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The results of the analysis of zooplankton assemblage state of the southern Barents Sea are presented.
Zooplankton samples were collected during the cruise of the RV “Dalnie Zelentsy” in May 2016.
Hydrological conditions were typical for Murmansk coastal water this season. A total of 47 zoo-
plankton taxa were identified. Taxa number varied between stations, ranging 18-29, with cope-
pods being a dominant group in zooplankton. The most frequent ones were Calanus finmarchi-
cus, Metridia longa, Metridia lucens, Microcalanus spp., Oithona atlantica, Oithona similis, Pseudo-
calanus spp., copepod nauplii and ova, as well as cladoceran Evadne nordmanni, larvae of Echinoder-
mata and Polychaeta, chaetognath Parasagitta elegans, and early stages of the euphausiids of the genus
Thysanoessa. In populations of common copepod species Pseudocalanus spp. and Oithona similis,
early age stages dominated, which indicated their continued reproduction. Total zooplankton abun-
dance ranged from 748 to 6576 ind.-m™>, averaging 3012. Total zooplankton biomass varied from 17
to 157 mg of dry mass per m?, with a mean value of 83. The data obtained were comparable to those
registered in Murmansk coastal water in July 2008 and were higher than those in August 2007. The au-
thors suggest that it might be related to the differences in sampling seasons and hydrological condi-
tions. Daily zooplankton production was estimated to be 0.49—4.04 mg of dry mass per m>, averaging
(2.17+£0.17). These estimates were about twice as high as mean values, registered in Murmansk coastal
water during summer period. This seems to be due to higher phytoplankton concentrations in spring.
Total zooplankton stock for water area studied (25.8 thousand km?) was estimated to be 425,000 thou-
sand tons of dry mass. Cluster analysis revealed four groups of stations that differ in relative abundