the coast, in the littoral zone, and a few
more seals were in the water
09.02 11:20 30 Most of the animals were on the coast
One seal was seen 1-1.5 km north of Salny Island, and four
2020 26.08 12:40 3 more were registered in Pitkov Bay '
07.11 12:30 2 Two individuals in the water
11.11 11:20 4 In the water
2021 18.02 13:30 20 All seals were in the water

Unlike harp seals, bearded seals and ringed seals do not form mass aggregations in the Barents
Sea. These marine mammals are recorded throughout the Murmansk coast (mostly single individuals),
and they can enter river estuaries and lower reaches [Aars et al., 2016; Ognetov et al., 2003]. Both species
are found in the Kola Bay, but the nature of the encounters is sporadic. There are references to the fact
that ringed seals occur at the estuaries of the Tuloma and Kola rivers [Goryaev, 1997].

During our surveys, the bearded seal was encountered twice, both times in summer. Both times, this
marine mammal was noted on the outer parts of the cage of MMBI aquatic complex and was at the stage
of molting.

We recorded the ringed seal twice in the Sayda Bay. Moreover, according to photographic evidence
from eyewitnesses, single individuals lay on the ice at the estuaries of the Tuloma and Kola rivers.

Although the species composition of marine mammals in the Kola Bay is quite diverse [Goryaev,
1997], the species that occur there either regularly or permanently are not as abundant as the species
inhabiting the open areas of the Barents Sea. Out of them, there are previously mentioned
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animals — the common minke whale, the harbor porpoise, and the grey seal. Most marine mammals en-
ter this water area searching for food; the exception is some pinnipeds which arrange seasonal haulouts
there. Comparing the results of our observations and the literature data, we can conclude as follows: over
the past two decades, the species composition of marine mammals in the Kola Bay has undergone certain
changes, primarily concerning pinnipeds (Table 3). During the entire period of our surveys, the harbor
seal, the harp seal, and the beluga whale were not encountered, although in 1996 these species were
considered common for the Kola Bay [Goryaev, 1997].

Table 3. Comparison of the species composition of marine mammals recorded during observations
and indicated in the literature

. Recorded during Recorded during

Species . MenFloned observations in 1996. observations

in the literature [Goryaev, 1997] in 2011-2021
White-beaked dolphin L. albirostris - - +
Killer whale O. orca + - -
Harbor porpoise P. phocoena + + +
Beluga whale D. leucas + + -
Humpback whale M. novaeangliae + - +
Fin whale B. physalus + - -
Sei whale B. borealis + - -
Blue whale B. musculus + - -
Common minke whale B. acutorostrata + + +
Harbor seal P. vitulina + + _
Grey seal H. grypus + + +
Harp seal P. groenlandicus + + -
Ringed seal P. hispida + - +
Bearded seal E. barbatus + + +

The Kola Bay ichthyofauna includes species that serve as food items for many marine mammals.
Out of them, there are juveniles of the Atlantic cod Gadus morhua Linnaeus, 1758, the haddock
Melanogrammus aeglefinus (Linnaeus, 1758), and the Atlantic herring Clupea harengus Linnaeus, 1758
which sometimes occurs en masse [Karamushko, 2009]. As noted, during periods of a mass herring mi-
gration, there is an increase in encounters of marine mammals. An example is the observation of white-
beaked dolphins in the bay waters in 2011: the occurrence of these animals coincided with reports
of a mass herring migration. During that period, common minke whales were also observed several
times [Zaytsev et al., 2018].

The occurrence of various marine mammals in the Kola Bay waters depends not only on changes
in their food supply, but also on environmental processes in other areas of the Barents Sea. Specifi-
cally, the regularity of white-beaked dolphins entering the bay in 2011-2017 could result from changes
in the distribution of their food items and their pursuit of alternative prey species [Aars et al., 2016].
An increase in the number of observations of the grey seal and its regular seasonal haulouts on Salny
Island indicate the restoration of its population in the Barents Sea. This assumption can be supported
by the highlights in the work of K. Deryugin [1915] that rich seal haulouts were recorded on Salny Island
earlier.
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Conclusion. Despite the increasing anthropogenic load, marine mammals continue to enter the Kola
Bay waters, inter alia during their feeding. Over the past two decades, the occurrence and species compo-
sition of coastal marine mammal (primarily pinnipeds) have obviously changed. An increase in the abun-
dance of a predator, the grey seal whose diet may include birds and mammals, can result in serious faunal
changes in the coastal areas of the Kola Bay and the entire Barents Sea. In this regard, the relevance of re-
search aimed at monitoring the state of coastal populations of marine mammals on the Barents Sea coast
of the Kola Peninsula increases.

The work was carried out within the framework of the state research assignment “Ecology and physiology
of marine mammals of the Arctic seas” [no. 121091600101-6 (16.09.2021), FMEE-2021-0009].
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B Kpachyio kaury Poccrn) BUIbI MOPCKHX MIICKOIIMTAIONIMX. YUYUTHIBAS TO, YTO IO MEPE OCYIECTB-
nenus npoekta «KomriekcHoe pa3Butie MypMaHCKOTO TPaHCTIOPTHOTO y3Jia» aHTPOTIOTeHHAs Ha-
rpy3ka Ha akBaToprio KobCKOro 3aiMBa U BCEro MypMaHCKOTo MoOepeskbst MOKET MHOTOKPATHO BO3-
pacTu, UCCAeA0BaHNSI MOPCKUX MJIEKOMUTAIOIINX, BCTPEYAIOIINXCSI B MECTHBIX BOJIAX, MPHOOPETAIOT
OOJIBIITYI0 aKTYaJILHOCTh. B paboTe mpeacTaBlieHsl JaHHBIE O BUIOBOM COCTaBE M 4acTOTe BCTpeva-
€MOCTU Pa3/IMYHBIX BUJOB MOPCKUX Mjekonuraoiux B KojibckoMm 3aiuBe, cOOpaHHbIE HA OCHOBE
JIUTEPATyPHBIX UICTOUYHUKOB 1 HAOTIOIEHUI aBTOPOB.

KutoueBnie ciaoBa: Konbckuii 3a1mB, BapeHIieBO MOpe, MOPCKHE MIICKOMMTAIOIINE, OXPaHsIeMBbIe
BUJIBI
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The spatial and temporal variability of phytoplankton biomass in the surface layer of the Black Sea dur-
ing an 18-year period is analyzed, and the effect of the main currents in the sea on the spatial and tem-
poral dynamics of phototrophic phytoplankton biomass is assessed. Regular long-term chlorophyll con-
centration data were used, obtained from satellite observations with SeaWiFS and MODIS-Aqua/Terra
instruments in the Black Sea for 1998-2015. The role of macro- and microcirculations in the spatial
and temporal variability of phytoplankton biomass is estimated. A gain in wind activity and a drop
in water temperature from October to March, which lead to an increase in the depth of the mixed
upper layer and the intensity of the main synoptic circulations, become a significant factor promoting
winter—spring phytoplankton bloom. As revealed, a decrease in the mean water temperature in the cold
season to +7...+8 °C, lasting for more than six weeks in the deepwater zone, leads to the intensive
biomass development in spring. It was established that the mean phytoplankton biomass for 18 years
in the western and eastern cyclonic cycles is (38.0 £ 17.8) and (37.7 + 16.8) mg C-m™, respectively,
and in the Batumi anticyclone, (38.2 + 18.0) mg C-m™. As a rule, the Rim Current carries phytoplank-
ton formed at the shelf zone along the coastline and almost does not mix with deep waters. In the cy-
clonic cycles, winter—spring phytoplankton bloom is observed on average for six weeks. Intensive bloom
in the area of the flow of northwestern rivers, recorded in May—June, extends to the Bosporus, while
in the cold season, it can penetrate into the deep-sea area in the form of micro-eddies. In winter
and spring, the Sevastopol anticyclonic eddy stood out as a separate zone in terms of biomass de-
velopment. The role of anthropogenic load is most significant in the coastal zone. However, the effect
of coastal waters on the deep-sea area is possible in late autumn and winter.

Keywords: phytoplankton biomass, synoptic circulation, Black Sea, spatial variability of phytoplankton
biomass, water temperature, depth of the mixed layer

As known, one of the key indicators of the ecological state of the marine ecosystem is the level
of phytoplankton biomass. Its development and variability reflect CO, transport from the atmosphere
to the ocean, hydrochemical regime of water bodies, and carbon cycle in them. Phytoplankton develop-
ment is affected by several factors: climate, anthropogenic load, and interaction between autotrophs
and heterotrophs. Phytoplankton of the Black Sea is widely studied both in coastal and deep-sea
areas [Arashkevich et al., 2015; Berseneva et al., 2004; Finenko et al., 2018, 2019; Mikaelyan, 2018;
Mikaelyan et al., 2015]. However, there was no analysis of spatial changes in the biomass of photo-
trophic plankton throughout the Black Sea. The effect of the main water circulations in the sea surface
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layer on the variability of phytoplankton biomass was not considered as well. Vertical convection cur-
rents of water masses, seasonal geostrophic circulations, large-scale cyclonic gyres, anticyclonic eddies,
and the Rim Current form conditions for rise and transfer of nutrients and, accordingly, for formation,
transfer, and localization of phytoplankton biomass in certain sites of the water area. To assess the effect
of macrocirculations on the spatial distribution of phytoplankton, regular observations covering large
water areas are required. Bio-optical models developed to estimate chlorophyll a concentration using
satellite data are most convenient for solving this problem. There are various methods for establishing
phytoplankton biomass [Eppley et al., 1977; Menden-Deuer, Lessard, 2000]; however, the most com-
mon technique is biomass estimation by chlorophyll a content. To determine phytoplankton biomass
in carbon units, data on chlorophyll a concentration, temperature, and light conditions are required;
then, chlorophyll-organic carbon ratio is calculated. In algae, this ratio depends on their taxonomic
composition, light intensity, and concentration of nutrients [Finenko et al., 2003; Geider, 1987]. In our
work, phototrophic phytoplankton biomass was quantified using a previously developed model [Finenko
et al., 2018] allowing to calculate changes in the specific content of chlorophyll a in algae organic mat-
ter in various sea areas for long time series. Analysis of the spatial and long-term dynamics of phyto-
plankton biomass will help in assessing the effect of local and global, natural and anthropogenic factors
on its variability.

The aim of the work is to analyze the spatial and temporal variability of phytoplankton biomass
in the surface layer of the Black Sea over an 18-year period and assess the effect of main sea currents
on the spatial and temporal dynamics of phototrophic phytoplankton biomass.

MATERIAL AND METHODS

Chlorophyll a concentration was calculated from satellite observations for the entire Black Sea wa-
ter area for the period of 1998-2015. To estimate chlorophyll content, we applied an algorithm that
was developed for the Black Sea with the inclusion of the sea brightness coefficient in three spectral
channels [Suslin, Churilova, 2016]. Second-level data were obtained using the SeaWiFS (1998-2010)
and MODIS-Aqua/Terra (2000-2015) instruments. The measurements were carried out on a spatial
grid of 0.025° in latitude and 0.035° in longitude and averaged over a two-week period for the entire
sea surface. The mean relative error in retrieving chlorophyll concentration applying the specified al-
gorithm for the deepwater area of the Black Sea according to MODIS-Aqua/Terra and SeaWiFS data
was 40% [Suslin et al., 2018].

To calculate phytoplankton biomass, we used our model developed earlier; it is based on the relation-
ship between light absorption in the visible area of the spectrum and the specific content of chlorophyll a
in ten species of marine planktonic algae representing different taxonomic groups [Finenko et al., 2018].
This model includes the following parameters: chlorophyll a concentration, intensity of solar radiation
reaching the sea surface, and light absorption by algae. Phytoplankton biomass (B) in organic carbon
units (mg C-m™) was calculated by the equation:

B = Chly/Chl : C,

where Chly is chlorophyll a concentration in the surface layer obtained from satellite data averaged over
a two-week period (1998-2015) (mg-m’3);

Chl : C is chlorophyll-organic carbon ratio in algae.
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To estimate the thickness of the upper quasi-homogeneous layer and the depth of the upper mixed
layer, the model from [Dorofeev, Sukhikh, 2017] was used.

The depth of the zone of photosynthesis was determined by a model including the vertical light
attenuation at a wavelength of 490 nm [Suslin et al., 2017].

Values of temperature in the surface layer and intensity of photosynthetically active radiation within
the range of 400-700 nm were acquired from satellite observations obtained from second-level standard
satellite products: SeaWiFS for 1998-1999 (http://podaac.jpl.nasa.gov/sst/) and MODIS-Aqua/Terra
for 2000-2015 (https://oceancolor.gsfc.nasa.gov/).

RESULTS AND DISCUSSION

Spatial variability of seasonal and interannual dynamics of phytoplankton biomass
in the deepwater area of the Black Sea. Analysis of the long-term seasonal dynamics of biomass
in the deep-sea area in 1998-2015 revealed two main, as a rule, periods of its increase: in late November—
February and in mid-spring. Spatial variability of the biomass of the Black Sea phytoplankton throughout
the year is presented using data from 2009 as an example (Fig. 1).

62oe ] 12(1) 2009 ) 1272) 2009

Fig. 1. Seasonal variability of phytoplankton biomass (mg C-m~) during 2009 every first and second half
of the month in the Black Sea water area
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Usually, biomass values begin to increase in late October—November, and local spots of phytoplank-
ton are observed throughout the sea. The period of wind effect in late October and November, when
the depth of the mixed layer rises to 19—23 m, precedes the winter increase in phytoplankton biomass.
During these months, a mosaic distribution of phytoplankton biomass values was noted almost through-
out the entire sea, resulting from both macro- and microcirculations and varying in most years within
the range of 20-70 mg C-m™ (Figs 1, 2). An important role in the spatial distribution of phytoplank-
ton in autumn and winter is played by the western coastal zone, from which a significant part of its
biomass is transferred to the deep-sea area. The wind regime creates turbulent micro-eddies and me-
anders in the surface layer and transfers them in space. During the cold period, the effect of coastal
sea areas on deepwater ones is most pronounced (Figs 1, 2). The water temperature in the surface layer
in October—December remains relatively high compared to the temperature at depth, and the thermocline
is not completely destroyed; therefore, the involvement of nutrient-rich water masses in the convection
current and their entry into the euphotic layer are minor. For this reason, there is no significant increase
in biomass up to December. By late December—January, convection in the surface layer, according to cal-
culated data of satellite measurements, covers depths approximately down to 25-28 m. In December
and January, the field of biomass becomes almost homogeneous throughout the sea (Fig. 2). Usually,
the maximum phytoplankton biomass is recorded in January; less often, in December or February.
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Fig. 2. Spatial variability of phytoplankton biomass (mgC-m~>) under the effect of circulations dur-

ing increased mixing of water masses in autumn months and winter increase in phytoplankton biomass
in the Black Sea in different years
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Maximum values vary from 50 to 100 mg C-m™. On average over an 18-year period, for the en-
tire deep-sea area, phytoplankton biomass in winter is (51.52 + 10.08) mg C-m™. From February—early
March, biomass decreases, which may be due to the involvement of phytoplankton by convection cur-
rents below the zone of photosynthesis. On most maps, it is reflected as a mosaic distribution of val-
ues over the entire surface of the Black Sea which vary within the range of 20-100 mg C-m™ (Fig. 3).
The maximum depth of water mixing, averaging 28—30 m, is usually observed in February. In some years,
the depths of mixing in December and February exceeded 30 m in the deepwater zone and the slope
of depth; for some areas, the mean values reached (36 + 6) m. Moreover, in the western cyclonic gyre,
the depths of convective mixing are higher compared to those in the eastern Black Sea. The occur-
rence of convective currents in the second half of February—early March can be caused, in addition
to wind activity, by a decrease in water temperature and the leveling-off of the temperature gradi-
ent between the surface and deep-sea area. The mixing process involves layers from the sea depths,
and this leads to an increase in concentration of nutrients in the upper mixed layer. The cold intermedi-
ate layer, which separates the upper quasi-homogeneous layer from nutrient-rich deep waters, is located
at a depth of 30—100 m [Ivanov, Belokopytov, 2011]. At the same time, the upper boundary of the layer
of maximum gradients of nitrate and phosphate concentration is located at 30-60 m [Krivenko,
Parkhomenko, 2014]. From late March, a decrease in water temperature stops, wind activity drops, turbu-
lent flows weaken, and irradiance increases, which leads to the spring bloom of phytoplankton. Thus, due
to the rise of nutrients into the euphotic layer during convection in February—March, spring development
of phytoplankton in deep-sea areas reaches its maximum values in the year, 100 mg C-m™ or more.
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Fig. 3. Spatial variability of phytoplankton biomass (mg C-m~>) under the effect of circulations during
the spring increase in phytoplankton biomass in the Black Sea in different years
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During most years, the maximum values of phytoplankton biomass in spring were noted closer to cen-
ters of the cyclonic gyres. Based on the results of satellite observations averaged for the western and east-
ern cyclonic gyres, it was established as follows. In years with the mean water temperature in the deep-sea
area during the cold season decreasing to the value below +8 °C for six weeks or more, intensive devel-
opment of phytoplankton biomass is observed in spring. In years with the mean water temperatures
above +8 °C or with the temperature decreasing to the value below +8 °C for no more than one month
in winter, weak biomass growth is usually recorded in spring. At the same time, the spring bloom is less
pronounced in years with prolonged mean water temperature below +7 °C during the cold season than
in the case of a long period of winter temperature at +7...+8 °C. Therefore, conditions for convective
mixing and transfer of nutrients into the zone of photosynthesis are the most favorable when the temper-
ature in the upper quasi-homogeneous layer is leveled off with the temperature in the cold intermediate
layer. At lower temperatures, cold surface waters can form zones with strong downward flows, and this
leads to a deepening of the upper quasi-homogeneous layer zone well below the zone of photosynthesis.
As a result, chlorophyll concentration and phytoplankton biomass decrease. In the central sea, appar-
ently, mixing is limited by the pycnocline. Moreover, the cold intermediate layer can become denser.
During this period, wind effect and dynamic processes in water masses are of high importance. Specifi-
cally, in 2003, the water temperature in winter dropped below +7 °C for two months only in the western
cyclonic gyre, while in the eastern one, the decrease lasted no more than a month. Accordingly, in the cen-
ter of the eastern gyre, the spring bloom was approximately twice as intense as the bloom in the west-
ern gyre. These observations indicate that the condition for intensive development of phytoplankton
in spring is the mean water temperature in the range of +7...+8 °C for more than six weeks during
the cold season.

From late April-May, the values of phytoplankton biomass decrease in the deepwater zone. Through-
out summer and early autumn, according to data averaged for the area, those are usually within the range
of 12-42 mg C-m™. A rise in mean values in some years to 27—42 mg C-m™ can be recognized as a weak
third maximum in the seasonal dynamics of biomass. The research [Finenko et al., 2018] indicates
the occurrence of three biomass maximums: the winter, spring, and summer—early autumn ones. How-
ever, the latter maximum was not annual, and the mean values for the area were below 40 mg C-m>,
In the deepwater zone, temperature and density stratifications are formed, and the exchange of water
masses with shelf waters is minimum.

The effect of synoptic circulations on the distribution of phytoplankton biomass. About
a month after the spring bloom, a decrease in biomass begins and gradually spreads across the water
area with cyclical variations from the eastern area to the western one. Phytoplankton bloom in the deep-
water zone usually lasts about a month [Finenko et al., 2018]. The cyclicity in variations in phytoplankton
biomass, from two weeks to a month, can result from water movement in large cyclonic gyres, the western
and eastern ones. This variability corresponds to the seasonal cycle of geostrophic circulation [Belokopy-
tov, 2004]. The circulation is characterized by a common cyclonic movement with a variable center
in the western or eastern Black Sea or with two pronounced gyres [Belokopytov, 2004]. The cyclicity
observed throughout the year has a particularly noticeable effect on the variability of biomass in late
autumn, winter, and spring, with the most pronounced processes of new formation and successive death
of phytoplankton (Figs 2, 3). As follows from this circulation cycle, the periods we identified, with a mo-
saic distribution of phytoplankton biomass in November—December and February—March, occurring
prior to the winter and spring blooms, coincide with a merger of two cyclonic gyres, shift in the center
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of cyclonic rotation, and general increase in speeds of currents [Ivanov, Belokopytov, 2011]. In January—
February, according to hydrophysical data, the eastern gyre is more pronounced. However, increased
speeds of water movement and the mixing seem to prevent phytoplankton organisms, that formed
biomass during the winter bloom, from being localized separately in the cycle or in its center. Phytoplank-
ton are usually distributed along the periphery of the gyre or spread throughout the sea. In a layer down
to 200 m, the horizontal structure of currents is strongly interconnected vertically; therefore, circulation
throughout the entire water column has common features [Ivanov, Belokopytov, 2011], and in these
months, a seasonal correlation is registered between surface and deep currents [Korotaev et al., 2006].
This may contribute to phytoplankton distribution in the water column to greater depths and beyond
the zone of photosynthesis. During the spring bloom, on the contrary, biomass is more often concen-
trated in the gyres. In most years, the values of phytoplankton biomass established in the eastern Black
Sea spread to the western sea in late March and April (Fig. 3). For summer period, due to high stratifica-
tion in the water column and low current speeds [Ivanov, Belokopytov, 2011], a homogeneous field of low
concentrations of phytoplankton biomass is characteristic. However, in some months of the warm season,
the transport of waters with low concentrations of phytoplankton in accordance with the centers of cy-
clonic rotation can be noted. Thus, according to our research, phytoplankton biomass is formed, trans-
ferred, and localized under the effect of seasonal cycles of alternating changes in intensity of the eastern
and western cyclonic gyres.

It is worth noting as follows. The distribution and formation of phytoplankton biomass in the Black
Sea also occur in local anticyclonic eddies along the Rim Current and the movement of large cyclonic
gyres. For example, the Sevastopol anticyclonic eddy [Ivanov, Belokopytov, 2011] is distinguished
as a separate zone. During the spring bloom, lower or higher phytoplankton concentrations are regis-
tered there; during the winter bloom, usually lower ones. Intensive development of phytoplankton in this
zone was observed in the second half of March or in the first half of April (in 1999, 2000, 2003, 2005,
2010, 2011, and 2012). Usually, the bloom in the Sevastopol micro-gyre lasted no more than two weeks,
and the biomass values were 2—2.5 times higher than in the western cyclonic gyre (Fig. 3). Only in 2013
and 2015, phytoplankton concentration in the Sevastopol anticyclonic eddy was 2 times lower than
in the deepwater zone. There was one significant increase in biomass —in 2001, in the second half of May;
it was presumably affected by the widespread distribution of the Danube River flood (Fig. 3). In other
years, in spring, changes in the analyzed indicator occurred according to the same pattern as in the deep-
sea area. In winter, in this site of the water area, a homogeneous field of biomass with a western cir-
culation is recorded, which may indicate an intensive mixing of these two zones and a temporary dis-
appearance of the anticyclone as a separate zone for the development of phytoplankton biomass. Over
the entire study period, only in 2001, 2012, 2014, and 2015, the Sevastopol anticyclonic eddy was char-
acterized by lower biomass values in some winter months. In summer, as a rule, it was not distinguished
as a separate zone; there, concentrations of phytoplankton biomass were lower than in the deep-sea
area. In the Batumi anticyclone, according to 18-year studies, the values of biomass differed from those
for the rest of the deep-sea area in the first half of April 2000 and 2006, in the first half of May 2001,
and in the winter of 2003. During these years, intense phytoplankton bloom occurred there against
the backdrop of low biomass values in the deep-sea area. In other years, the variability of values was sim-
ilar. In April 2000, there was an outbreak of phytoplankton both in the coastal zone along the East Pontic
Mountains (the values reached 1,000 mg C-m™) and in the Batumi gyre (300 mg C-m™>). In May 2001,
in the shelf zone in the Batumi area, biomass increased to 200 mg C-m™. In the indicated months in 2003
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and 2006, the values did not exceed 100 mg C-m™>, but were approximately twice as high as in the eastern
cyclonic gyre. According to data averaged for the area over 18 years, in the western cyclonic gyre, phy-
toplankton biomass was (38.0 + 17.8) mg C-m™>; in the eastern cyclonic gyre, (37.7 + 16.8) mg C-m™>;
and in the Batumi gyre, (38.2 + 18.0) mg C-m™.

The importance of circulations in the occurrence of phytoplankton blooms was considered by other
researchers as well [Kubryakov et al., 2019]. In August 2015, in the southeastern Black Sea, there were
a sharp disturbance in the physical structure of waters and an isopycnic mixing, with the latter one caused
by a shift in inertial currents under the effect of strong winds; this led to an increase in chlorophyll
concentration [Kubryakov et al., 2019]. However, according to our calculations and satellite observation
data (Fig. 4), in August 2015, a slight increase in phytoplankton biomass in the eastern anticyclonic gyre
was registered: up to 27 mg C-m™ on average for the area, against the backdrop of 13-20 mgC-m™
in June and July. Only in the center of the anticyclone, the values rose to 50 mg C-m™. At the same
time, there was no significant increase in biomass in the eastern sea. Phytoplankton development was
the same as in most years. Over an 18-year period, the greatest increase in biomass in the deep-sea
area was observed in 2001 in summer (in particular, up to 38 mgC-m™ in August), but its reasons
require separate analysis. Also, for the deepwater zone, a sudden outbreak of phytoplankton development
was noted in late August—early September 2012 (Fig. 4).

3(2) 2013

Fig. 4. Spatial variability of phytoplankton biomass (mg C-m~>) under the effect of circulations during
summer months and in the Danube flood period in the Black Sea in different years

The bloom began approximately in the center of the eastern cyclonic gyre; within two weeks, it spread
to the western one. Maximum values in the center of the western cyclonic gyre reached 70-80 mg C-m™>.
At the same time, according to data averaged for the entire area, the values did not exceed 35 mg C-m™,
and this did not lead to a rise in biomass in general during summer. On the contrary, since 2012,
the biomass of phytoplankton became to decrease in summer and dropped on average by 1.4 times
in the deepwater zone and by 1.2—-1.4 times in the slope of depth of the western Black Sea and almost
along the entire shelf zone (compared to that in previous years). In the deep-sea area, over an 18-year pe-
riod, negative trends in the values of phytoplankton biomass were recorded in spring and summer; no sig-
nificant trends were found in winter and autumn [Finenko et al., 2019]. This decrease, as pointed out
in the research [Finenko et al., 2019], is not associated with changes in temperature and light con-
ditions. The only exceptions were the area of the Danube River drainage, where there was a rise
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in phytoplankton biomass by 1.3 times in recent years in summer, and the Gulf of Burgas area, with
an increase by 1.14 times. Over 18 years in the Danube area, according to year-round regular two-
week data, biomass rose by 33% compared to the initial level, with its high variability (when assessed
by Fisher’s exact test at p < 0.1). This may indicate a rise in the trophic level of this area, which is likely
to result from an increase in anthropogenic load.

Typically, increased biomass values extended to the boundaries of cyclonic gyres and the slope
of depth, and in some cases, to the coast of the Crimea. However, according to long-term observations,
due to differences in the density and salinity of shelf waters and waters of the central Black Sea, their
separation occurred, and this did not lead to an increase in phytoplankton biomass in the deep-sea area.

The role of the Rim Current in shaping the development of phytoplankton in shelf wa-
ters. In the coastal zone, mainly in the area of the Danube River drainage and somewhat less
in the area of the Dniester and Dnieper rivers, from late April-May, there is a significant rise
in biomass caused by spring floods. Within two months, increased phytoplankton biomass, following
the direction of the Rim Current, reaches the Bosporus Strait, but, as a rule, does not spread further
to the east (see Fig. 4). Most of desalinated waters is carried into the Sea of Marmara.

The period of the summer bloom on the western shelf lasted until September—October. Against
the backdrop of increased concentrations, usually, there were two peaks: in May—June and in September—
October (two times less one). In some cases, biomass values reached 300-1,000 mg C-m>; on average,
in the area of the Danube River drainage, the values were about 100 mg C-m™ in summer. As water
masses move towards the Bosporus Strait, phytoplankton biomass decreases. A re-increase in its val-
ues in the western coastal zone occurs in winter, but with lower concentrations and area of distribution
than in late spring. Fairly high values of phytoplankton biomass persist there throughout the year, while
the level of biomass in other coastal areas in winter is usually lower than in the deepwater zone. Changes
along the southern and eastern shelves occur in most years according to the same pattern as in the deep-
sea area, and phytoplankton concentrations vary within the same limits. Only the northeastern coast
is characterized by the lowest biomass values throughout the year, especially in summer. This may be
due to the highest speed of the Rim Current [Ivanov, Belokopytov, 2011] in this site of the water area
and the low depth of the mixed layer, averaging (5.0 = 3.7) m, according to our calculations. The max-
imum of chlorophyll and biomass off the Crimean and Caucasian coasts in summer occurs on average
at a depth of 29 m. The maximum speed of current is observed in the surface layer, 10-25 m [Ivanov,
Belokopytov, 2011]. Apparently, this leads to water stratification in terms of movement speeds
and to weak stirring.

Throughout a year, especially in summer, the Rim Current [Ivanov, Belokopytov, 2011] promotes
biomass distribution along the shelf zone, practically without mixing with the deep-sea area. An excep-
tion may be the formation of eddy circulations transported to the open sea in late autumn and winter.
Therefore, the effect of coastal waters on the deepwater zone is possible precisely during this period.
In spring, during floods, the values of phytoplankton biomass are high, and those can spread to the slope
of depth; however, temperature and density differences and low wind activity prevent mixing of shelf
waters and deep-sea ones.

Conclusion. The movement of the main surface currents and mixing processes play an important
role in the spatial distribution of phytoplankton biomass in the Black Sea. We showed the effect of large
synoptic gyres on the periodicity of bloom shift from one cyclonic gyre to another, with a duration
of about a month. Deep vertical circulations of water caused by temperature and wind regimes in winter,
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determine the occurrence of winter and spring maximum of phytoplankton biomass. One of the key
conditions for its intense bloom in the deepwater zone in spring is a drop in the mean water temper-
ature in the cold season to +7...+8 °C for more than six weeks. These conditions contribute to an
increase in vertical circulation of water masses and transfer of nutrients into the euphotic layer. Ac-
cording to the data of spatial changes over an 18-year period, the spring—summer bloom in the shelf
zone did not go beyond the slope of depth and did not penetrate into the deep-sea area. Only in cer-
tain cases, high phytoplankton concentrations during heavy spring floods on the northwestern shelf
were observed off the Crimean coast; on the southeastern shelf, those penetrated into the Batumi an-
ticyclone. In the warm season, most of phytoplankton biomass formed at the drainage of northwest-
ern rivers spreads to the Bosporus Strait and is carried out of the Black Sea. In autumn from Oc-
tober and in winter, the bloom can cover the western cyclonic gyre and contribute to phytoplankton
development in the surface layer of the central Black Sea.

This work was carried out within the framework of state research assignment “Functional, metabolic, and tox-
icological aspects of hydrobionts and their populations existence in biotopes with different physical and chem-
ical regimes” (No. 121041400077-1, IBSS), partly within the framework of state research assignment ‘Devel-
opment of methods of operational oceanology based on interdisciplinary studies of the processes of formation
and evolution of the marine environment and mathematical modeling using data from remote and contact mea-
surements” (No. 0827-2018-0002, MHI), and partly within the framework of the project of the Russian Founda-
tion for Basic Research and the city of Sevastopol “Strategies for adaptation of phytoplankton and its consumption
by microzooplankton under climate change and anthropogenic load on the Black Sea coastal ecosystems (Sevastopol
area)” (No. 20-45-920002).
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IpoBe€H aHAIM3 TIPOCTPAHCTBEHHOM ¥ BPEMEHHON M3MEHYMBOCTH OMOMACCHI (PUTOIIAHKTOHA B T10-
BEPXHOCTHOM cyioe YEpHOro Mops 3a 18-J7eTHUil Neprosl U OLIEHEHO BIIMSTHME OCHOBHBIX TEUCHUN
B MOpE Ha NMPOCTPAHCTBEHHYI0 M BPEMEHHYIO JUHAMUKY Ouomacchl (poToTpohpHOro (hUTOIIAHKTO-
Ha. Vcrosb30BaHbl peryisipHble MHOTOJIETHHE AaHHbIE KOHLEHTPALMM XJOpOo(uilia, MOTyYeHHbIE
0 CIIyTHUKOBBIM HaO0JIcHUsIM ¢ roMoipio pudopos SeaWiFS u MODIS-Aqua/Terra 3a nepuos
¢ 1998 mo 2015 r. B Y€pHoMm Mope. OrieHeHa poJib MaKpo- ¥ MUK POITUPKYJISIIIANA B IIPOCTPAHCTBEHHO-
BpEMEHHON BaprabeIbHOCTH OMOMACCh (PUTOIUIAHKTOHA. YCHIIEHHE BETPOBOM aKTMBHOCTH M CHHUKE-
HHE TeMIIepaTypbl BOABI C OKTSAOPS IO MapT, MPUBOIAIINE K YBETMYCHUIO TITyONHBI TIepeMelIBaHMsI
BEPXHEro CJI0s U UHTEHCUBHOCTA OCHOBHBIX CUHONTUYECKUX IMPKYJISIUNA, CTAHOBSITCS CYIIECTBEH-
HBIM (DAaKTOPOM, KOTOPBII CIOCOOCTBYET BO3HUKHOBEHHUIO 3MMHETO M BECEHHETO [IBeTeH! 1 (PUTOTUIAHK-
TOHa. BBIABIEHO, YTO MOHMKEHUE CpeTHel TeMIlepaTypsl BOJbI B XOJOAHBIN ce30H 10 +7...+8 °C
Ha TIPOTSDKEHUM OoJiee YeM TOJyTopa MecslieB B ITyOOKOBOJIHOUN 30HE MPUBOAUT K MHTEHCUBHO-
My pa3BUTHIO OMOMACCHl BECHOH. YCTaHOBJIEHO, YTO cpegHss Ouomacca (puTorUiaHKTOHa 3a 18-
JICTHUH MEPUO]] B 3alaJIHOM ¥ BOCTOUHOM LMKJIOHMYECKUX KpyroBopotax coctasisieT (38,0 £ 17,8)
u (37,7 £16,8) mr C-M~3 COOTBETCTBEHHO, B Bbarymckom anTunukione — (38,2 £ 18,0) mr C-m73. Oc-
HOBHOE Y€pPHOMOPCKOE TeUeHHe, KaK MpaBIIO, IEPEHOCUT (PUTOTUIAHKTOH, 0Opa30BaBIIUIACS  TIIeb-
(oBoii 30HBI, B/IOJIb OEPErOBO JIMHUU, MAaJIO CMEIIMBAasiCh C BOJAaMHU IIIyOOKOBOIHON aKBaTOPHU.
B LIMKJIOHMYECKHX KPYroBOpOTax 3MMHe-BeCeHHee IBeTeHHe (PUTOTUIAHKTOHA HAOMoqaeTcsl B Cpell-
HEM Ha MPOTSKEHUH MOyTopa MecsieB. VIHTEeHCHBHOE IIBETEHHE B PallOHE CTOKA CEBEPO-3alla HbIX
PEeK, pErucTpupyeMoe B Mae — HMIOHE, pacpocTpansieTcs Ao nposrea bocdop, Torna kak B XOJOIHBIN
CE30H MOXET B BUJIE MUK POBHUXPEH MPOHUKATh B ITyOOKOBOJHYIO 30HY. B 3MIMHUE 1 BeceHHUE MeCSIIhI
CeBacTOIOJIbCKUI aHTUIUKJIOHMYECKUIA BUXPh BBIIEISIICA KaK OTIENIbHASI 30HA B Pa3BUTUM OHOMac-
cbl. Posib aHTPOIIOreHHOI HArpy3ku HauOoJiee CyIIeCTBeHHa B MpuOpexkHoi 30He. [Ipu 3ToM Bius-
HUe MPUOPEKHBIX BOJ Ha ITyOOKOBOAHYIO 30HY B HEKOTOPOM CTENEHW BO3MOXHO MO3/IHEH OCEHbIO
Y 3UMOIA.
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Bioluminescence is an essential element in the functioning of the pelagic community, which is associ-
ated with the key ecological role of light in the life of hydrobionts, inter alia in the formation of their
spatial heterogeneity. The luminescence of marine hydrobionts is a manifestation of their vital activity
in the form of electromagnetic radiation in the spectrum visible area, and its kinetic patterns are closely
related to mechanism generating their chemical reactions and metabolic processes. Global warming,
which undoubtedly has affected the Atlantic sector of Antarctica, caused serious structural and func-
tional alterations in the pelagic community with repercussion on marine bioluminescence, an expressive
indicator of environmental conditions. We aimed at studying the possibility of using the method of mul-
tiple vertical sounding by the hydrobiophysical complex “Salpa-M,” with simultaneous capture of bio-
physical and hydrological parameters at one station, to investigate the structure and length of fields
of luminescence in Antarctic waters. The paper provides the technique for analyzing structural char-
acteristics of bioluminescence, as well as material obtained during the 79" Antarctic expedition on-
board the RV “Akademik Mstislav Keldysh.” The core of the sounding method is raising (or lowering)
the bathyphotometer “Salpa-M” at a constant speed in a given layer [usually, it is the upper produc-
tive (0200 m) or the photic (0-100 m) layer] in the RV’s drift. Planktonic bioluminescent organ-
isms, which are the main contributors to the formation of the bioluminescent potential of the pela-
gial, mostly illuminate when stimulated. Therefore, a bathyphotometer moving at a constant speed
creates a standard level of the mechanical stimulation of bioluminescent organisms, and this allows
to compare correctly the results of measurements for the vertical structure of the field of biolumines-
cence carried out in different areas and under various weather conditions (rolling, wind drift, efc.).
The paper presents a fairly large data set of the integral bioluminescent signal at different horizons.
Primary data on bioluminescence intensity, temperature values, electrical conductivity, and photo-
synthetically active radiation were obtained at 18 hydrographic stations in the studied water area
of the Atlantic sector of Antarctica. The article considers an important issue related to the change
in seawater bioluminescence in the Atlantic sector of Antarctica studied by the vertical sounding
at different levels with a bioluminescent probe. When investigating bioluminescence, its vertical
variability in the upper productive layer was determined in relation to features of plankton distri-
bution. As a result, it was found out that the luminescence of Antarctic waters in the photic layer
of this area occurs within the range from 8.4 x 1072 to 104.42 x 1072 W.cm™.L"!. Bioluminescence
peaks (up to 104 x 10712 W-cm™L™") were recorded under the thermocline at a 45-m depth in the areas
of concentration of the salp Salpa thompsoni Foxton, 1961 near the hydrological front, at a distance
of about 6-7 miles on either its side. It is shown that the method of vertical sounding in Antarctic
waters allows expressing the fields and the structure of aggregations of luminescent organisms.

Keywords: bioluminescence intensity, Atlantic sector of Antarctica, euphotic zone, vertical sounding,
plankton
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In Antarctic waters, the most important fishery object is the Antarctic krill Euphausia su-
perba Dana, 1852, which forms the basis of the diet of numerous consumers. Its reserves in the Southern
Ocean amount to hundreds of millions of tons [Samyshev, 1991]. This species is most common in the cir-
cumpolar belt between the Antarctica and the polar front [Nicol, Foster, 2016; Nicol et al., 2000].
To date, assessing the state of krill communities is one of the priority areas of research in the Atlantic
sector of Antarctica [Spiridonov, Uryupova, 2009; Sprong, Schalk, 1992].

Krill aggregations luminesce due to bioluminescent photophores located on the body of each
crustacean: one pair, on the eyestalks; another pair, on the hips of the second and seventh thora-
copods; and individual organs, on four segments of the pleon. These organs periodically luminesce
for 2-3 s. Bioluminescence is clearly visible in the dark. It is electromagnetic radiation in the visible
area of the spectrum, and its kinetic patterns are closely related to mechanism of the chemical reactions
and metabolic processes that generate them [Harvey, 1957]. There are many bioluminescent species
of hydrobionts: dinoflagellates, radiolarians, and various mobile multicellular animals from polyps, jelly-
fish, and ctenophores to squids, crustaceans, and fish [Labas, Gordeeva, 2003]. IBSS researchers discov-
ered the ability to luminesce in 364 phyto- and zooplankton species; out of them, 164 turned out to be
bioluminescent organisms, and in 137 species, bioluminescence was shown for the first time [Tokarev,
2006]. Bacteria found in seawater at different latitudes, from tropical to polar ones, are bioluminescent
organisms as well. In the open ocean, there are on average up to 1,000 cells of luminescent bacteria
per 1 L of seawater [Gitelson, 1976].

In terms of energy, bioluminescence of zooplankton is obviously higher than that of phyto-
plankton or bacteria. Various krill species are characterized by the highest intensity and duration
of bioluminescence (up to 22 s) [Tokarev, Sokolov, 2001].

The vertical sounding method for determining the level of bioluminescence can be used for rapid
assessment of species diversity and spatial distribution of bioluminescent organisms in the analyzed
water area.

We aimed at studying the possibility of applying the method of multiple vertical sounding
with a hydrobiophysical complex “Salpa-M,” with simultaneous capture of biophysical and hydro-
logical parameters at one station, to investigate structure and length of fields of luminescence
in Antarctic waters.

MATERIAL AND METHODS

Data were obtained in February 2020 (122 soundings at 18 stations in the 79" cruise
of the RV “Akademik Mstislav Keldysh”) (Fig. 1). Measurements of a field of bioluminescence were
carried out day and night with a probe “Salpa-M” [Tokarev et al., 2016]. This biophysical complex has
six measuring and service channels:

1) bioluminescence (measurement range from 1072 to 108 W.cm™2.L™);
2) temperature (measurement range from —2 to +35 °C);

3) pressure (measurement range from O to 2 MPa);

4) photosynthetically active radiation;

5) information transmission and remote operation control;

6) control and signaling.
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Fig. 1. Map of stations

The measuring channel of bioluminescence intensity. It consists of a measuring chamber, a lu-
minescence collector, a photodetector, a control device, and an interface device, with the latter one
used to measure temperature and pressure. The transfer of bioluminescent organisms to an active state
in which they luminesce (the irritation) is carried out mechanically; the measuring chamber is used.
It consists of eight blade impellers which are located in two groups of four impellers each, spaced apart
along the axis.

To reduce the effect of sunlight, four rows of blackened impellers — two groups of rows of mutually
perpendicular angles of attack — form a mobile luminescence trap and provide a weakening of light en-
ergy by 2 x 107 times with minimal resistance to the incoming water flow. During the axial movement
of the bioluminescence probe, the studied incoming water flow enters the measuring chamber. Passing
through four rows of blade impellers, water is thoroughly mixed, and bioluminescent organisms it con-
tains are irritated. The latent period (the time before microorganisms begin to luminesce after their irrita-
tion) is determined by their species composition. To measure the bioluminescent potential, the time spent
by a bioluminescent organism in an active state in the volume of the flow chamber has to exceed the la-
tent period and the duration of its luminescence. Interestingly, the time of occurrence of microorganisms
in the measuring chamber after mechanical effect is determined by the flow rate of water through this
chamber. When solving the problem of bioluminescence recording, a preliminary analysis of the hydro-
dynamic flow of water through the measuring chamber was carried out. It showed the need for formation
of a turbulent flow in the middle part of the chamber. The discreteness of measurements of characteris-
tics by this complex when probing “down” at a speed of 1.2 m-s™! was 0.25 m. The value was integrated
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with software up to 1 m. It is worth noting that the special design of the light pipe forming a conical radi-
ation pattern ensures the transfer of bioluminescence energy of microorganisms from the entire volume
of the measuring chamber to the photodetector.

The photodetector. Bioluminescence is low-intensity pulses of light energy. Its measurement is car-
ried out with a photomultiplier tube FEU-71 characterized by a high anode sensitivity (1,000 A-Im™)
against the backdrop of a supply voltage of < 1,000 V. The measuring signal of the photomulti-
plier tube is fed via a repeater and subsequent amplification to an interface — an analog-to-digital
converter. The information signal is filtered with a constant time of 1-5 s, and this is controlled
from a Salpa-T, P shell. The measuring channels for bioluminescence intensity, temperature, electrical
conductivity, and hydrostatic pressure are the core ones for the complex.

The habitat of the Antarctic krill is separated from other areas of the ocean by the Antarctic polar
front. It is an effective barrier to the spread of marine organisms, and it makes the Southern Ocean
a largely isolated ecosystem. The total light effect created by the Antarctic krill is called a field of bio-
luminescence. Other luminescent hydrobionts make a significant contribution to its formation as well.
As a physical field, it is characterized by energy intensity and frequency spectrum. Since this field
is formed by biological objects, it is also characterized by biological features: the number of flashes
of individual organisms that make this field up and the heterogeneous structure of their distribution
in time and space.

When studying bioluminescence of Antarctic waters, we used the method of multiple (5 to 10) sound-
ing of the photic layer of the pelagic zone (1-80 m). Its advantages over other techniques of investigating
marine bioluminescence are as follows:

* ability to study the mosaic nature of the spatial distribution of the field of bioluminescence
simultaneously with the background characteristics of the environment;

constant level of effect on the environment and irritation of luminescent organisms;

possibility to analyze in detail the vertical structure of bioluminescent populations;

no effect of surface waves on the signal recorded;

fairly simple solution to the issue of isolating the daily component of the bioluminescence registered.

RESULTS

Hydrological characteristics of the area. At the mesoscale studied site in the Weddell Sea, a hy-
drological front was detected [Morozov et al., 2020]. It was formed between warmer waters with
cold subsurface layer and colder advective waters entering this site from the shallow western Powell
Basin (the northwestern Weddell Sea). The research showed that the northern Powell Basin contains rel-
atively warm waters. The frontal zone extended from southwest to northeast in the latitude range from 58°
to 61°. The hydrological front was especially pronounced in the photic zone where the temperature
difference in the upper layer reached 2 °C [Morozov et al., 2020].

Bioluminescence. The investigation was carried out on a unified grid of stations approved by the gen-
eral program of scientific research in the 79™ Antarctic expedition on the RV “Akademik Mstislav
Keldysh.” Bioluminescence was measured day and night. To exclude the phenomenon of photo-
inhibition, we calculated the coefficients of daily variability for intensity of the field of bioluminescence;
with these conversion factors, all data were reduced to those for night time.
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In 2020, the analyzed water area was characterized by a seasonal outbreak in abundance of the salp
Salpa thompsoni Foxton, 1961. This jellyfish-like species absolutely prevailed in zooplankton composi-
tion in the area of the southern branch of the Antarctic Circumpolar Current, the Bransfield Strait current,
the Antarctic Peninsula coastal waters, and uplifts bordering the Powell Basin from the northwest [Mo-
rozov et al., 2020]. The background biomass of euphausiids, including the Antarctic krill, estimated
from the Bongo net catches in a 200—-0-m layer was two orders of magnitude lower, and the background
biomass of other groups was several orders of magnitude lower. These data can be interpreted as a mani-
festation of the negative effect of the sapl outbreak in abundance on the number of other groups of meso-
and macrozooplankton.

Table 1 provides data on the mean amplitude indicators of fields of bioluminescence at 18 stations
in the studied area in 2020. The highest level was recorded at sta. 6679 (in the southern Powell Basin)
in the area of salp aggregation: the value reached 104.42 x 1072 W.cm™L%.

Table 1. Volume of sampled material for bioluminescence measurement (2020)

Maximum Level
Depth Mean biolu- vaximu of maxi- Mean
. . . biolumines- Mean
Station of sound- Station minescence, mum tempera- . .
. Date . Y cence, . . salinity,
No. ing, start time 10 12 biolumines- ture,
m W-cm™2.L! 10 cence °C %o
W-cm™2.L! ’
m
6647 35 13.02 14:58 25.93 38.98 11 +0.69 34.29
6648 46 13.02 18:22 5.75 17.52 46 +1.65 35.5
6650 65 14.02 15:54 12.56 25.65 8 +0.22 33.94
6651 65 14.02 22:53 5.14 17.52 35 +0.62 33.72
6652 75 15.02 17:40 451 15.99 58 +0.49 33.9
6653 85 16.02 16:05 6.76 25.78 3 +0.39 33.56
6656 65 17.02 14:43 4.61 10.25 65 +0.77 33.25
6657 64 18.02 08:53 4.79 10.25 63 +0.58 33.14
6659 71 19.02 00:09 4.75 10.25 4 +0.69 33.81
6662 70 19.02 06:44 4.61 8.4 67 +1.25 33.7
6665 78 19.02 13:38 6.97 21.03 24 +0.4 33.85
6669 75 19.02 22:11 11.41 103.4 45 +1.15 33.61
6671 75 20.02 03:33 441 12.04 61 +1.9 33.79
6673 79 20.02 10:53 8.05 19.49 10 +1.36 34
6676 65 20.02 15:52 11.44 25.66 18 +0.22 33.95
6679 74 20.02 23:15 11.13 104.42 45 +1.15 33.62
6689 75 23.02 16:45 2.71 13.77 26 +1.97 33.24
6691 75 24.02 07:40 1.85 8.4 12 +2.13 33.32
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A layer of increased level of bioluminescent potential was registered at a 40-50-m depth, with
a single-maximum vertical structure of bioluminescence. Intense outbreaks in this area (against the back-
drop of low krill abundance) may be due to high abundance of S. thompsoni, since the salp is capa-
ble of forming outbreaks of such a potential. As moving north, bioluminescence intensity decreased
noticeably. Specifically, at sta. 6676, the level was already 25.66 x 1072 W.cm™.L™!. A layer of in-
creased bioluminescent potential was formed at a depth of 15-20 m. At a more northern station, sta. 6673,
the value was 19.49 x 1072 W.cm™2.L™! (Fig. 2).

-61.1 -61.05 -61 -60.95 -60.9 -60.85 -60.8 -60.75 -60.7 -60.65 -60.6
Latitude

Fig. 2. Bioluminescence: spatial section at stations 6679, 6676, 6673

A layer of increased bioluminescent potential was also recorded at a 10-m depth. The vertical
structure of bioluminescence at sta. 6676 and 6673 was similar. Sta. 6647 and 6648 were performed
in the Antarctic Sound separating the Joinville Island group from the northeastern tip of the Antarc-
tic Peninsula. In the studied water area, the vertical structure of bioluminescence was characterized
by the presence of certain peaks. At sta. 6647, the peak of intensity (25.93 x 1072 W.cm™.L™) oc-
curred at a depth of 11 m. At sta. 6648, the peak of intensity (5.75x 10712 W.cm L) was regis-
tered deeper, at 46 m. The mean level of bioluminescence at sta. 6647 was 38.98 x 1072 W.em™2L,
and the value was significantly higher than that at sta. 6648 (17.52x 1072 W-cm™2.L™). Sounding
at sta. 6651 was carried out at the same time as at sta. 6679 (22:00-23:00), and the mean level of biolumi-
nescence at sta. 6651 did not exceed 5.14x107'2 W.em™L™!. Fig. 3 shows mean profiles
of bioluminescence, temperature, and salinity values obtained at sta. 6679 and 6651.

In the northwestern Weddell Sea, six stations were performed at different time of the day.
The maximum level of bioluminescence (25.65x 1072 W.cm™.L™!) was recorded at sta. 6650
at a 8-m depth. The minimum one (15.99x 1072 W.cm™2L™!) was noted at sta. 6652 at a 58-m
depth. The maximum mean level of bioluminescence in the studied water area was registered
at sta. 6653 (25.78 x 10712 W-cm™-L ™). The vertical structure of bioluminescence at sta. 6650 and 6653
was multi-peaked, and the values were evenly distributed over the entire probing depth. At sta. 6652,
a single-maximum vertical structure of bioluminescence was observed.
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Fig. 3. Vertical profiles of temperature (°C), salinity (%o), and bioluminescence (X 1072 W-cm=2.L™)

DISCUSSION

The results of this study convincingly showed that the method of multiple sounding with a hydro-
biophysical complex “Salpa-M,” with simultaneous capture of biophysical and hydrological parameters
at one station, is much more effective than other techniques [Kim et al., 2006] for analyzing the structure
and extent of fields of luminescence. Among the existing methods for measuring bioluminescence sig-
nals in the water column (towing photometers, hanging them on a given horizon, probing certain layers,
installing special devices on the bottom, efc.), towing and probing are recognized as the most promising
and accurate ones [Biolyuminestsentsiya v okeane, 1992]. Their advantage is the registration of bio-
luminescence by a bathyphotometer moving at a constant speed. Towing can only be used when the RV
is moving (at a speed of no more than 4 knots) and on a limited number of horizons, usually in the range
of the upper 10 m. The core of the sounding method is raising (or lowering) a bathyphotometer
at a constant speed in a given layer (as a rule, the epipelagic or photic one) in the RV’s drift.

Thus, applying this method in Antarctic waters is a new opportunity to record the fields and structure
of aggregations of krill, salp, and other luminescent organisms.

As found, in Antarctic, one of the main characteristics inherent in the vertical structure of fields
of bioluminescent is their stratification which is determined both by the parameters of the pelagic
community (species composition, chorological structure, and so on) and the features of water masses.
The depth of the layer or layers of maximum luminescence intensity and their number are key char-
acteristics of fields of bioluminescence as well. To date, there is lack of knowledge in the horizontal
extent of layers of maximum luminescence intensity for the salp, the mosaic nature of its distribution
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at the small-scale level, and the daily, inter-day, seasonal, and inter-annual variability of luminescence in-
tensity. The analysis of this factor, new in the ecology of luminescent hydrobionts, involves carrying out
horizontal tows with simultaneous biological sampling and acoustic sounding.

Conclusion. The method of multiple vertical sounding with the hydrobiophysical complex
“Salpa-M” turned out to be quite effective in studying the structure and extent of fields of lumines-
cence in Antarctic waters. In 2020, in the Antarctic area investigated, instead of krill fields, salp fields
were observed, which may be associated with both climate change and active fishing. The krill creates
fields of bioluminescence as continuous flashes of individual crustaceans. The salp forms a completely
different field of bioluminescence: its vertical structure is a single-maximum one.

This work was carried out within the framework of IBSS state research assignment “Comprehensive studies
of the current state of the ecosystem of the Atlantic sector of the Antarctic” (No. 121090800137-6) and “Structural
and functional organization, productivity, and sustainability of marine pelagic ecosystems” (No. 121040600178-6).
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HNCITIOJIb30BAHUE METOJIA BEPTUKAJIBHOI'O 30HINPOBAHUA
JJIA PETUCTPAIIMY BUOJIIOMUHECHEHIIM
B AHTAPKTUYECKOM CEKTOPE ATIAHTUYECKOI'O OKEAHA

JI. A. MeabHuK, A. B. Meabnuk, O. B. MamykoBa, B. B. MeabHuKkoB

®I'BYH PUIL «MucTuTyT GHosoruu 10xHbX Mopeii uvMenn A. O. Koanesckoro PAH»,
Cesacromnoss, Poccuiickas ®enepanys
E-mail: melniklidi@gmail.com

BuosioMuHecIeHIMS — CYIIECTBEHHBIN 3JIeMEHT (DYHKIIMOHMPOBAHKS TEJIAarHUYECKOro COOOIIEeCTRa,
YTO CBSI3aHO C BaKHEHWINEH KOJIOTMYECKOM POJIbI0 CBETa B JKU3HM I'MIPOOMOHTOB, B TOM YHCJIE
B (bOPMHPOBAHMN MX TPOCTPAHCTBEHHON HEOTHOPOAHOCTH. CBeUeHHE MOPCKUX THAPOOMOHTOB —
3TO TIPOSIBIICHUE UX KHU3HEACSTENLHOCTH B (hOpMe 3JeKTPOMArHUTHOTO M3JTyYEHUs B BUIMMOU 00-
JIACTU CHEKTpPa, KUHETUYECKUE 3aKOHOMEPHOCTH KOTOPOrO TECHO CBSI3aHbl C MEXAHU3MOM IOPOXK-
JAIIINX MX XUMHUYECKMX peaKIMid U MpoleccoB Meraboim3Ma. [o0anbHOe MOTerieHue, OXBaTUB-
1ee U ATIAHTUYECKUIA CEKTOp AHTAPKTUKHU, BHI3BAIO CEPhEZHBIE CTPYKTYPHO-(DYHKIIMOHATIBHBIE W3-
MEHEHHSI TeJIarHYeCKOro COOOIIECTBA, KOTOPbIE OTPAXKAITCS HA MOPCKON OMOJIIOMHUHECIEHIIMA —
SKCIPECCUBHOM IOKa3atesie COCTOsIHUs cpefbl. Ilenbio pabGoThl ObLIO W3YyUYUTh BO3MOXKHOCTH ITPHU-
MEHEeHHUsI MeTO/Ia MHOTOKPATHOTO BEPTHKAJIBHOTO 30HAMPOBAHUS THMAPOOHO(PHU3MUECKIM KOMILIEK-
coMm «Canpria-M» ¢ oHOBpeMeHHOH (ukcarmeil OMo(hU3NIECKUX U TUIPOJIOTHUECKUX MTapaMeTpoB
Ha OJHOM CTaHIMU AJI UCCJAEIOBAHUS CTPYKTYPbl U MPOTSKEHHOCTH MOJIEH CBEUEHUs] aHTApKTUYe-
CKUX BOj. B cTaThe mpejcTaBieHsl METO] U3yUeHHUsI CTPYKTYPHBIX XapaKTEPUCTUK OMOJIIOMUHECICH-
UM U MaTepuasibl, IOJlydYeHHbIe BO BpeMsl 79-i aHTapkTudeckoi sxcnenuimu Ha HUC «AxageMuk
Mcrucias Kengpi». CyTe MeTOa 30HAMPOBAHKMS COCTOUT B MOABEME (MK OMmycKaHuu) 6aTrdoTo-
MeTpa «Casbia-M» ¢ TIOCTOSHHOW CKOPOCTBIO B 3aJaHHOM CJIoe [OOBIYHO 3TO BEPXHHUM MPOITYKTHB-
Heii (0-200 m) i dorrueckuii (0-100 m) cnoit] B apeticdhe cynana. [lnaHkToHHBIE OHOMIOMUHEC-
LIEHTHI, BHOCSIIFIE OCHOBHOW BKJaja B (popMUpOBaHME OUOTIOMHHECIIEHTHOTO MOTEHIIMANIA Tiejlarua-
JIY, BHICBEUMBAIOTCS, KaK MPABWIO, TOJBKO MPH pa3ApakeHud. IMEHHO MOTOMY JBKXKYIIUICS C TO-
CTOSTHHOM CKOPOCTBI0 GaTr(oTOMETp CO3MAET CTAHJAPTHBI YPOBEHb X MEXaHUYECKOTO pa3jipake-
HUSA, YTO TO3BOJISIET KOPPEKTHO CPABHUBATH Pe3Y/IbTaThl U3MEPEHUNA BEPTUKAIBHON CTPYKTYPHI TO-
71 OMOTIOMUHECTICHITNH, BBHITTOJHSEMBIX B Pa3HBIX PErHOHAX W TPH Pa3JIMIHBIX TIOTOTHBIX YCIJIOBHU-
X (Kayka, BETPOBOW CHOC M T. J.). B pabote mpencraBieH HaOOp NaHHBIX 00 MHTErpajlbHOM OWO-
JIIOMUHECLIEHTHOM CUTHaJle Ha pa3HbIX ropusoHTtax. Ha 18 rumgporpadpuyeckux cTaHUUsX B HUCCIe-
JIyeMoil akBaTopur ATIaHTUYECKOTO CEKTOpa AHTApKTUKMU ObLIM MMOJyYeHBI TIepBUYHbIC JaHHBIC WH-
TEHCUBHOCTH OHMOJIIOMUHECIICHIMY, 3HAYCHUI TeMIIepaTyphbl, JIEKTPOMPOBOJHOCTH U (DOTOCUHTETHU-
YecKM aKTHMBHOW panuauuu. B cTaThe paccMOTpeH BasKHBI BOMPOC, KOTOPBIA CBSI3aH C M3MEHEHU-
eM OHOJIIOMUHECLICHIIMM MOPCKOH BOJbI B ATIAHTUYECKOM CEKTOpe AHTAPKTUKM, MU3YYEHHOH Me-
TOZIOM BEPTUKAJILHOIO 30HIMPOBAHUS HAa Pa3HBIX YPOBHSX C IOMOIIBI0 OMOJIOMUHECIIEHTHOTO 30H-
na. Ipu uccrnepoBaHny OGUOTIOMUHECHISHIIMK BBITIONHSIIN OIpe/ieieHNe BepTUKATbHOW W3MEHUNBO-
CTU CBEYEHUs B BEpXHEM IPOJYKTHBHOM CJIO€ B CBSI3U C OCOOEHHOCTSIMHU paciipe/ie/IeHus IIaHKTO-
Ha. B pe3ysbTare ObUIO YCTAHOBJIEHO, UTO CBEUEHHE aHTAPKTUYECKUX BOJ B (DOTUYECKOM CJIOE STOTO
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paiioHa TTPOUCXOIUT B Tpeaesax ot 8,4 X 10712 10 104,42 x 107!2 Br-em™2-17!. TTuku 6uomomunec-

neanmn (mo 104 x 10712 BT-CM_2~JI_1) (bukcupoBaM MO TEPMOKJIMHOM Ha riiyOuHe 45 M B 30HaX
KOHUEHTpauuu caibl Salpa thompsoni Foxton, 1961 B61M3M rugposIornueckoro (ppoHTta, Ha paccTosi-
HHUU OKOJIO 6—7 MUJIb TI0 00€ CTOpOHBI OT Hero. [IokazaHo, YTO METOA BEPTUKAIBHOTO 30HIUPOBAHHUS
B QHTAPKTUYECKMX BOJAX JAET BO3MOKHOCTb SKCIIPECC-PETUCTPALIMH TIOJIEH U CTPYKTYPbl CKOTLIEHUS
CBETSAIIUXCS OPraHU3MOB.

KitoueBble cji0Ba: MHTEHCHBHOCTb OWONIOMHUHECLIEHUMM, ATIAHTUYECKHHA CEKTOp AHTapKTHKH,
(oTrueckuii cioii, BEPTUKAILHOE 30HAUPOBAHNE, TUIAHKTOH
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The structure of ichthyoplankton complex and features of early fish ontogeny were analyzed
in the coastal area off the Eastern Sakhalin. The study area is characterized by strong variations of tem-
perature and salinity in May—July. Minimum temperature (+0.4 °C) was registered at a depth of 20 m
in May, and maximum one (+15.7 °C) was recorded at a depth of 3 m in September. During the entire
study period, salinity varied from 3.5 PSU in littoral zone close to the Dudinka River mouth to 31 PSU
at a depth of 13-20 m. Eggs and larvae of 17 fish species from 5 families, typical for the Eastern
Sakhalin, were identified in ichthyoplankton. Pleuronectidae species prevailed in taxonomic list with
ratio of 71%. Gadus chalcogrammus eggs and larvae (71% of total value) prevailed in the second
decade of May; Clupea pallasii bottom eggs (70%), in the third decade of May; and Pleuronecti-
dae eggs and larvae (91-100%), in June—September. Mean ichthyoplankton abundance decreased
from 52 ind.-m™ in littoral zone to 21-22 ind.-m™ above depths of 5-10 m and 13 ind.-m™ above
20 m. The proportion of dead G. chalcogrammus eggs and Pleuronectidae eggs did not exceed the val-
ues obtained for the Northeastern Sakhalin and was lower than in Aniva Bay. In May, the propor-
tion of G. chalcogrammus and Hippoglossoides robustus prelarvae with pathologies increased. It could
be caused by the development of eggs at late stages in adverse conditions. Maximum species diver-
sity was observed in June. Seventy-seven percent of cumulative abundance was composed by eggs
of four species, G. chalcogrammus, H. robustus, Myzopsetta punctatissima, and Limanda aspera.

Keywords: fish eggs, fish larvae, ichthyoplankton, abundance, species diversity, Eastern Sakhalin

Southeastern Sakhalin waters are inhabited by more than 100 fish species [Dyldin et al.,
2021], and out of them, 79 are found in trawl catches. In terms of the number of species (16)
and biomass (up to 47-60% of the total value), righteye flounders Pleuronectidae Rafinesque, 1815
prevail. Codfishes Gadidae Rafinesque, 1810 and sculpins Cottidae Bonaparte, 1831 have a high
biomass as well (up to 32-44% and 6-11%, respectively). The abundance of species with a long
life cycle — the Alaska pollock Gadus chalcogrammus Pallas, 1814, the Bering flounder Hippoglos-
soides robustus Gill & Townsend, 1897, the yellowfin sole Limanda aspera (Pallas, 1814), the Sakhalin
sole Limanda sakhalinensis Hubbs, 1915, and the starry flounder Platichthys stellatus (Pallas, 1787),
as well as sculpins of the genus Myoxocephalus Tilesius, 1811 — can remain relatively stable
for a long time [Shuntov, Temnykh, 2018; Shuntov et al., 1993]. The abundance of species with
a shorter cycle — the Pacific herring Clupea pallasii Valenciennes, 1847, the Far Eastern capelin
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Mallotus villosus (Miiller, 1776), the saffron cod Eleginus gracilis (Tilesius, 1810), and the Japanese
anchovy Engraulis japonicus Temminck & Schlegel, 1846 (a migrant fish) — experiences significant
fluctuations [Davydova, 1994; Velikanov, 2006].

In the Southeastern Sakhalin coastal areas, ichthyoplankton is formed both by eggs and lar-
vae of marine fish species occurring in shallow waters because of drift and by resident species re-
producing off the coast. For many years, off the eastern coast of Sakhalin, only research vessel
studies of ichthyoplankton were carried out during the hydrological spring (May—June); these in-
vestigations were aimed at assessing the stocks of G. chalcogrammus and less often H. robustus.
Off the southeastern coast of Sakhalin Island, the largest spawning grounds for these species are located
in the Terpeniya Bay. The main egg aggregations are formed both in the central bay above isobaths
of 60—70 m [Shuntov et al., 1993; Tarasyuk, Pushnikov, 1982; Zverkova, 2003] and north of N48°
off the western coast [Moukhametov, Chastikov, 2013]. G. chalcogrammus and H. robustus spawning co-
incides in time and space [Moukhametov, Chastikov, 2015; Mukhametov, Mukhametova, 2017]. Drift
of eggs and larvae of these two species has a similar direction, and increases in their concentrations
in coastal areas usually occur simultaneously [Mukhametova, 2020a, b].

During the warm period of the year, the role of shallow waters in fish reproduction increases.
The coastal area of Southeastern Sakhalin becomes a spot for formation of spawning aggrega-
tions of many Pleuronectidae, Cl. pallasii, M. villosus, and the Japanese smelt Hypomesus japoni-
cus (Brevoort, 1856) [Kim Sen Tok, 2011]. The mean abundance of ichthyoplankton can be high,
300—400 ind.-m™ and more [Moukhametova, Moukhametov, 2013]. In the area of the southeastern
coast between N46° and N48°, eggs and larvae of 37 species from 14 families were identified in ichthyo-
plankton. Due to a rise in the diversity and abundance of fish in the Terpeniya Bay [Kim Sen Tok, 2002],
there was an increase in species diversity and abundance of fish from south to north, mainly due to rep-
resentatives of Pleuronectidae. Similar changes were noted in ichthyoplankton. The total concentrations
of ichthyoplankton and the proportion of Pleuronectidae rose in a northerly direction. With a gener-
ally high abundance of eggs of the longsnout flounder Myzopsetta punctatissima (Steindachner, 1879)
south of N47°, the predominant forms also included eggs and larvae of Pl stellatus and E. japonicus.
The maximum abundance of ichthyoplankton was recorded in August. North of N47°, eggs and larvae
of G. chalcogrammus, H. robustus, Cl. pallasii, and L. aspera dominated. This area, in comparison with
the southern one, was characterized by the fact that the peak abundance of ichthyoplankton was shifted
to May—June [Mukhametova, 2014, 2020a, b].

Despite the high significance of shallow areas of the Southeastern Sakhalin in the reproduction
of coastal and marine fish, data on the development of their eggs and larvae are scarce. The aim of this
work is to describe ichthyoplankton in a coastal area off the eastern Sakhalin Island, at the confluence
of the Dudinka River. The objectives of the research included studying seasonal changes in ichthyo-
plankton species composition, abundance, and diversity, as well as the development of eggs and larvae
of abundant fish species depending on the environmental conditions.

MATERIAL AND METHODS

Ichthyoplankton was sampled in the inshore site at the confluence of the Dudinka River from May
to October 2020. For sampling, an ichthyoplankton conical net (50 cm in diameter) with an inlet area
of 0.2 m? and a mesh of 0.35 mm was used [Rass, Kazanova, 1966]. The stations were located at isobaths
of 0-0.5 m (littoral), 5 m, 10 m, and 20 m. From the second decade of May to late June, during mass
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spawning of coastal fish species, surveys were carried out every ten days. In July, due to bad weather con-
ditions, there were two surveys — in the second and third decades. From August to October, sampling
was carried out monthly. Once a calendar season, samples were taken from four sections (in the sec-
ond decade of May, in the third decade of July, and in October); in other periods, from two central
sections (Fig. 1). A total of 104 ichthyoplankton samples were taken in 10 surveys.
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Fig. 1. Scheme of ichthyoplankton sam-
pling in the inshore site at the confluence
of the Dudinka River in 2020
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Above depths of 5-20 m, the ichthyoplankton net was lifted from a motor boat vertically from the bot-
tom to the surface. In the littoral zone, 100 L of seawater were poured through the net [Rukovodstvo
po metodam, 1983]. Samples were fixed with 4% formaldehyde solution.

For vertical catches, ichthyoplankton abundance was calculated per 1 m> by the formula:

N=(nx5)/S,

where N is ichthyoplankton abundance in 1 m?, ind.-m™>;
n is ichthyoplankton abundance in the catch, ind.;
S is the distance covered by the net, m;
5 is the coefficient for reducing the net inlet area to 1 m2.
During sampling in the littoral zone, the abundance was determined by the formula:

N =nx10,

where N is ichthyoplankton abundance, ind.-m™;
n is ichthyoplankton abundance in the catch, ind.;
10 is the coefficient for reducing the abundance to 1 m?.
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At each station, YSI Model 85 probe was used to measure temperature, salinity, and oxygen
concentration from the surface to the bottom with a resolution of 1 m. Oxygen was measured only
in May—June. For the analysis, we used temperature and salinity values averaged for each survey
in the layer from the bottom to the surface, in the surface and near-bottom horizons. Data on wind
direction and force were taken from the weather archive of the website https://rp5.ru/ [2021].

Ichthyoplankton samples were processed in a laboratory under an Olympus SZX10 binocular
equipped with an eyepiece micrometer. Eggs and larvae of each species were measured to the near-
est 0.01 mm. The stages of egg development were determined according to conventional meth-
ods [Rass, Kazanova, 1966]. When identifying disorders in embryos and larvae, we were guided
by descriptions of normal development and pathologies in the early fish ontogeny [Davydova, 1994;
Pertseva-Ostroumova, 1961].

The taxonomy of species is given in accordance with the WoRMS database [2021]. To identify
dominance classes, the Lubarsky scale was used. According to it, species with a relative abundance
of 64-100% were absolute dominants; 36—64%, dominants; and 16-36%, subdominants [Bakanov,
2005]. The period when the total proportion of eggs and larvae of a given species accounted for at least
50% of all studied species was considered as the time of mass spawning of fish and development
of the early stages of ontogenesis.

For statistical processing, MS Office Excel data analysis package was used. To assess the significance
of the difference between the means, the Student’s 7-test was applied.

Based on the data obtained on ichthyoplankton species composition and abundance, a domi-
nance—diversity curve was constructed [Odum, 1983; Whittaker, 1975], and ecological indices were
calculated [Margalef, 1958; Pielou, 1966; Shannon, Weaver, 1949; Simpson, 1949] (Table 1).

Table 1. Indices of biodiversity used for the description of ichthyoplankton

Index Calculation Designations References
-is th ti
Shannon—Wiener H=—Yp, xo p(;flsthei-lt)lrlosp Oercilf(:)sn Odum, 1983;
diversity - Pi 2 Pi ) P Shannon, Weaver, 1949
in abundance
' ’ H His th.e Shgnnpn—Wlener Odum, 1983;
Pielou’s evenness E = 1 S diversity index; Piclou. 1966
082 S is the number of species telou,
s ' n; is the abundance )
Simpson’s diversity D=> (%)2 of the i-th species; SQdum, 19122’9
@ N is the total abundance 1mpson,
S is the number of species; )
Margalef’s diversity Dyg=(S—1)/InN N is the total abundance Mgilgarlsf,l ;zg&
of individuals um,

RESULTS AND DISCUSSION

The ecosystem of the Terpeniya Bay, inter alia ichthyoplankton transport, is structurally affected
by waters of the East Sakhalin Current penetrating from the east, a complex system of eddies,
and an alongshore current off the western coast, mainly of the south direction [Pak et al., 2017;
Shevchenko et al., 2020]. In the Dudinka River vicinity, as well as in the previously studied inshore
sites located to the south, there was a noticeable variability in environmental parameters, especially
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in the spring hydrological season. It was due to the mixing of warmer desalinated surface water with
colder and saltier seawater from the bottom horizons, which results from coastal upwellings and down-
wellings formed under the effect of offshore western winds and surge eastern winds [Shevchenko et al.,
2021]. Apparently, the formation of coastal flows is affected mainly by southeastern and eastern winds
and an alongshore current with a meridional orientation [Shevchenko et al., 2021].

During the ichthyoplankton surveys, the temperature averaged for the entire water column, increased
from +5.8 °C in May to +13.3 °C in October with an approximation reliability value (R?) of 0.92. Un-
til August, water warming occurred simultaneously with an increase in air temperature with a correla-
tion coefficient (R) equal to 0.93. The absolute minimum for the study period (+0.4 °C) was recorded
at a depth of 20 m in May, and the maximum (+ 15.7 °C) was registered at a depth of 3 m in Septem-
ber. Throughout the study period, reduced salinity values were noted in the water area, on average
26.2-30.4 PSU. The minimum (3.5 PSU) was observed in the first decade of June at the Dudinka
River mouth; the maximum (31 PSU and more), at the bottom, at a depth of 13—20 m. A trend towards
a decrease in salinity was revealed at the height of the flood, from late May to early June (R? = 1),
and during the flood period, in September—October (R = 0.93) [Onishchenko, 1987]. Strong desali-
nation affected mainly the mouth areas, where eggs and larvae of euryhaline fish species with bottom
eggs develop, such as H. japonicus, M. villosus, and Cl. pallasii. At the same time, significant tempera-
ture fluctuations were recorded throughout the studied inshore site on spawning grounds and in nursery
areas of both coastal and marine fish. Because of the formation of coastal upwellings under the ef-
fect of southwestern winds, there were cases of sharp drops in temperature — to subzero values in May
and from +12 °C to 4+2...43 °C in July. Eastern winds prevailing in spring cause additional transport
of eggs and larvae of marine species to the coastal area. A positive relationship was found between
the mean ichthyoplankton abundance and northern and eastern winds (R = 0.69). A negative relationship
was revealed with the predominance of winds of the southeast—west section (R = —0.65). Ichthyoplank-
ton abundance also depended on wind speed (R = 0.64). Maximum density values of ichthyoplankton
at depths of 0-0.5 m were recorded in May—June during the predominance of northern and eastern winds
and at the highest average speeds, 3.9—4.5 m-s™!. The obtained correlation coefficients indicate a signif-
icant effect of wind transport of ichthyoplankton in the study area and the predominance of transport
from the north—east section.

Fluctuations in temperature and salinity, as well as the effect of shockwaves, including a swell typical
for this area, are not optimal conditions for the development of planktonic communities, in particular,
pelagic eggs and early fish larvae [Pertseva-Ostroumova, 1961; Tarasyuk, 1994]. A factor positively
affecting ichthyoplankton structure in the Dudinka River area can be the proximity to the vast shelf
protected from the east by the Terpeniya Peninsula, which is characterized by better warming than open
southern areas [Lozhkin et al., 2018; Shevchenko et al., 2020]. The East Sakhalin Current branch flowing
into the Terpeniya Bay and the powerful Poronay River flowing along the western coast [Pak et al.,
2017] contribute to the supply of nutrients into the water column. This results in high phytoplankton
biomass [Mukhametova et al., 2022], which serves as the starting food for fish larvae [Kim Sen Tok
et al., 2017] and increases productivity of organisms representing other trophic levels — zooplankton,
benthos, and fish.

Fish eggs and larvae were recorded in the inshore site in the confluence of the Dudinka River
from May to September. In total, 17 fish species from 5 families were identified in ichthyoplank-
ton. In addition to pelagic eggs, the catches included bottom eggs of the Pacific herring Cl. pallasii
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and the cresthead flounder Pseudopleuronectes schrenki (Schmidt, 1904). The occurrence of bottom
eggs in the water column is common for species with littoral spawning grounds — CL. pallasii, M. vil-
losus, H. japonicus, and the Japanese icefish Salangichthys microdon (Bleeker, 1860) — during their mass
spawning [Mukhametova, 2020b; Mukhametova, Balanov, 2013]. By the number of species (12;~ 71%
of the taxonomic composition), representatives of the family Pleuronectidae prevailed. In October, there
was no ichthyoplankton in the catches. The period of the increased species abundance lasted from May
to late July and was accompanied by minor fluctuations: the number of species was 7-10. Except
for several low-boreal flounder species [the yellow striped flounder Pseudopleuronectes herzensteini (Jor-
dan et Snyder, 1901), the Black plaice Pseudopleuronectes obscurus (Herzenstein, 1890), Ps. schrenki,
and M. punctatissima], characteristic of ichthyocenes and ichthyoplankton complexes of the southern
Sea of Okhotsk and the Tatar Strait, identified species were typical for the Eastern Sakhalin shelf.
Many Pleuronectidae species were represented by both eggs and larvae.

In May, the maximum ichthyoplankton abundance, 61.17 ind.-m™, was observed (Table 2). Same
month, the highest heterogeneity in its spatial distribution was noted, due to the predominance of ad-
ventive, marine species (mainly eggs of G. chalcogrammus and H. robustus) and low intensity of fish
spawning in shallow waters. The standard deviation in May was twice the mean ichthyoplankton abun-
dance. In June—August, the development of spawning of flounders representing the coastal complex
resulted in a more even distribution of catches. However, variations in the abundance of eggs and larvae
by stations remained quite high throughout the study period. A significant decrease in concentrations
began in August against the backdrop of the completion of spawning of pelagophilic fish.

Table 2. Species composition, abundance, and indices of the ichthyoplankton species diversity in the in-
shore site at the confluence of the Dudinka River in 2020 (numerator denotes eggs, % of the total abundance
of eggs; denominator denotes larvae, % of the total abundance of larvae)

Mean
Taxon May June July August | September | for the entire
period, %

Clupeidae

Pacific herring 12.67 1.63 7.50

Clupea pallasii Valenciennes, 1847 079 0 - - - 0.30
Gadidae

Alaska pollock 61.03 3.75 1.55 3.28 3 3547

Gadus chalcogrammus Pallas, 1814 62.88 1.96 0 0 24.15
Cottidae

Elegant sculpin _0 _0_

Bero elegans (Steindachner, 1881) B 39.22 B B B 8.00

Threaded sculpin 0 0

Gymnocanthus pistilliger (Pallas, 1814) 0.40 B N - N 0.15

Liparidae
Striped seasnail 0 0
Liparis latifrons Schmidt, 1950 0.40 - N - - 0.15
Pleuronectidae
Blackfin flounder 1.70 21.31 2.22 1.05
Glyptocephalus stelleri (Schmidt, 1904) B - 0.75 0 0 0.30

Continue on the next page...
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Mean
Taxon May June July August | September | for the entire
period, %
Bering flounder Hippoglossoides 25.33 0.12 14.24
robustus Gill & Townsend, 1897 3476 1.96 } } j 13.53
Yellowfin sole 23.46 12.33 75.41 97.78 11.52
Limanda aspera (Pallas, 1814) - 0.98 67.41 0 100.00 28.99
Sakhalin sole 4.81 0.30 1.21
Limanda sakhalinensis Hubbs, 1915 B 0 0 - - 0
Far Eastern smooth flounder 0 0
Liopsetta pinnifasciata (Kner, 1870) 0.77 - - - - 0.29
Longhead dab 5.18 1.25
Mpyzopsetta proboscidea (Gilbert, 1896) B 0.98 N - - 0.20
Longsnout flounder Myzopsetta 0.35 27.61 81.72 3 3 18.98
punctatissima (Steindachner, 1879) 0 6.86 31.09 13.84
Starry flounder 0.44 3.79 0.30 1.21
Platichthys stellatus (Pallas, 1787) 0 15.69 0 - B 320
Alaska plaice Pleuronectes 0.15 0.08
quadrituberculatus Pallas, 1814 0 - - - - 0
Yellow striped flounder
Pseudopleuronectes herzensteini 0.03 w 210 - - &
(Jordan et Snyder, 1901) 0 2.94 0.75 0.90
Black plaice Pseudopleuronectes 0 0
obscurus (Herzenstein, 1890) - 2353 - - - 4.80
Cresthead flounder Pseudopleuronectes 19.58 4.73
schrenki (Schmidt, 1904) B '5.88 - - - 1.20
. _ 59.21 % 23.54 15.65 % 381+ 141+ 21.11 %
Bggs, (M +0) ind.m” 126.2 15.81 14.41 4.13 2.02 2331
. _ 197+ 0.80 + 2.09 + 0.09 + 0.99 +
Larvae, (M £ 0) ind.-m™ 1.49 0.92 3.40 B 0.14 1.00
Total ichthyoplankton, 61.17 26.60 = 17.73 ¢ 381+ 1.50 £ 22.10
(M o) ind.-m™ 125.89 16.46 15.03 4.13 2.16 24.10
Number of species 10 12 7 3 2 17
Indices
Shannon—Wiener diversity 1.393 2.837 1.092 0.944 0.146 -
Pielou’s evenness 0.419 0.791 0.389 0.596 0.146 -
Simpson’s diversity 0.454 0.177 0.610 0.615 0.959 -
Margalef’s diversity 2.188 3.353 2.087 1.494 2.466 -

The greatest contributors to the total abundance of ichthyoplankton were Pleuronectidae represen-
tatives, which dominated most of the study period. A decrease in their proportion was revealed only
in May: in the second decade, with the high concentration of G. chalcogrammus eggs, and in the third
decade, with the massive appearance of Cl. pallasii bottom eggs in the water column.

Throughout the study, fish eggs accounted for 88—-100% of the total abundance of ichthyoplankton.
In different periods, the predominating forms (absolute dominants, dominants, and subdominants) were
eggs of the Alaska pollock G. chalcogrammus, H. robustus, M. punctatissima, the yellowfin sole L. aspera,
and the blackfin flounder Glyprocephalus stelleri (Schmidt, 1904). In May, eggs of G. chalcogrammus
prevailed, accounting for 61% of the total abundance of eggs. In June, against the backdrop of a rise
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in spawning intensity of coastal species of the family Pleuronectidae, the dominant group included
M. punctatissima eggs (39%). In July, M. punctatissima eggs accounted for 82% of all fish eggs recorded.
In August and September, eggs of L. aspera were the absolute dominant, 75 and 98%, respectively.

The larval composition was dominated mainly by species with a high abundance of eggs:
G. chalcogrammus and H. robustus in May; PL stellatus in June; and L. aspera and M. punctatissima in July
and September. In June, the larval composition was characterized by an increase in abundance of sublit-
toral species with bottom and benthic eggs — the elegant sculpin Bero elegans (Steindachner, 1881) (39%
of the total abundance of larvae) and Ps. obscurus (24%). In May and June, the proportion of larvae
in the total abundance of ichthyoplankton remained at the level of 3%. In July, a rise up to 12%, caused
by mass hatching of L. aspera and M. punctatissima, was registered. An increase in the concentration
of eggs of these species began in the previous period. The mean abundance of M. punctatissima eggs
rose from 0.2 ind.-m™ in May to 7.1 ind.-m™ in June and 12.8 ind.-m™ in July. In May, there were
no L. aspera eggs; in June and July, their abundance was 2.1 and 1.9 ind.-m™, respectively.

By the number of species, the Dudinka River area was inferior to coastal waters south of N48°,
where the taxonomic list could include eggs and larvae of 20-23 fish species, due to the reproduction
of southern migrants in summer [Mukhametova, 2014]. At the same time, the abundance of eggs and lar-
vae of G. chalcogrammus and many Pleuronectidae at the confluence of the Dudinka River was signif-
icantly higher due to the proximity of this area to the main spawning grounds located to the northeast
of the inshore site [Kim Sen Tok, 2011; Zverkova, 2003]. In the Dudinka River area, the abundance
of G. chalcogrammus eggs averaged for May—October exceeded that in the area of the Dolinka River,
which is located 50 km to the south, by more than 100 times, while the abundance of larvae was more
than 1,000 times higher. The abundance of H. robustus eggs was 7 times higher, and the abundance
of its larvae was 32 times higher. The abundance of L. aspera eggs and larvae was 19 and 161 times
higher, respectively. The mean abundance of PL stellatus eggs exceeded its concentration in the Dolinka
River area by 248 times; M. punctatissima eggs, by 8 times; and L. sakhalinensis eggs, by 11 times.
Interestingly, larvae of these species were not revealed in the Dolinka River area.

For species represented in ichthyoplankton in the Dudinka River vicinity, typical spawning is the one
under conditions of sea salinity, except for Cl. pallasii, whose spawning occurs in a wide range of salin-
ity, and L. pinnifasciata, whose eggs tolerate slight desalination [Pertseva-Ostroumova, 1961]. Sexually
mature individuals of several coastal flounder species (Pl stellatus, L. obscura, and M. punctatissima)
can be found in highly desalinated areas, but their eggs and larvae develop only at sea salinity.

In Southeastern Sakhalin, spawning and the maximum abundance of larvae of most fish occur
in the hydrological spring, a period of good food supply (phytoplankton and larval forms of inverte-
brates). A slow increase in water temperature in the coastal area of Southeastern Sakhalin [Shevchenko
etal., 2021] is the reason for the prolonged hydrological spring — from early May to late July [Pishchalnik,
Bobkov, 2000]. At the same time, the warming of shallow areas, which affects the timing of mass spawn-
ing of fish, may differ from the long-term average one for a period from 8—10 days to 3—4 weeks [Lozhkin
et al., 2018]. Accordingly, it is quite difficult to establish clear boundaries of biological seasons.
Off the southeastern coast of Sakhalin, the summer composition of ichthyoplankton can be formed
from late June to late July [Mukhametova, 2020a, b]. Depending on the geographic location of the area,
the spawning period and the number of seasonal spawning groups for the same species can vary signif-
icantly. Among Pleuronectidae representatives, an increase in the number of such groups was recorded
from north to south [Dyakov, 2011].
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In the inshore site at the confluence of the Dudinka River, four groups of species were distinguished
based on the seasonality of spawning and the presence of eggs and larvae in plankton (Table 3).

Table 3. Ecological groups of ichthyoplankton in the inshore site at the confluence of the Dudinka River
in 2020 (grey cells show the period of occurrence; red cells show the periods of maximum concentrations
of eggs and larvae; numerator denotes the proportion of total eggs of the species; denominator denotes
the proportion of larvae)

Bio- Hydrological season
Stage . -
of de- Habitat geo- Spring Summer
Taxon velop- charac- | Biotope | graph- v VI Vil VII | IX
me nli teristic ical ond | ogd st ognd |grdognd ) 3rd ) grd | ond
region |decade | decade | decade | decade | decade | decade | decade | decade | decade
Winter—spring spawning
Gy m.nc.)cqnthus larvae | coastal SL AB
pistilliger
.Lzo.p sett.a larvae | coastal SL LB
pinnifasciata
Liparis latifrons larvae | marine EL WB
Pleuronectes .
EL WB
quadrituberculatus ce8s farine
Spring spawning
Hippoglossoides €2, | | arine EL AB
robustus larvae
Gadus eggs, .
marine EL WB
chalcogrammus larvae
Clupea pallasii €88% | (oastal N AB
larvae
Pseudopleuronectes larvae | coastal SL LB
obscurus
Pseudopleuroyectes g8, | oastal EL LB
schrenki larvae
Bero elegans larvae | coastal SL LB
Myzop. s'etta €88 | coastal SL HB
proboscidea larvae
Limanda
1 EL B
sakhalinensis cess coasta w
. €ggs,
Platichthys stellatus coastal SL AB
larvae
Pseudopleumﬁf:’ctes eges, | oastal Ng LB
herzensteini larvae
Myzop.se{ta €8S | coastal SL LB
punctatissima larvae
Spring—summer spawning
Limanda aspera €88 | oastal EL WB
larvae

Summer spawning

marine EL WB

Glyptocephalus eggs,

stelleri larvae

Note. Biotope: EL, elittoral; SL, sublittoral; N, neritic. Biogeographical region: AB, arctic-boreal species;
HB, high-boreal; WB, wide-boreal; LB, low-boreal.
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The group with winter—spring spawning was represented by larval forms of two coastal species, G. pis-
tilliger and L. pinnifasciata, adventive larvae of the striped seasnail Liparis latifrons Schmidt, 1950,
and eggs of the Alaska plaice Pleuronectes quadrituberculatus Pallas, 1814. Eggs and larvae of this
group off the southeastern coast of Sakhalin massively occur in April. Accordingly, by the beginning
of research, there abundance in the Dudinka River area was already at its minimum.

The most extensive group was the one with a predominance of spring spawning: it in-
cluded 11 species (65% of the species composition). This group covered both coastal and ma-
rine forms. The typically adventive ones, G. chalcogrammus and H. robustus, are characterized
by earlier spawning away from weakly warmed shallow waters. Therefore, the abundance of their
eggs and larvae in the coastal area was maximum in the early hydrological spring, in May.
Out of coastal species, the group with early spring spawning included CI. pallasii, which is distributed
in Arctic-boreal waters and approaches littoral spawning grounds for spawning earlier than other
coastal species.

The maximum abundance of eggs and larvae of most spring-spawning species belonging to Pleuro-
nectidae was recorded in June, except for one Cottidae representative, B. elegans. Among them, species
with short (within one decade) and long (up to three months) periods of eggs and larvae laying
in plankton stood out. Three low-boreal species, Ps. obscurus, Ps. schrenki, and B. elegans, whose main
range is to the south, had a short-term occurrence, as well as one high-boreal species, the longhead
dab Myzopsetta proboscidea (Gilbert, 1896), which is highly abundant off the Northeastern Sakhalin
coast [Mukhametov, Mukhametova, 2017] and in the northern Sea of Okhotsk. In the Terpeniya Bay,
these species are not abundant [Kim Sen Tok, 2011]. Their abundance in ichthyoplankton is also low. Ap-
parently, spawning and development of pelagic larvae occur within a short period of time. Eggs and lar-
vae of many coastal Pleuronectidae species with spring spawning were characterized by a fairly long
period of occurrence — two to three months (Table 3). This group included L. sakhalinensis, PL stellatus,
Ps. herzensteini, and M. punctatissima, often highly abundant in coastal ichthyocenes and, accordingly,
in ichthyoplankton of Sakhalin waters.

In terms of the nature of spawning in the Dudinka River area, L. aspera stood out. This species usually
replaces M. punctatissima in the composition of dominants, since the peak of L. aspera spawning occurs
later. In 2020, in the studied inshore site, a high abundance of L. aspera eggs and larvae was registered
in June, and it coincided with a high abundance of eggs and larvae of the spring-spawning species, Pl stel-
latus, L. sakhalinensis, and Ps. herzensteini. However, L. aspera differed from the listed species in the fact
that its early stages of development continued to occur until mid-September. This gives grounds to dis-
tinguish it from the general group of coastal flounders as a species with a long spring—summer spawning.
The occurrence of L. aspera eggs and larvae lasted up to four months. The long period of its spawn-
ing in this area is related to the availability of two spawning approaches to the Terpeniya Bay. For this
species, the duration of occurrence of the early stages of development in the surface layers is estimated
at 130 days [Tarasyuk, 1997].

Gl. stelleri is classified as a species with summer spawning. When larvae appeared in July, the highest
concentrations of eggs in this area were recorded in August, and single eggs were found in September.
Since Gl. stelleri eggs are registered off the northeastern coast of Sakhalin in June at depths of 50 m
or more, it can be assumed as follows: in the Terpeniya Bay, spawning begins in the same period or earlier,
but at a distance from the coast. With a low abundance of eggs on spawning grounds, those are not likely
to be revealed in the coastal area.
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In the studied inshore site, we did not note the development of an autumn ichthyoplankton com-
plex. In the waters of the Eastern Sakhalin, this complex includes larvae of Irish lords of the genus
Hemilepidotus Cuvier, 1829 and greenlings, mainly of the genus Hexagrammos Tilesius, 1810.

Some species in the Dudinka River area had a longer period of occurrence of early stages of develop-
ment compared to that for other areas. Eggs and larvae of M. punctatissima, Ps. herzensteini, and Gl. stel-
leri were registered in the inshore site during three months. Even eggs and larvae of PL stellatus, a species
with a short spawning period (mass spawning, about 20 days; in total, about 45 days) [Yusupov, 2011],
had a long period of occurrence in the studied inshore site — from May to late July. Long-term spawning
of G. chalcogrammus is recorded off the northeastern coast of Sakhalin, while for L. aspera, it is known
in the Terpeniya Bay [Shuntov et al., 1993; Tarasyuk, 1997].

Adventive, marine species, H. robustus, G. chalcogrammus, Pl. quadrituberculatus, and Gl. stel-
leri, were characterized by the maximum abundance in the inshore site at final stages of egg develop-
ment. In many areas of Sakhalin, H. robustus spawning, which lasts in the northern Sea of Okhotsk
from mid-May to mid-July [Yusupov, 2018], coincides in time and space with G. chalcogrammus
spawning [Moukhametov, Chastikov, 2015]. H. robustus spawning grounds are located mainly at depths
exceeding 30 m in the northeastern Terpeniya Bay, and in recent years, in its northwestern area
as well [Moukhametov, Chastikov, 2015; Tarasyuk, Pushnikov, 1982]. Considering the long period
of development of G. chalcogrammus and H. robustus eggs [Yusupov, 2018; Zverkova, 2003], it can
be assumed as follows: in the areas adjacent to the inshore site, their spawning began no later than
in mid-April. The maximum abundance of G. chalcogrammus and H. robustus eggs in the Dudinka
River vicinity was registered at the initial stages of seasonal desalination of the coastal area, which oc-
curred in the second decade of May only in the surface layers, while in the deeper ones, rather stable
thermohaline conditions persisted [Shevchenko et al., 2021]. The alongshore current of the south direc-
tion, as well as northern, northeastern, and eastern winds with a total frequency of 91%, blowing even
at a not very high speed, on average 4.5 m-s”!, could maintain a fairly stable movement of ichthyoplankton
to the south and southwest.

Eggs of the species that reproduce directly in shallow waters, M. punctatissima and Pl. stellatus,
formed aggregations at the initial stages. Some species had relatively high abundance of both initial
and final stages throughout the study period. Specifically, the development stages I and III for L. as-
pera had close proportions, more than 40%, already in mid-June. By the end of June, the proportion
of stage I (41%) slightly exceeded the proportion of stage III (32%). By mid-July, there was a reduction
in the final stages. In late July, stage IV had the highest contribution, 29%, while the relative abundance
of other stages remained at 21-26%. In June, with the maximum frequency of surveys, it was impossi-
ble to register the predominance of the development stage I, which could result from a constant arrival
of L. aspera eggs from northern areas, where its main reproduction ground is located [Kim Sen Tok,
2002, 2011]. The high relative contribution of the development stage I for L. aspera was registered
only from late August, during residual spawning. A similar proportion of development stages was es-
tablished for Ps. herzensteini, with the difference that the abundance of eggs of this species decreased
already in July.

The spatial distribution of ichthyoplankton by depth was determined by the seasonal features of fish
reproduction in Eastern Sakhalin waters. According to the indicator averaged over May—September,
the most productive depths were the minimum ones: the value was about 52 ind.-m=. Above 5-10-m
isobaths, mean concentrations of ichthyoplankton remained at the level of 21-22 ind.-m™; to a depth
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of 20 m, the values decreased by almost half, to 13 ind.-m™. In shallow areas, mainly fish eggs
were found. Larvae were rare. From May to late June, higher densities of ichthyoplankton were ob-
served at the water’s edge. The maximum abundance of eggs, more than 260 ind.-m~, was recorded
in mid-May (Fig. 2).
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Fig. 2. Dynamics of ichthyoplankton abundance (ind.-m™3) at isobaths of 0.5-20 m in the inshore site
at the confluence of the Dudinka River in May—September 2020 (numbers on the abscissa are decades)

Pelagic eggs of most Pleuronectidae and G. chalcogrammus arrived to minimum depths with surge
winds. Bottom eggs dominated during mass spawning of Cl. pallasii (in May) and Ps. schrenki (in early
June). In July, an increase in egg concentrations was noted in the depth range of 5-10 m; in August
and September, above isobaths of more than 10 m. In May, similar densities of larvae were recorded
in the entire depth range of 5-20 m. In early June, a rise in concentrations was recorded at 5-m iso-
bath due to mass hatching of Ps. obscurus. The maximum abundance of larvae occurred in late July,
when larvae of several coastal flounder species, L. aspera, M. punctatissima, and Ps. herzensteini, were
characterized by high densities.

At the beginning of the study (the second decade of May), the abundance of G. chalcogrammus
and H. robustus eggs reached its maximum values. Eggs at the final stages of development (III and IV) pre-
dominated: their total proportion exceeded 93% for G. chalcogrammus and 86% for the Bering flounder.
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In the early hydrological spring, when coastal water areas are still slightly warmed up and exposed to fresh-
water runoff, fish with pelagic eggs (H. robustus, G. chalcogrammus, Pl. quadrituberculatus, and Gl. stel-
leri) spawn outside the 50-m isobath. Flounders of the coastal complex, PL stellatus, M. punctatissima,
L. aspera, L. sakhalinensis, and Ps. herzensteini, also begin spawning at depths exceeding 15-20 m. At this
stage, the coastal water area becomes a spot of high concentrations of eggs and larvae of species that lay
bottom eggs on littoral spawning grounds. In the Dudinka River area, out of these species, only CL. pallasii
was found. In other areas, this niche can also be occupied by M. villosus and H. japonicus [Mukhametova,
2020a]. In May, maximum concentrations are formed in the littoral zone due to the transport of pelagic
eggs of marine species by prevailing eastern winds and currents. In June, the role of 5-10-m isobaths
increases. In July, the main concentrations of ichthyoplankton shift to depths of 5-10 m. At the height
of the hydrological summer, in August, as the water column warms up, the spawners begin to move
deeper. The reproductive value of shallow waters decreases. The main concentrations of eggs and larvae
from residual spawning are formed above isobaths of 10-20 m (Fig. 2).

The survival rate of early stages of fish development is one of the significant indicators
of spawning efficiency, which determine the productivity of recruitment. The formation of embryonic
pathologies and high mortality of eggs and larvae under natural conditions can be caused by sudden fluc-
tuations in temperature and salinity, storms, lack of food items, efc. Under adverse conditions, egg mor-
tality can reach 90-100% [Davydova, 1994]. In the inshore site at the confluence of the Dudinka River,
average mortality of G. chalcogrammus eggs (29.2%) coincided with average mortality in the Northeast-
ern Sakhalin waters (29%); the value for L. aspera was lower (19.5% vs. 30.2%) [Davydova, Cherkashin,
2007]. In May in the Dudinka River area, the proportion of non-viable eggs of G. chalcogrammus (1.6%)
and H. robustus (1.8%) was also lower than in the Aniva Bay (8.3% for G. chalcogrammus and 2.1%
for H. robustus). At the same time, the proportion of postembryonic disorders was quite high,
especially for H. robustus (Table 4).

Table 4. Larvae characteristics of abundant fish species during periods of high abundance in the inshore
site at the confluence of the Dudinka River in 2020

Length, mm, Mean weight Prel Prelarvae
Species Month | Decade min—-max of 1 individual, re ;rvae, with pathologies,
M=to mg, M +o ¢ %
ond 220515 1 651040418 70.6 5.9
Gadus 3.78 £ 0.84
chalcogrammus May 3.2-5.9
3rd = 0.460 £ 0.177 100.0 -
4.51 £ 0.66
. . ond 1.24-4.87 0.223 £0.139 72.2 38.9
Hippoglossoides May 3.33+1.20
bustu. —
FOPHSHES 31 35553 1 0257+0.106 76.9 -
4.60£0.72
Limanda aspera 0935 0.050 £ 0.019 69.0 48.3
July 3rd 2.1510.69
Myzopsetta =2 0.049 + 0.034 10.0 20.0
punctatissima 2.16 +0.59
. 1.8-4.05
Platichthys stellatus —_ 0.139 £ 0.086 - 14.3
June 1ot 2.85+0.80
Pseudopleuronectes 2.3-3.1 0063 +0.025 100.0 _
obscurus 2.72+£0.33

Mopckoii buonoruueckuii kypHan Marine Biological Journal 2023 vol. 8 no. 4



The structure of coastal ichthyoplankton in the area of the Dudinka River confluence... 87

Apparently, a simultaneous increase in the abundance of G. chalcogrammus and H. robustus individ-
uals with pathologies (these species have similar spawning areas and the direction of drift of the early
stages of development) is related to the exposure of their eggs and larvae to adverse conditions. In May
in the inshore site, the most common types of effect, that reduced the survival rate of fish eggs and larvae,
were the effect of waves and sudden fluctuations in temperature and salinity in the area of upwellings
and downwellings. Considering the long period of egg development at low temperatures and significant
distances of their transport, adverse factors could affect fish eggs and larvae outside the inshore site
as well.

The mortality rate for eggs of coastal Pleuronectidae was higher, and this may be due to the high inten-
sity of spawning directly in the inshore site and the predominance of the initial stages of development,
more sensitive to any effect, throughout the study period. However, the conditions for egg develop-
ment in the area of the Dudinka River confluence can be considered more favorable than in southern ar-
eas. In Aniva Bay, the proportion of non-viable eggs of L. aspera in the second decade of July exceeded
mortality rate in the Dudinka River area by half (46% vs. 23%); that of M. punctatissima in the second
decade of June, by more than 2.5 times (44% vs. 17%). Pleuronectidae embryos before leaving their
membranes and larvae at the stage of transition to exogenous nutrition turned out to be more vulnerable.
The proportion of non-viable larvae (14—48%) was comparable to egg mortality rate or higher (17-30%).
An increase in mortality rate at the early stages of embryogenesis in the inshore site coincided with
the known critical periods [Chambers et al., 2001].

Compared to the values for coastal lagoon waters of the southeastern Sakhalin Island [Mukhame-
tova, Balanov, 2013], the period of occurrence of ichthyoplankton in the Dudinka River vicinity lasted
a month longer, and the greatest species diversity was formed a month later. The values of the indices
of diversity (2.84), evenness (0.79), and species richness (3.35) were the highest in June — with the max-
imum number of species (12) and with the abundance (26.60 * 16.46) ind.-m™, close to the mean value
for the period (Table 2). High biotic diversity during this period was also indicated by the minimum
value of the Simpson index (0.18). The relatively low values of species richness indices in this study
area were due to a decrease in the number of species in the ichthyofauna of the Far Eastern seas in shal-
low areas compared to the number for deep-water ones [Ashikhmina, 2009]. The minimum diversity
and evenness of ichthyoplankton were observed in September, when L. aspera eggs and larvae dominated
in the catches, and the dominance index reached 0.96.

The ichthyoplankton dominance—diversity curve for the Eastern Sakhalin occupies a high position
on the graph (Fig. 3).

The shape of the ichthyoplankton dominance—diversity curve is close to the “MacArthur’s broken-
stick model” which characterizes natural communities. Most species were evenly distributed in ranked
order of dominance. The proportion of eggs and larvae of four abundant species, G. chalcogram-
mus, M. punctatissima, H. robustus, and L. aspera, accounted for 77% of the cumulative abundance.
The next eight species accounted for 22% of the cumulative abundance, and the last five ones ac-
counted for only 0.4%. A sharp decline in abundance began only with Ps. obscurus, which occupied
the 13" position in the ranked list. The presence of a few high-abundant species and many low-abundant
ones is a characteristic feature of boreal communities [Odum, 1983].

In general, the basis of the community in the Dudinka River area was formed by the early stages of de-
velopment of four fish species with different status and characteristics of abundance dynamics. In May,
the main concentrations, existing for a short time (within the second decade), were produced by eggs
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and larvae of G. chalcogrammus and H. robustus transported from seaward areas: 72 and 28 ind.-m™,
respectively. By the third decade of May, the mean concentration of G. chalcogrammus eggs decreased
by 24 times, and that of H. robustus eggs, by 9.5 times. In June and July, eggs and larvae of resident
species, M. punctatissima and L. aspera, dominated; these species do not form aggregations with high
densities, but have a relatively stable abundance for several months. Decade concentrations of M. punc-
tatissima eggs and larvae from early June to late July varied from 6.3 to 15.8 ind.-m™. Variations in L. as-
pera abundance were more pronounced. From mid-June to September, the total abundance of eggs
and larvae of this species varied within 0.9-11.9 ind.-m™>. The dominant forms were common for East-
ern Sakhalin [Davydova, Cherkashin, 2007; Moukhametov, Chastikov, 2013]. Analysis of the struc-
ture and indicators of species abundance for ichthyoplankton in the inshore site at the confluence
of the Dudinka River allows us to classify it as a typical natural community.
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Fig. 3. Dominance—diversity curve (A) and species accumulation curve (B) in the inshore site
at the confluence of the Dudinka River in 2020
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Conclusion. Development of ichthyoplankton in the Dudinka River area occurred under conditions
of significant temperature fluctuations resulting from the formation of coastal upwellings and down-
wellings during surge phenomena. Maximum fluctuations in temperature were observed throughout
the hydrological spring, from May to July; fluctuations in salinity, in June, during the flood period.
An additional negative effect in spring was the one of waves and swell caused by the passage of cyclones.

Ichthyoplankton in the Dudinka River vicinity included eggs and larvae of 17 fish species
from 5 families typical for the Eastern Sakhalin waters. Their occurrence was limited to the period
from May to September. Of the cumulative abundance, 77% were eggs and larvae of four species:
Gadus chalcogrammus, Myzopsetta punctatissima, Hippoglossoides robustus, and Limanda aspera.

Spawning of most fish in the inshore site and adjacent areas occurred during the spring hydrologi-
cal season rich in food resources. In May, the maximum abundance of ichthyoplankton, 61 ind..-m>3,
was recorded, while in August, with the end of the spawning period of pelagophilic fish, a signifi-
cant drop was observed, down to 3.5 ind.-m™. The abundance averaged for the study period decreased
from 52 ind.-m™ in the littoral zone to 21-22 ind.-m™ above depths of 5-10 m and to 13 ind.-m™ above
a depth of 20 m.

In the second decade of May, eggs of adventive, marine species dominated in terms of abundance,
G. chalcogrammus (71% of the total value) and H. robustus (28%); in late May, bottom eggs of Clupea
pallasii (70%); and in June—September, eggs and larvae of Pleuronectidae (91-100%). The abundance
of eggs and larvae of G. chalcogrammus and Pleuronectidae in the Dudinka River area was signifi-
cantly higher than in areas south of N48°. An increase in concentrations resulted from the proximity
of the studied inshore site to the main spawning grounds of many fish species.

Species with spring spawning dominated, accounting for 65% of the species composition. This
group covered both adventive, marine forms (mainly G. chalcogrammus and H. robustus), which gave
high abundance in May, and coastal ones (Platichthys stellatus, M. punctatissima, Limanda sakhali-
nensis, and Pseudopleuronectes herzensteini). The adventive species with pelagic eggs were charac-
terized by a predominance of the final stages of development. Resident species were distinguished
by a high abundance of eggs at the initial stages of development, which indicated spawning within
the inshore site.

The proportion of dead eggs of G. chalcogrammus and Pleuronectidae flounders did not exceed
the values for the Northeastern Sakhalin waters and was lower than in Aniva Bay. In May, an increase
in the proportion of prelarvae with pathologies was recorded for G. chalcogrammus and H. robustus,
and this could be caused by exposure to adverse conditions.

Indices of diversity had the highest values in June — with the maximum number of species (12)
and with the abundance (26.60 + 16.46) ind.-m™, close to the mean value for the study period. In this
month, 78% of the total abundance were eggs and larvae of three subdominants, M. punctatissima (27%),
L. aspera (23%), and Pseudopleuronectes schrenki (19%).

The shape of the ichthyoplankton dominance—diversity curve was close to the “MacArthur’s broken-
stick model” which characterizes natural communities. Most species were evenly distributed in ranked
order of dominance.
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CTPYKTYPA IIPUBPEKHOI'O UXTUOIIVIAHKTOHA
B PAMOHE BITAJIEHV S PEKY 1Y INHKA (BOCTOYHBIN CAXAJINH)

O. H. MyxameToBa

Caxammuckuii puman PTBHY «Bcepoccuiickuii HaydHO-HCCleIOBaTeIbCKUN MHCTUTYT PHIOHOTO XO35HCTBA
u okeanorpacpun» (CaxHUPO), FOxHo-CaxanuHck, Poccuiickas ®epeparus
E-mail: olga.sakhniro@gmail.com

W3y4eHbl CTPyKTypa MXTHOIUIAHKTOHHOTO KOMILIEKCA M OCOOEHHOCTH PaHHETO Pa3BUTHS MACCOBBIX
BHJIOB PbIO Ha MOPCKOM IIPHOPEKHOM IOJIMTOHE Y BOCTOYHOTO oOepexbsi octpoBa CaxanuH. [ paii-
OHa MCCNIeIOBAaHMI XapaKTepHbl 3HAYUTEIIbHBIC BAPHALIMY TEMIIEPATYPhl U COIEHOCTH B Mae — HIOJIE.
Munumanbaast Temreparypa Bomsl (+0,4 °C) oTrmeueHa Ha riayouHe 20 M B Mae, a MaKCHMAaJb-
Hast (+15,7 °C) — Ha ry6une 3 M B centsiope. ConéHoCTh B TeUE€HHE BCEro Nepuoja MccliieqoBa-
Huii kosiebasack ot 3,5 PSU Ha nurtopanu B paiioHe ycrbs peku dyaunka no 31 PSU Ha riryOGune
13-20 M. B uxTHOIUIaHKTOHE UIEHTU(DUIMPOBAHBI UKPA U IMYMHKY 17 BUIOB phIO U3 5 ceMelCTB, TH-
nuuHbIX it Bog Boctounoro Caxanuna. [1o KomuecTBy BUAOB Mpeo0iiaaaiy MpeICTaBUTENIN CeMe-
ctBa Pleuronectidae, hopmuposasime 71 % TakCOHOMHYECKOTO cITicKa. [1o uncieHHOCTH BO BTOPOI
JeKaje Masi JOMUHUPOBAIM MKpa U MMUMHKY Gadus chalcogrammus (71 % cyMMapHOW BEJTMYMHEI),
B TpeTheil Aekase Mast — aoHHasi ukpa Clupea pallasii (70%), ¢ MIOHsI 110 CEHTSOPh — UKpa U TMYMHKH
Pleuronectidae (91-100 %). OcpenuénHas 3a Nepuoj UCCleIOBaHNI YMCIEHHOCTh MXTUOTUIAHKTOHA
CHMXAJIACh € 52 9K3.-M > Ha auropamu ao 21-22 9K3.-M > Hajl rayoudamu 5—-10 m u o 13 9K3.-M >
Haj ryouHou 20 M. oy MEPTBBIX UKPUHOK G. chalcogrammus u xamban Pleuronectidae He ripeBbI-
masia 3HayeHni s Bog Cesepo-BocrouHoro Caxanuna u ObUla HUKe, YeM B 3aIMBe AHMBA. B Mae
y G. chalcogrammus n Hippoglossoides robustus 0TMe4eHO yBeIMISHUE JIOJIU TTPEUTMIMHOK ¢ aHOMa-
JIMSIMU, YTO MOKET OBITh BBI3BAHO IOIAJAHMEM MKPBl Ha 3aBEPLIAIOIINX CTAIUsAX Pa3BUTHA B HeOna-
TOIPUSTHBIE YCIIOBUS cpeibl. MakcuMasibHOE BUIOBOE pa3sHOOOpa3re 3aperucTpupoBaHo B MIoHe. Ye-
ThIpe BUAa (popmupoBanu 77 % HakoruieHHoro oowmust — G. chalcogrammus, H. robustus, Myzopsetta
punctatissima v Limanda aspera.

KuroueBrble c10Ba: MKpa phiO, TMYMHKH PhIO, UXTHOIUIAHKTOH, YUCJIEHHOCTD, BUJIOBOE Pa3HOOOpas3ue,
Bocrounsiit Caxanuu
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Radiation effect of '3’Cs, **Cs, and *°Sr on marine biota was modelled for early period of a hypothetical
accident with the sunken nuclear submarine K-159 during its surfacing and transportation in the Bar-
ents Sea. Dynamics of radioactivity in seawater was described, using analytical 2-dimensional model
of radionuclide dispersion from an instantaneous point release in seawater. Radioactive contamination
of seawater and bottom sediments with *’Cs, 13*Cs, and *°Sr was calculated for distances from 200 m
to 30 km from the source. Estimated dose of acute exposure accumulated within the first 10 days
was close to 100 mGy for bottom fish at a 200-m distance from the accidental source of contami-
nation. The probability of lethal effects for fish at this dose was estimated to be below 1%. Chronic
exposures from 37, 134Cs, and *Sr at a distance of 200 m from the accidental source of contamina-
tion during the first year after the accident were as follows: for bottom fish, 9.7 mGy-day™; molluscs,
11 mGy-day™'; and aquatic plants, 6.3 mGy-day . These dose rates exceed the reference level ensuring
safety of marine biota. Therefore, in the vicinity of the accident site, the radiation situation cannot
be considered safe for bottom fish, molluscs, and aquatic plants. At distances of more than 500 m
from the accidental source of contamination, expected dose rates of chronic exposure to marine biota
were below reference level. Dose rates for biota resulting from a hypothetical accident in the Barents
Sea were caused mainly by external exposure from contaminated sediments and also by accumulation
of long-lived radionuclides from sediments by bottom biota.

Keywords: Arctic, Barents Sea, radiation accident, modelling, marine biota, dose, acute exposure,
chronic exposure

In the Arctic seas, there are a significant number of radiation hazard facilities: radioactive waste con-
tainers, dumped/sunken nuclear submarines, a nuclear-powered icebreaker, efc. Various scenarios of ac-
cidents during surfacing of sunken radiation hazard facilities for their transportation and disposal were de-
veloped [Sarkisov et al., 2015]. To calculate the results of radionuclide dispersion from an instantaneous
point release in the Arctic marine environment, several models were used:

* NAOSIM ocean model with a grid of 28 x 28 km [Hosseini et al., 2017];

* regional model with a grid of 3 x 3 km [Antipov et al., 2015];

* ECOMOD-ARCTIC radioecological box model [Kryshev et al., 2022b; Sazykina, 1998];
* ARCTICMAR box model [Iosjpe et al., 2020].
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In all the models listed, the dimensions of spatial grid and camera boxes turned out to be too large,
and it was impossible to directly examine the nearest zone of radioactive contamination — the one with
the highest levels of exposure to marine organisms. The methodological objective of this study is to de-
velop techniques for assessing acute exposure to marine biota in the early period of a radiation acci-
dent. The analysis of its radioecological consequences, including radionuclide accumulation in bottom
sediments and hydrobionts, was carried out using dynamic models, since in the acute period of an ac-
cident, it is incorrect to apply equilibrium coefficients of transition from seawater to bottom sediments
and fish [Kryshev et al., 2022a, b; Sazykina et al., 2022].

Radiation effects on marine biota were modelled for a scenario of a hypothetical accident with
a spontaneous chain reaction on the sunken submarine K-159 during its transportation in the Barents Sea
to a disposal site. The nuclear submarine K-159 of the project 627A (now, B-159) sank on 30.08.2003
in the southern Barents Sea because of an emergency during its transportation for disposal. The site
is in approximately 6 km from Kildin Island, on the slope of the Kildin part of the Murmansk Trench,
at the entrance to the Kola Bay, at a depth of 246 m [Sarkisov et al., 2015]. For this nuclear and radia-
tion hazard facility, there is a hypothetical possibility of a radiation accident with a spontaneous chain
reaction, both when the submarine is at the bottom and when it is being surfaced for transportation,
which could lead to the release of long-lived radionuclides into the marine environment [Antipov et al.,
2015; Hosseini et al., 2017; Sarkisov et al., 2018]. Predictive estimates were made of radioactivity spread
in seawater under different scenarios of accident, obtained using a gridpoint model with 3-km horizontal
resolution [Antipov et al., 2015].

This work models the contribution of long-lived radionuclides (**’Cs, '*Cs, and *Sr) to expo-
sure to marine biota during the initial period of radioactive contamination of the marine environment
in the nearest zone of the accident — from 200 m to 30 km from the source. The analysis is based on es-
timates of the release of long-lived radionuclides into the marine environment, which were obtained
within the scenario of a spontaneous chain reaction in the K-159 reactor after the submarine surfac-
ing for transportation. The following long-lived radionuclides are expected to be released into seawater:
137Cs, 2.48 - 10" Bq; '3Cs, 1.4-10° Bq; and *Sr, 5.72 - 102 Bq [Sarkisov et al., 2015]. The release
of short-lived radionuclides into seawater was not assessed in this scenario. Determining their potential
contribution to exposure to marine biota requires additional research.

The levels of radioactive contamination of seawater and bottom sediments during the movement
and dispersion of the primary spot of radioactive contamination were calculated using an analytical
model for distances up to 30 km from the source. The model of accidental contamination of the marine
environment made it possible to determine the dose rate and absorbed dose for 10 days of exposure
to marine biota and to estimate the probability of lethal effects for marine organisms in the acute pe-
riod of a radiation accident from exposure to *’Cs, 1**Cs, and *°Sr near the source. In the immediate
vicinity of the accident site, radioactive contamination of bottom sediments can persist for a long time.
Therefore, along with the dose of acute exposure, the dose rate of chronic exposure of benthic organisms
was assessed.

MATERIAL AND METHODS

When surfacing a dumped radiation hazard facility, an emergency may arise associated with
radionuclide release into the marine environment. The scenario of a hypothetical accident during
surfacing of the sunken nuclear submarine K-159 for its transportation and disposal is described
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in the work [Sarkisov et al., 2015]. After an accident, a spot of radioactively contaminated seawater
is formed near the facility and is spread with sea currents. The volumetric activity of radionuclides
in the contamination spot decreases with distance from the accident site.

To describe seawater contamination during the acute period of a radiation accident, a two-
dimensional model of radionuclide dispersion in seawater from an instantaneous point release was used.
The dynamics of depth-averaged volumetric radionuclide activity in seawater, Bq-m™, was calculated
by the formula:

A
Cw(xvyvt) = EO ’ G(I‘,y,t) - EXp <_% : t) s (1)

where Ay is the radionuclide activity released into seawater during an accident, Bq;
H is the depth at the accident site, m;
w is the hydraulic particle size, m-s™';
t is the time from the moment of emergency (point) radionuclide release into seawater, s.

G(x,y,t) is the dynamic function of scattering in the marine environment of a single one-time
source, which is assessed by the formula [ Yurezanskaya, Koterov, 2011]:

-1)2 o - 1)2
G(x,y,t) = ;a - exp (— (z—u, - t)>  (Y—uy,-t) ) ’ .
y

270, - ) g2
2-m-o0, 207 2.0y

where x, y are the distances along coordinate axes with the center at the location of the source
of contamination, m;

uy, Uy are speeds of currents along X- and Y-axis, respectively, m-s™;
Oy, Oy are dispersion coefficients of the impurity distribution.
Dispersion coeflicients of the impurity distribution were calculated by the formulas:
agza-tg'-i-ag’x; Jiza-tg—i-aay, 3)
where 0.= 8 - 10~ m?-s™ for distances up to 10 km, and a. =2 - 10 m?.s™ for distances more than 10 km;
0 1s the initial size of the radioactive contamination spot, m [ Yurezanskaya, Koterov, 2011].

For a hypothetical accident with K-159, oy value is taken to be equal to the submarine length, i. e.,
0o = 107.4 m [Sarkisov et al., 2015]. In the southern Barents Sea, the speed of the current u, = 0.4 m-s
the speed of the cross-current uy is assumed to be zero (we consider contamination along the axis
of the accident trail spread).

The specific activity of the radionuclide in the upper layer of bottom sediments, Bq-kg™, at time t,
was determined by the formula:

t

s

w

Culavuty) = [ 5 - Cultiar, @
0 S

where pj is the density of bottom sediments taken equal to 1,250 kg-m‘3;

h is the thickness of the upper (effective) layer of bottom sediments, h = 0.1 m [MARINA II,
2003].
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Large suspended particles (1 mm or more) are characterized by turbulent settling; their hydraulic size
does not depend on the viscosity of the fluid and is calculated by the formula [Koterov, Yurezanskaya,

2009]:
Ad-g-d. -
w= [ e 5)
3‘7"[)w

d, is the suspended particle diameter, m;

where g = 9.8 m-s2;

r is the coefficient of water resistance for a spherical particle moving in it, r = 0.45 [Shilova,
Studenov, 2017];

Pp 18 the density of suspended particles, p, = 2,600 kg-m™;

p, is the density of seawater, p,, = 1,020 kg-m™.

The settling of large particles formed during an accident at a radiation hazard facility in the sea
occurs in its nearest zone, at a distance of approximately 2 - 65. When suspended particles decrease
in size from 107 to 107® m, the sedimentation speed in seawater drops from 10° to 10 m-s™'. Small
particles of radioactive contamination, comparable in size to particles of natural suspension in seawa-
ter, settle at rates corresponding to natural sedimentation. 137Cg, 134Cs, and *°Sr can also be absorbed
on natural suspension and settle together with the suspension into bottom sediments. Due to the set-
tling of radioactive particles, in the upper layer of bottom sediments, a distributed source of radiation
is formed; it affects the bottom biota both in the acute and long-term periods after accidental contami-
nation. For the scenario under consideration, the value of w was calculated by formula (5) at d,, = 103 m
for distances up to 200 m from the site of the submarine K-159 sinking: w = 0.27 m-s™'. For larger
distances, w was taken equal to 107 m-s™".

The estimated time for passage of a seawater contamination spot near an accidental source is short
in the presence of a sea current and amounts to about 30 min for distances up to 200 m. With a hy-
draulic particle size, w, of 0.27 m-s! and a depth of 246 m, this time is sufficient for the formation
of a contamination spot in bottom sediments. The specific activity of long-lived radionuclides in bot-
tom sediments remains high for a long time after an accident. Therefore, when considering the effect
on marine biota, it is advisable to select benthic organisms associated with benthic food chains as ref-
erence objects. As assumed in this work, the accumulation of radionuclides in benthic hydrobionts
in this case is caused to a greater extent by contamination of the upper layer of bottom sediments,
rather than seawater.

To determine the specific activity of a radionuclide in small hydrobionts (molluscs, zoobenthos,
and aquatic plants) C,, Bq-kg™', one can conservatively use the linear dependence C, = CF,;-C,,
where CFy is the equilibrium coefficient of radionuclide transfer from bottom sediments to a hydro-
biont. To calculate the dynamics of '*’Cs contamination of bottom fish after an accident, the equilibrium
approach is not applicable [Kryshev, Ryabov, 2000]. The specific activity of a radionuclide in benthic
fish Cr, Bq-kg™, assuming that the main source of its contamination is the trophic chain associated
with bottom sediments, is calculated by the equation:

4 _

pn —(Ate+p) Cp+(e+p) - CFp - Cg, (6)

where A is the radioactive decay constant, day ';
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u is the relative increase in fish mass, day'l;
CF; is the equilibrium coefficient of radionuclide transfer from bottom sediments to fish;
¢ is the parameter characterizing the metabolism and exchange of *’Cs in the fish body, day ™.
The procedure for € calculation depending on fish mass and seawater temperature is described
in [Kryshev, Ryabov, 2000; Sazykina et al., 2022].
For a short time after the accident, we can neglect the radioactive decay of '*’Cs and the de-
crease in its content in bottom sediments due to its penetration into deeper layers; so, we can consider
the parameters W and € to be constant values. Then, the equation (6) has an analytical solution:

Cf = C’Ff,s ’ Cs ’ (1 — €Xp (_(:u + 8) ’ t)) . (7

As a reference species of bottom fish, the European plaice Pleuronectes platessa Linnaeus, 1758 was
chosen. With fish mass of 500 g, the calculated p value is 6.45 - 1074 day'1 [European Plaice, 2021],
and e = 1.5 - 107 day™". The equilibrium coefficients of '3’Cs transfer from bottom sediments to the Bar-
ents Sea biota are 0.22 for fish, 0.12 for molluscs, and 0.16 for aquatic plants. The values for NS
are as follows: 0.027 for fish, 0.047 for molluscs, and 0.043 for aquatic plants [Rosnovskaya et al., 2022].

The dose rate of exposure to marine biota, mGy-day !, was determined by the formula:

di = Bint,z’ ’ Cz + Bemt,i ’ (Cw,z' +0.5- Ts* Cs,i) g @)

where B, ; is the dose coeficient of internal exposure to a hydrobiont, (mGy-kg)/(Bg-day);

C; is the specific activity of the i-th radionuclide in a hydrobiont, Bq-kg™;

Bexti 18 the dose coeflicient of external exposure to a hydrobiont, (mGy-kg)/(Bg-day);

C,,; 1s the specific activity of the i-th radionuclide in seawater, Bq-kg;

C; is the specific activity of the i-th radionuclide in bottom sediments, Bq-kg™;

T, is the fraction of time during which a hydrobiont is exposed to radiation from bottom sediments,
taken equal to 1 for bottom fish and molluscs and 0.5 for aquatic plants.

The values of the dose coefficients were determined using the BiotaDC calculator,
v.1.5.1 (http://biotadc.icrp.org), an annex to [ICRP Publication 136, 2017]. Marine organisms
were approximated by ellipsoids with the following mass and ratios between axes: fish (the European
plaice), 0.5 kg and 1/0.6/0.04; bivalves, 1.64 - 102 kg and 1/0.5/0.5; and aquatic plants, 6.5 - 107 kg
and 1/0.01/0.01. The calculated values of dose coefficients for estimating internal and external
exposure to marine organisms from '*’Cs, 1**Cs, and **Sr are given in Table 1.

Table 1. Dose coefficients for calculation of exposure to marine organisms, (mGy-day~')/(Bq-kg™")

Radionuclide The European plaice Molluscs ‘ Aquatic plants

Internal exposure

137¢s 3.77-107° 3.62-107° 3.1-107¢

134Cs 3.34-10°° 2.95-107° 2.28-107°

20Sr 134107 1.37-107° 1.07-107
External exposure

37Cs 7.49-107% 7.63-107° 8.16-107°

134Cs 2.04-107 2.08-107 2.15-107

Sr 2.12-107° 1.82-107° 4.8-107°
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Doses of acute exposure were assessed as total absorbed doses accumulated by marine biota during
the first 10 days after the accident. The distribution of the probability of lethal effects was determined
by the formula [Finney, 1971]:

P= L. 7rex (—ﬁ)dt )
V2w R Pimg e

where the upper limit of integration of the Gauss error function is the so-called probit function which
reflects the correlation between the probability of lethal effects and the absorbed dose.

The value of the probit function was calculated by the formula:
Pr=ap,.+bp,-InD, (10)

where D is the dose of acute exposure, mGy.

To determine the parameters of the probit function for fish and molluscs, we used literature
data on lethal effects for these hydrobionts after acute exposure at different doses [Effects of Ionizing
Radiation, 1976; Polikarpov, 1964; Polikarpov, Egorov, 1986] (Table 2).

Table 2. Lethal effects of acute exposure to marine biota in relation to the absorbed dose and the calculated
probit function, (mGy-day~')/(Bq-kg™!)

Dose, D, mGy \ Ln(D) \ % of lethality \ Value of probit function
Fish (adult)

100 4.605 0.1 1.5
1,000 6.907 2.5 3.12
3,500 8.161 30 4.48
5,000 8.517 50 5
10,000 9.210 90 5.52

Marine molluscs
10,000 9.210 50 4.75
20,000 9.903 70 5.5
40,000 10.596 90 6.28

Graphs of the probit function dependence on the logarithm of the absorbed dose were approximated
by a linear function (Fig. 1). The values for parameters in formula (10) were as follows: ap. = -2.74
for fish and ap, = —5.42 for molluscs; bp, = 0.89 for fish and bp, = 1.1 for molluscs. The probability
of lethal effects for marine organisms depending on the dose received in the first 10 days after the accident
was calculated by formula (9) using standard tables [Finney, 1971; Metodika modelirovaniya, 2015].

During chronic exposure to marine biota from contaminated bottom sediments, the criterion
for the occurrence of adverse radiobiological effects is the excess of the reference level of radiation dose
rate for a given ecological group [ICRP Publication 108, 2008; ICRP Publication 124, 2014; Sazykina
et al., 2022]. The reference level is 1 mGy-day ™ for fish and aquatic plants and 10 mGy-day ™! for mol-
luscs. When the reference level is exceeded under chronic exposure throughout life of marine organisms,
their health and reproductive capacity are impaired, and their lifespan is reduced [Sazykina, Kryshev,
2003; Sazykina et al., 2009].
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Fig. 1. Relationship between the probit function and logarithm of the acute dose (mGy) for fish (left side)
and marine molluscs (right side)

RESULTS AND DISCUSSION

The calculated dynamics of water contamination with '*’Cs at a distance from 200 m to 30 km
from the accidental source is shown in Fig. 2. In 200 m from the source, the time of passage of a con-
tamination spot is no more than 30 min, and the maximum volumetric activity of '*’Cs in seawater
during this period does not exceed 10° Bq-m™. At a distance of 30 km, the volumetric activity of '¥’Cs
in seawater is maximum in 17 h after the accident and amounts to 6.3 - 10* Bq-m™. It is worth noting
as follows: during the acute period of a radiation accident, comparison of calculated values for volumet-
ric activity of '*’Cs in seawater with the control levels of radionuclide content in it [Poryadok rascheta,
2016] is incorrect due to the lack of equilibrium in radionuclide dispersion between the components
of the marine ecosystem.
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Fig. 2. Calculation of '¥’Cs volume activity in seawater at different distances from the accidental source
of contamination
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The calculated dynamics of bottom sediment contamination with '*’Cs depending on the distance
from the accidental source is presented in Fig. 3. Near the accident site (200 m), the specific activity
of 1¥'Cs in the upper layer of bottom sediments can reach 1.2 - 10® Bq-kg™, and this exceeds the criterion
for classifying this radionuclide as solid radioactive waste by 120 times. When moving away from the ac-
cident site, the estimated contamination of bottom sediments decreases significantly, since an assump-
tion is made that the largest radionuclide-containing particles settle near the source of contamination.
At a distance of 10 km from the accident site, the calculated specific activity of *’Cs in bottom sed-
iments does not exceed 150 Bq-kg™!. Unlike seawater contamination, bottom sediment contamination
with 137Cs slowly decreases over time, being a long-term source of exposure to benthic biota.

10000000

1000000 T

100000

10000

1000 %

Activity in sediments, Bg/kg

100 -

10 T ‘ T )
0 5000 10000 15000 20000

Distance, m

Fig. 3. Maximum activity concentrations of '3’Cs in bottom sediments at different distances
from the accidental source of contamination

According to calculated estimates, the maximum volumetric activity of *°Sr in seawater at a dis-
tance of 200 m from the accident site during the passage of the contamination spot does not exceed
2-10° Bg:m™. Contamination of bottom sediments with *°Sr at a distance of 200 m from the accident
site will be 2.8 - 10° Bq-kg™!. The maximum volumetric activity of '**Cs in seawater and its specific
activity in bottom sediments will be 50 Bq-m™ and 65 Bq-kg™', respectively. The initial emergency re-
lease of '**Cs into the marine environment is estimated to be 18,000 times lower than that of '¥’Cs
and 4,000 times lower than the value for *Sr [Sarkisov et al., 2015].

The accumulation of 1*’Cs in benthic organisms is associated with its content in the upper layer of bot-
tom sediments. The calculated specific activity of '*’Cs in molluscs at a distance of 200 m from the ac-
cident site is 2.6- 10° Bq-kg™'; in aquatic plants, the value is 1.9-10° Bq-kg™'. When moving away
from the accident site, their contamination decreases in proportion to the contamination of bottom sed-
iments. As follows from formula (7), during the first 30 days after the accident, the specific activity
of '¥’Cs in benthic fish increases almost linearly; at a distance of 200 m from the source of contamina-
tion, the value rises from 400 to 6,000 Bq-kg™'. Under the conservative assumption that fish constantly
occur there for several years, and the specific activity in bottom sediments does not decrease with time,
the maximum (equilibrium) value of 2.4 - 10° Bq-kg™ is achieved no earlier than in two years after
the accident.
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The dose of acute exposure to bottom fish in the first 10 days after the accident is estimated at almost
100 mGy. The value of the probit function according to formula (10) is 1.36. The probability of lethal
effects for fish equal to 1% is achieved with the value of the probit function of 2.67. Thus, the probability
of death of bottom fish from exposure with *’Cs, '3Cs, and *Sr over 10 days of the acute period
of the hypothetical accident under consideration is < 1%.

The estimated dose rate of chronic exposure to the Barents Sea hydrobionts from long-lived radionu-
clides during the first year after the accident at different distances from the source of contamination
is given in Table 3. In 200 m, the dose rate of chronic exposure to hydrobionts from an emergency re-
lease of *7Cs is estimated to be 9.0 mGy-day ™ for fish, 9.7 mGy-day™ for molluscs, and 5.5 mGy-day™
for aquatic plants, with the main contributor being external exposure. The maximum dose rate
of chronic exposure to hydrobionts from an emergency release of *°Sr is estimated to be 0.7 mGy-day ™!
for fish, 0.7 mGy-day ™! for molluscs, and 0.8 mGy-day ™ for aquatic plants. '**Cs makes an insignif-
icant contribution to the dose rate of exposure to hydrobionts, both in acute and chronic periods:
no more than 1.4 - 107> mGy-day™! for fish, 1.5 - 10 mGy-day™" for molluscs, and 8.2 - 10™* mGy-day™
for aquatic plants.

Table 3. Dose rate of chronic exposure to marine organisms with '3’Cs, 13*Cs, and *°Sr at different
distances from the accidental source of contamination, mGy-day ™!

Distance, m Fish Molluscs Aquatic plants
200 9.7-10° 1.1-10! 6.3-10°
500 1.4-1072 1.3-1072 7.9-1073
1,000 451073 4.3.1073 2.6-107
5,000 2.4-1073 2.4-1073 1.4-1073

10,000 1.3-1073 1.3-1073 7.6-107*
20,000 7.2-107* 6.9-107 43-107

As follows from Table 3, at a distance of 500 m or greater from the source of contamination, the dose
rate of exposure for all reference species is significantly lower than the reference level of safe chronic
exposure (1 mGy-day™). Therefore, we can conclude about the local nature of the radioecological effect
of a hypothetical accident with the nuclear submarine K-159 to the Barents Sea biota.

For benthic organisms that permanently inhabit the area of maximum contamination of bottom sed-
iments (up to 200 m from the accident site), the dose rates indicated in Table 3 persist for several years.
Due to the excess of the reference level of chronic exposure, these dose rates cannot be considered safe
for the development of populations of bottom fish, molluscs, and aquatic plants in the immediate vicinity
of the accident site.

Conclusion. The contribution of *’Cs, 13*Cs, and *°Sr to radioactive contamination of the marine
environment was calculated, and dose rates on marine biota in the early period of contamination were
determined for a hypothetical scenario of a radiation accident with the sunken nuclear submarine K-159.

The dose of acute exposure to bottom fish from '*’Cs, 134Cs, and *Sr at a distance of 200 m
from the accident site in the first 10 days is almost 100 mGy. The probability of lethal effects for bottom
fish at such an absorbed dose is estimated to be less than 1%. Assessment of the release of short-lived
radionuclides into the marine environment and their contribution to acute exposure to marine biota
requires additional research within the framework of the scenario of an accident.
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Contamination of bottom sediments with long-lived radionuclides slowly decreases over time, being
a long-term source of exposure to benthic biota. The dose rate of chronic exposure to marine biota within
the first year after the accident at a distance of 200 m from the source of contamination is estimated
to be 9.7 mGy-day ™' for bottom fish, 11 mGy-day ™' for molluscs, and 6.3 mGy-day™! for aquatic plants.
These levels are higher than the reference value for dose rate of chronic exposure that ensure the safety
of marine biota.

At a distance of 500 m and greater from the source of contamination, the dose rate of chronic
exposure to marine biota is significantly lower than the reference level. This makes it possible to predict
the local nature of the effect of a hypothetical accident on the Barents Sea ecosystem.
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OIIEHKA PAJIUAIIMOHHOI'O BO3JIEVCTBHA ¥7Cs, 134Cs, *'Sr
HA BIOTY BAPEHIIEBA MOPS
BBJIN3Y NICTOYHUKA 3ATPA3HEHU A
TP TUIIOTETUYECKOM ABAPUU
C 3ATOHYBIIE ATOMHOMX IIOIBOJHOM JIOJAKOM K-159

T. I'. Ca3piknna, A. U. Kpbimesn

Hayuno-nipousBopcteeHHoe 00beaunenne « Taidyn», O6HuHCK, Poccuiickas ®enepanus
E-mail: ecomod@yandex.ru

BhinosIHEHO MOfeIMpoBanue Bo3zeicTaus u3nydenns 37 Cs, 134Cs, %°Sr na mopckyo 6uoty ans ru-
MOTETUYECKON aBapuM C CAMOIPOM3BOJIBHOM IIEMHOI peakiyell Ha 3aTOHYBIIEH MOABOIHOM JIOJKE
K-159 npu e€ nogpéme u TpaHcnopTupoBke B bapeHueBoM mope. s onucaHus 3arpsi3HEHNAs] MOp-
CKOI1 BOJIBI B OCTPBI¥ IIEPUOJ aBAPUH UCIIOIb30BaHa JBYMEPHAas MOJIEJIb PACCEUBAHUS PAAUOHYKINIOB
B MODCKO¥H BOJIe OT MTHOBEHHOTO MCTOUHHMKA. PaccunTano pagmoakTtieHoe 3arpsasuenne 37 Cs, 134Cs,
0gy MOPCKOM BOJBI M JOHHBIX OTIOKeHU Ha paccTossausx or 200 M 1o 30 kM ot uctouynuka. Jlo3a
0CTPOTo O0JTyueHHs IPUAOHHO# prIObI oT 12/ Cs, 134Cs, 2°Sr Ha paccrosmmum 200 M OT MecTa aBapuu
3a nepBbie 10 aHel cocrapiseT noutu 100 mIp. CortacHO OLEHKe, BEpPOSITHOCTD JIETAIbHBIX 3(P(PEeKTOB
U151 IPUAOHHOM PHIOBI TPY TaKOH NOMIOIEHHOM 103¢ — MeHee | %. MOLIHOCTb O3k XPOHUYECKOTO
06tyueHus Mopckoii 6uotel 137 Cs, 134Cs, *OSr B Teuenue nepBoro roga ¢ MOMeHTa aBapMM Ha PaccTosl-
HuM 200 M OT HCTOYHHKA 3arpsA3Henus olieHena B 9,7 MI'p-cyT™! mia npunonHoit peiosl, 11 MIp-cyr™!
JUIS MOJLTIOCKOB 1 6,3 MI'p-cyT~! U1 BOAHBIX pacTeHmii. DTH ypOBHH Bhille pepepeHTHOTO 3HAUEHHU S
MOIIIHOCTH J03bl XPOHUYECKOTo O0JyueHHs1, 0OeCIIeurBaloIIero 6e30nacHOCTb MOPCKOM OMOTHI, MO-
3TOMY HENb3sl pacCMaTpUBATh TaKUE JO30BblE HArPYy3KU Kak Oe30mMacHble AJIs1 Pa3BUTHS MOIYJISILUIA
NPUJIOHHON PHIOBI, MOJLTIOCKOB ¥ BOJHBIX PACTEHHUI B HEMOCPENCTBEHHOM OJIM30CTH OT MECTa aBapuH.
[pu ynanenuu ot ucroynuka 3arpsisHenus Ha 500 M 1 Gosiee MOITHOCTD 03Bl X POHUYECKOTO 00JTy-
YeHHsI MOPCKOH OMOTHI 3HAYNTEJILHO HIKE peepeHTHOro ypoBHs. [l030Bbe HAarpy3ku Ha 6uoty ba-
peHLIeBa MOPs LISl aBapUIHOTO CLIEHapHsi 0OYCJIOBJICHB! TPEMMYIIECTBEHHO BHELIHUM O0JIy4YeHHEeM
OT JIOHHBIX OTJIOKEHMH, a TaKKe MePEeX0IOM JOITOKMUBYIIMX PaJOHYKIMIOB U3 JOHHBIX OTIIOKEHUI
B NIPUJOHHBIE OPTAHU3MBL.

KitoueBble ciioBa: Apkruka, bapeHueBo Mope, paiualioHHas aBapusi, MOAEIUPOBAHNE, MOPCKasI
6uroTa, 032, ocTpoe 00IyYeHHe, XPOHMUECKOe 00TyUeHue
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ON A LARGE SHORTFIN MAKO SHARK
ISURUS OXYRINCHUS (LAMNIDAE)
OBSERVED AT CABO SAN LUCAS, MEXICO
(EASTERN CENTRAL PACIFIC OCEAN)
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A large female shortfin mako shark, Isurus oxyrinchus Rafinesque, 1810, was observed on 26 March,
2023, off Cabo San Lucas, Baja California Sur, Mexico. The total length was carefully estimated
at 450 cm. This shark is the third largest mako ever recorded and the second largest observed
and photographed alive.

Keywords: shortfin mako shark, Isurus oxyrinchus, Mexico, size

The shortfin mako shark Isurus oxyrinchus Rafinesque, 1810 belongs to the order Lamniformes
and the family Lamnidae. This shark inhabits temperate and tropical waters of the Atlantic, Pacific,
and Indian oceans. It is pelagic, coastal, and oceanic, occurring at a depth range from 1 to 500 m [Com-
pagno, 2002]. The embryonic development of this species is ovoviviparous, with 15—18-month gestation
and litter size of 4-25 young. Its size at birth is 60—70 cm, and it can attain a maximum size of 585 cm.
This shark feeds on bony fishes, elasmobranchs, marine turtles, squids, crustaceans, marine mammals,
birds, salps, and Porifera [De Maddalena et al., 2015].

In the present article, we report a record of a huge shortfin mako encountered in March 2023
by the first author in Pacific Mexican waters.

MATERIAL AND METHODS

On the morning of 26 March, 2023, the first author, Jacob Brunetti, the co-owner of the shark
diving company Cabo Shark Dive, was snorkeling with a group of snorkelers in the waters off Cabo
San Lucas, Baja California Sur, Mexico, in the eastern central Pacific Ocean. From the boat, a 9.5-m
“Robalo 2 Bertram,” sardines Sardinops sp. and bonitos Sarda sp. were used as chum to attract the sharks
to the site and keep them interested around the snorkelers for viewing purposes. No other boats were
present in the area. Pictures of the shark were taken by two of the snorkelers.
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RESULTS AND DISCUSSION

At 10:00 a.m., with a relatively calm sea and little wind, a very large shortfin mako was observed
in 1,000-m deep blue waters, 2.5 nautical miles from the coast (Fig. 1). The snorkelers were already
in the water with a smaller male shortfin mako, with the total length (hereinafter TL) estimated at 150 cm,
and four female blue sharks Prionace glauca (Linnaeus, 1758), TL ranging from 180 to 210 cm. The large
mako showed no interest in the boat; it was shy towards the snorkelers and swam just once close to them.
However, it showed an aggressive behavior towards the blue sharks, and it was observed attempting
to catch one of them (Fig. 2). After a few minutes, the large mako left the area.

Fig. 1. The estimated 450-cm TL female shortfin mako shark Isurus oxyrinchus observed off Cabo San
Lucas, Baja California Sur, Mexico, on 26 March, 2023. Photo by Alexander Schmidt

The underwater images show clearly the morphological features of the animal that allowed the au-
thors to make an immediate identification of the shark as an unusually large shortfin mako 1. oxyrinchus.
These morphological features include markedly spindle-shaped body, pointed conical snout, wide caudal
keels, lunate caudal fin, long gill slits, high and erect first dorsal fin, greyish blue coloration with strong
metallic reflection on the flanks, and long and pointed teeth protruding from the mouth in the lower
jaw [Compagno, 2002; De Maddalena et al., 2005, 2015]. The first author was also able to observe
the pelvic area, which revealed the absence of claspers. He could therefore conclude that the shark
was a female. On the head and the trunk, there were bite scars that were likely the result of love bites
by male makos.

The size of the shark was estimated by the first author at 450 cm TL, based on the size of an estimated
200-cm blue shark, which was observed swimming close to the mako.

The estimated size of the mako observed off Cabo San Lucas is unusual for 1. oxyrinchus. A study
of 199 shortfin mako sharks showed an average TL of 171 cm [Kohler et al., 1996]. Female short-
fin makos attain sexual maturity between 270- and 300-cm TL, and male makos, between 195-
and 215-cm TL. This species can sometimes attain huge sizes, but records of specimens reaching and ex-
ceeding 4 m are very rare [De Maddalena et al., 2023]. The largest shortfin mako reported to date world-
wide was a female caught in the late 1950s in the Aegean Sea oft Marmaris, Turkey, which was estimated
at 585-cm TL [Kabasakal, De Maddalena, 2011]. The second largest mako ever recorded was an esti-
mated 500-cm-long female observed on 28 June, 2018, near Cabrera Grande, in the Balearic Islands,
Spain [Lopez-Mirones et al., 2020].
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Fig. 2. The 450-cm TL female shortfin mako shark Isurus oxyrinchus performing a vertical approach
on a 200-cm TL blue shark Prionace glauca. Photo by Pollo Berho

and the second largest observed and photographed alive.

Conclusion. The estimated 450-cm TL female shortfin mako shark observed off Cabo San Lu-
cas is one of the largest of its species recorded worldwide. It is the third largest mako ever recorded
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O KPYITHOM AKVJIE-MAKO ISURUS OX YRINCHUS (LAMNIDAE),
3AMEYEHHOY B KABO-CAH-JIVKAC, MEKCHKA
(BOCTOYHO-IIEHTPAJIbHAA YACTDb TUXOI'O OKEAHA)

JIx. Bpynertn', A. Jle Mannaaena?, M. A. Dimdeuye Koncrantunu', K. Kanaraona!

'Tentp norpyxenus ¢ akynamu B Kado, Ka6o-Can-Jlykac, I0xunaa Hixnsaa Kamngopaus, Mekcuka

>Myseit akyn, Caiimonc-Tayn, Keitnrayn, IOxuas Adpuka

E-mail: info@cabosharkdive.com

KpymHyto camky akyibi-mako Isurus oxyrinchus Rafinesque, 1810 nabmonamu 26 mapra 2023 r.
y Kabo-Can-Jlykac, IOxnas Huxnasaa Kamugopraus, Mekcuka. O0mas JUMHa 3K3eMIUIspa OlleHeHa
B 450 cm. Dta akyJia sIBJISETCS TPEThEH M0 BEIMYMHE aKyJIOH-MaKo, KOTAa-JIM00 3aperucTpupoBaHHON,
Y BTOPOM 10 BeJIM4KHe, HabmoaaemMoi u cotorpacdupoBaHHON XUBOU.

KuiroueBrble ciioBa: akyna-Mako, Isurus oxyrinchus, Mexkcuka, pasmep
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For the Chara aculeolata Kiitzing phytocenosis in the Tendrovsky Bay of the Black Sea, long-term dy-
namics of growth areas and biomass of macrophytes was analyzed. Its partial degradation was observed
since 1993. In 1993-2010, the area of the phytocenosis decreased from 100 to 6.3 km?2. In 2010-2021,
elements of regenerative succession were registered. A gradual slow expansion of growth areas
and an increase in algae biomass were noted over the 10-year monitoring, and a sudden significant

recovery was recorded in 2021. According to the data of 2021, the C. aculeolata phytocenosis was
2

distributed over an area of 36 km?, and the biomass of the dominant species reached 1,800 g-m™.
Possible reasons for the observed changes are discussed.

Keywords: Charophyta, macrophytobenthos, regenerative succession, long-term dynamics,
recolonization

Charophytes are recorded from a variety of water bodies. Those algae are most typical for bottom
vegetation of freshwater oligotrophic lakes [Petechaty et al., 2019], as well as sea bays and lagoons
of partially saline seas of Eurasia [Kovtun et al., 2011]. Their dense beds determine the conditions
for the functioning of coastal ecosystems, form the habitat for many species of hydrobionts [Beilby et al.,
2022; Sooksawat et al., 2017] and serve as an important food resource for waterbird species [Schmieder
et al., 2006].

The first mentions of charophytes from the Black Sea date back to the early XX century [Pauli,
1927; Zernov, 1908]. Communities of charophyte algae were widely distributed in the northern
Black Sea [Milchakova, Aleksandrov, 1999; Morozova-Vodyanitskaya, 1959; Palamar-Mordvintseva,
1998; Sadogursky, 2009]. Their development was maximum in the Karkinitsky [Morozova-
Vodyanitskaya, 1959; Sadogursky, 2009], Tendrovsky, Yagorlytsky, and Dzharylgachsky bays [Cher-
niakov, 1995; Pogrebnyak, 1965; Tkachenko, Maslov, 2002], where their total stock was estimated
at 1,176.8 thousand tones. More than 40% of this volume accounted for the Tendrovsky Bay,
where Lamprothamnium papulosum (Wallroth) J. Groves, 1916 and Chara aculeolata Kiitzing, 1832
dominated [Pogrebnyak, 1965].

About 30 years ago, ubiquitous reduction in growth areas and decrease in the productivity of phyto-
cenoses of charophytes were registered; in the Tendrovsky Bay, these algae degraded almost completely.
After 1993, C. aculeolata was revealed in this bay in small areas, and it did not form characteristic
phytocenoses [Cherniakov, 1995; Korolesova, 2017; Tkachenko, Maslov, 2002].
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In 2010, we recorded a slight restoration of the C. aculeolata phytocenosis. Therefore, the aim
of the research was to estimate the dynamics of restoration succession, current state, and boundaries
of the phytocenosis in the shallow area of the Tendrovsky Bay.

MATERIAL AND METHODS

The Tendrovsky Bay is located in the northwestern Black Sea. It is a semi-enclosed shallow wa-
ter body, naturally divided into eastern and western parts. As Charophyta communities were not noted
in the western, deeper bay part, this paper presents data for the eastern one. Its total area is 365 km?,
and the mean depth is 1.5 m. Silty and silty-sandy sediments dominate there [Cherniakov, 1995].
The mean salinity of surface waters is 13.5%oc. Their maximum temperature is observed in August
and ranges within +20...4+32.3 °C. In the macrophytobenthos, two types of Charophyta communities
are described — L. papulosum and C. aculeolata [Korolesova, 2017; Pogrebnyak, 1965].

To study the restoration dynamics of the C. aculeolata community throughout the eastern Ten-
drovsky Bay, a square network of stations with a step of 2 km was used. The material was macro-
phytes sampled at network stations annually in the summer season in 2010-2021. We used a stan-
dard geobotanical technique [Kalugina-Gutnik, 1975] and laid a frame of 25 x 25 cm in triplicate
at each station. Qualitative sampling was carried out with a scraper with a working width of 30 cm
or manually. For bottom phytocenoses, we determined a projective cover of abundant species and their
biomass (g-m~2 wet weight).

Samples of macrophytes were washed in seawater and fixed with a 4% formalin solution or frozen

at a temperature of —18 °C. Some of the algae were herbarized [Gollerbakh, Krasavina, 1983; Minicheva
et al., 2014].

Macrophytes were determined down to a species level according to monographic summaries [Goller-
bakh, Krasavina, 1983; Vinogradova, 1974; Zinova, 1967], and nomenclatural changes were given in ac-
cordance with AlgaeBase (https://www.algaebase.org/). C. aculeolata taxonomic status is presented ac-
cording to the report of Charophyta regional flora [Borisova, Tkachenko, 2008], since the taxonomic
position of the species remains not fully clarified, and published sources contain different names —
Chara intermedia A. Braun, 1859 (syn. Chara papillosa Kiitzing, 1834) and Chara baltica (Hart-
man) Bruzelius, 1824 [Romanov et al., 2020]. The phytocenoses are named in accordance with
the classification of the Black Sea bottom vegetation [Kalugina-Gutnik, 1975].

The growth area of macrophytes was calculated using the Quantum Gis software (3.28.5).

RESULTS AND DISCUSSION

The C. aculeolata phytocenosis belongs to monocenoses, since the biomass of the dominant species
makes up more than 90% of the total biomass. In the community, 10 species of macrophytes were iden-
tified: C. aculeolata, L. papulosum, Chaetomorpha linum (O. F. Miiller) Kiitzing, 1845, Lophosiphonia
obscura (C. Agardh) Falkenberg, 1897, Callithamnion granulatum (Ducluzeau) C. Agardh, 1828, Chon-
dria capillaris (Hudson) M. J. Wynne, 1991, Chondria dasyphylla (Woodward) C. Agardh, 1817, Lauren-
cia obtusa (Hudson) J. V. Lamouroux, 1813, Polysiphonia opaca (C. Agardh) Moris & De Notaris, 1839,
and Stuckenia pectinata (Linnaeus) Borner, 1912. The following species were characterized by the high-
est occurrence: red algae (Rhodophyta), Ch. capillaris and L. obscura (63 and 50%, respectively);
Charophyta, L. papulosum (38%); and higher aquatic plants (Angiospermatophyta), S. pectinata (25%).
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In 2010-2020, the C. aculeolata phytocenosis was registered on average at 6% of stations,
and the area it occupied varied from 4 to 8 km?, with a mean of 6.3 km?. In 2021, the phytoceno-
sis was recorded at 13 stations out of 27 studied (its occurrence was 48%); its area reached 36 km?,
or 10% of the total monitoring area (Fig. 1). The C. aculeolata community was represented by dense,
almost closed beds with a projective cover of 90-100%; it was distributed along the Tendrovska Spit
and to the northwest of Smaleny Island. By 2021, the growth area was about 40% of that of the 1960s
and almost doubled the area of the mid-1990s.
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Fig. 1. Map of the Chara aculeolata phytocenosis distribution and monitoring stations scheme in the east-
ern Tendrovsky Bay: a, phytocenosis area in 2021; b, phytocenosis area in 2010-2020; c, isobaths;
d, monitoring network stations; e, transects

In 2010-2016, the mean biomass of the C. aculeolata phytocenosis was (485.28 + 221.17) g-m™.
In 2021, it reached 1,926 g~m‘2, with the dominant species accounting for more than 90% of the com-
munity biomass (1,800 g-m~). In total, the values of the phytocenosis biomass became comparable with
those of the 1960s, exceeding the values characteristic of the last decade by more than 4 times. To date,
the phytocenosis restoration is observed within previously known growth boundaries (after 25 years
of its partial degradation) [Pogrebnyak, 1965].

At this stage, it is impossible to identify reliably the causes of these changes. The restoration of Charo-
phyta communities after partial or complete degradation is described in the literature for the Baltic Sea
bays [Torn, Martin, 2003] and European fresh water bodies [Petechaty et al., 2019; Sand-Jensen et al.,
2017; Simons et al., 1994].

Most researchers believe that Charophyta restoration is directly driven by a decrease in the level of ex-
posure to adverse environmental factors — anthropogenic load, eutrophication, etc. [Kovtun et al., 2011;
Torn, Martin, 2003]. For the northwestern Black Sea, the restoration of communities of charophytes
is also associated with their long-term cycles [Cherniakov, 1995].
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The decrease in the level of eutrophication in the Tendrovsky Bay occurred long before the registra-
tion of the first elements of the restoration succession of the C. aculeolata phytocenosis there [Korolesova,
2017; Zaika et al., 2004]. In our opinion, C. aculeolata recolonization may be related to the effect
of abiotic and biotic factors, including the cyclical development of Charophyta communities.

Conclusion. Based on the research carried out, elements of restorative succession and recoloniza-
tion of the Chara aculeolata phytocenosis in the eastern Tendrovsky Bay in 2010-2021 were identified.
By 2021, the biomass of the community and the area it occupied turned out to be comparable with those
of the 1960s and exceeded the values recorded in the mid-1990s.

To identify the causes of the C. aculeolata recolonization, further investigation of a complex
of biotic and abiotic factors affecting the composition and structure of Charophyta communities
in the Tendrovsky Bay is required.

The work was carried out within the framework of the research assignment “Monitoring of the state of natural
complexes of the Black Sea Biosphere Reserve ( “Chronicle of Nature”).”

Acknowledgment. The author is grateful to PhD D. Chernyakov for his assistance in expeditionary work
and recommendations on the research topic.
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BOCCTAHOBJIEHUE ®UTOIEHO3A CHARA ACULEOLATA KUTZING
B TEHIPOBCKOM 3AJIMBE (Y4EPHOE MOPE)

. 1. KopoJaecoBa

Uepromopckuii 6uocepHsil 3anoBeqHuk, ['onas [Mpucrans, Poccuiickas ®enepanus
E-mail: chernyakova.darya@gmail.com

[poananu3upoBaHa JOJIrOCPOYHAsl AMHAMUKA ILIOINAJIEH Tpou3pacTaHusi U OMOMacChl MakpopUTOB
¢uronienoza Chara aculeolata Kiitzing B TennpoBckom 3anuBe Y€pHoro Mopsi. YacTuuHyio ero me-
rpagauuio orMeyaau ¢ 1993 r. 3a nepuog ¢ 1993 no 2010 r. miomaae npouspacTanus (pUTOLICHO-
3a cokpatumachk ¢ 100 10 6,3 kM2 B 2010-2021 TT. 3aperucTpupoBaHbl 3EMEHTHl BOCCTAHOBHUTETh-
HOM cyKuecchd. 3a(puKCHpOBaHbl IOCTENIEHHOE MEJIEHHOE pacIIipeHne TUIoaaer Mporu3pacTaHus
1 yBeJIMYeHre OMOMAacChl BoIopociiei B TeueHue 10 jieT MOHMTOPHMHIA U BHE3aITHOE 3HAYMTE IbHOE BOC-
cranoByieHrie B 2021 r. ITo gaauemM 2021 1., uccaeayemMblil (pUTOIEHO3 PacIIpOCTpaHEH Ha TIIOIIA TN
36 kMm%, GromMacca JoMUHMpYIoIiero Buja gocturia 1800 M 2. B paboTe 00CYKIAI0TCSA BO3MOKHbBIE
MIPUYMHBI HAOJIOIAEMbIX N3MEHEHUH.

Kurouesrblie cioBa: Charophyta, MakpouToOEHTOC, BOCCTAHOBUTEIbHAS CYKIIECCHSI, MHOTOJICTHSISI
JVHAMKKA, PEKOJIOHU3AIIMS
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Recent finding of the red alga Acrosorium yendoi, new to Kamchatka, during observations in a labo-
ratory marine aquarium, containing sediments and water from the Avacha Gulf (Southeastern Kam-
chatka), was supported by its discovery in this water area using the method of parallel floristic observa-
tions both under laboratory and natural conditions. A. yendoi was previously recorded in more southern
areas of the Pacific coast of Russia (Sea of Japan), as well as in Japan, China, and Korea. As a result
of our studies, the species is registered in the flora of Eastern Kamchatka, and this significantly ex-
pands the understanding of A. yendoi range, shifting it to the north and changing the phytogeographic
characteristics of the species.

Keywords: Acrosorium, Kamchatka, area, aquarium research, parallel floristic observations, climate
warming

The study of aquarium algae in a laboratory marine aquarium, containing soil and water
from the Avacha Gulf (Southeastern Kamchatka), was initially undertaken by us as a monitoring re-
search of this group of marine organisms that create a habitat for other hydrobionts in an artificial reser-
voir. However, this investigation had unexpected results. In the aquarium, algae new for this region were
registered: Lukinia dissecta Perestenko, 1996 and Acrosorium yendoi Yamada, 1930 (Rhodophyta) [Seli-
vanova, Zhigadlova, 2021, 2022]. We recognized them not as invasive aquarium elements, but as real nat-
ural species that got into the aquarium with water and soil. The occurrence of unusual algae in the aquar-
ium was assumed to be an indicator of their actual presence in the Avacha Gulf water area and a stimulus
to search and find these species in nature. Being focused on this problem, we carried out expeditionary
work. Soon, our assumption about the actual growth of these algae in nature was fully confirmed for L. dis-
secta: it was registered in Kamchatka water area in June 2021 [Selivanova, Zhigadlova, 2023]. Contin-
uing the search for new species became the aim of this study. As a result, the second species recorded
in the aquarium, A. yendoi, was also found in natural conditions during field work in the Avacha Gulf.
The finding allowed to clarify the available information about the geography of this species.
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MATERIAL AND METHODS

In the course of this study, an original observation method was used in the laboratory marine aquar-
tum in parallel with the classic sampling of algological material in nature. The method proved to be quite
productive for searching and finding algal species new for the investigated region.

Algological material was sampled in the Avacha Gulf using light diving equipment from a small ves-
sel. Aquarium and natural algae samples from Southeastern Kamchatka were identified under an Olym-
pus CX31 light microscope. When identifying, we compared the material with the original descrip-
tion of a taxon and information from other publications on this species [Perestenko, 1994; Yamada,
1930; Yoshida, 1998]. Samples were photographed with an Olympus SZ-20 digital camera. The material
is stored in the laboratory of hydrobiology of KB PGI FEB RAS.

RESULTS AND DISCUSSION

The studied natural samples of A. yendoi (Fig. 1A, B) were taken on 21 April, 2022, in the Vilyuchin-
skaya Bay (the Avacha Gulf), near the Cape Razdelny, from a 14-m depth, from rocky-pebble soil with
sand deposits. The sampling was carried out by Ermolenko E.

Fig. 1. Acrosorium yendoi Yamada, 1930 from the coastal waters of Southeastern Kamchatka (A, B)
and laboratory marine aquarium (C, D): A, young natural plants; C, mature aquarium plants; B, D, frag-
ments of the blades of natural and aquarium plants with rhizoidal outgrowths. Scale: A, 1 cm; C, 2 cm;
B, D, 200 um

During diving works in the Vilyuchinskaya Bay, small, rather depressed young plants were sampled;
those grew in early spring at a temperature of +1...42 °C which is probably uncomfortable for them.
However, their general morphology and anatomy were consistent with those of mature plants grown
in the aquarium at a higher temperature, +6...+7 °C, and these ones, in turn, correspond to the orig-
inal description of the species. The thallus is purple-red and membranous; it is attached to the sub-
strate by numerous rhizoids. Branching is irregularly dichotomous. The branches intertwine using rhi-

zoidal outgrowths. The plates have a smooth edge; microscopic one- to three-layer veins are revealed
on a cross-section.
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A. yendoi was originally described from Japan [Yamada, 1930] and recorded in the southern ar-
eas of the Russian Far East (Strait of Tartary and Peter the Great Gulf, Sea of Japan) [Klochkova,
1996; Kozhenkova, 2020; Perestenko, 1994]. In addition to Japan [Yoshida, 1998; Yoshida et al., 2015]
and Russia, this species was registered in China [Checklist of Biota, 2008; Tseng, 2009] and Ko-
rea [Lee, Kang, 2001; Nam, Kang, 2012]. In Russian literature on phycology, A. yendoi is generally
considered as a boreal-tropical, interzonal Pacific sub-Asian species [Perestenko, 1994] or a sub-Asian
low-boreal-subtropical species [Klochkova, 1996].

In fact, the first finding of A. yendoi in Kamchatka was its record in the aquarium [Selivanova, Zhi-
gadlova, 2021, 2022]. In these publications, we excluded the accidental introduction of algal spores
from reliably known habitats of the species due to their geographic distance from the studied area. To ex-
plain the occurrence in the aquarium of algae unusual for the investigated water area, we assumed that
spores or juvenile plants were contained in water or soil sampled for the aquarium from the Avacha Gulf.
Observations on the dynamics of the aquarium ecosystem development revealed an extensive growth
of algae; Acrosorium, with its small, creeping thallus, was so active that it almost distributed in all suit-
able surfaces of the substrate and became the prevailing species. Apparently, the conditions in the aquar-
ium turned out to be favorable for its development. Temperature was most likely the limiting factor.
Interestingly, it became clear relatively recently that this species is not so thermophilic. The work of Chi-
nese researchers [Sun et al., 2010], who carried out a long-term monitoring of the biodiversity of ben-
thic algae in the littoral zone of the Nanji Islands (National Marine Nature Reserve, South China Sea,
China), showed that with a rise in water temperature, the proportion of subtropical species in a macroal-
gal community increased, while the proportion of moderately cold-water species noticeably decreased.
Regarding A. yendoi, it was established as follows: its abundance in the littoral zone of the islands
dropped by approximately 1.5 times over 40 years, with the transition from the category of prevail-
ing species to the category of common ones [Sun et al., 2010]. These researchers assumed that a de-
crease in abundance of certain algal species results from the global climate warming. Kamchatka is also
in the trend of increasing mean annual temperature of the surface layer of the Earth and World Ocean.
Data obtained in a comparative analysis of two 30-year periods using the mean annual temperature curve
for Petropavlovsk-Kamchatsky showed a rise in air temperature by 0.5 °C (http://kammeteo.ru). The wa-
ter temperature increases, as the temperature of water masses rises; accordingly, the finding of species
of marine hydrobionts considered to be warm-water ones is not so unexpected in Kamchatka water area.
Probably, due to the climate warming, A. yendoi began to move north, inter alia to Kamchatka shores,
and thus occurred in our aquarium.

Under natural conditions, this species might not have been found in the bay due to its small size,
its low abundance, or simply poor knowledge on the algal flora of the region. The study of aquarium
algae served as a sort of target indicator for its search in nature. To date, A. yendoi has been found
in the Avacha Gulf water area, which allows to expand and clarify its natural range.

Conclusion. The finding of Acrosorium yendoi in Eastern Kamchatka waters significantly shifts
the species range to the north compared to previously known one (data from more southern areas
of the Pacific coast of Russia, Sea of Japan). Thus, A. yendoi should no longer be considered as a boreal-
tropical, Pacific sub-Asian or low-boreal-subtropical species, but should be recognized as a wide-
boreal Asian-Pacific species.
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HAXOJIKA B ABAUMHCKOM 3AJIMBE
HOBOII )11 KAMYATKH BOJIOPOCJIN
ACROSORIUM YENDOI YAMADA (DELESSERIACEAE, RHODOPHYTA)

O. H. CeauBanosa, I'. I'. ZKuragioBa

Kamyarckuii puman Tuxookeanckoro uactutyta reorpaguu JIBO PAH, Ilerponasnosck-KamyuaTckuid,
Poccwuiickas Peneparysa
E-mail: oselivanova@mail.ru

Henasuee HaxoxaeHne HOBOM 1151 KamyaTku KpacHO# Bogopociu Acrosorium yendoi B Xozie Ha0umozie-
HUI B 1a00paTOPHOM MOPCKOM aKBapHyMe, COAEpKalleM I'PYHT 1 BOLy U3 ABaunmHCcKoro 3aamsa (FO0ro-
Bocrounas KamuaTka), nogkperuieHo e€ oOHapyXeHHUeM B IaHHOW aKBaTOPHHU C UCTIOJb30BAHUEM Me-
TOZIA TapaJUIebHBIX (DIOPUCTUYECKUX MCCIAEIOBAHUIA B JAOOPATOPHBIX U MPUPOIJHBIX yCIOBUsIX. Pa-
Hee A. yendoi ObU1 U3BECTEH U3 OoJlee I0XKHBIX PalloOHOB THXOOKeaHCKoro nodepexbs Poccuu (SInown-
CKoe Mope), a Takxke 3 Anonnn, Kuras u Kopeu. B pesynbraTe Hammx mccieioBaHui BUJL PETUCT -
pyercs Bo ¢nope Bocrounoit Kamuatky, 4to 3HaUMTENBHO pacIUMpsieT MpEACTaBIeHUs 00 apease
A. yendoi, cMe1iasi €ro K ceBepy 1 u3MeHss puroreorpauyeckue XapakTepuCTUKY BUAA.

KuaroueBbie ciaoBa: Acrosorium, Kamuarka, apealsi, akBapuyMHbIE UCCIIEJOBaHUS, Mapajuie/ibHble
JaGopaTOpHBIE U MPUPOJIHbIE HAOTIOEHVS, TIOTEIJIEH!E KJIMMaTa
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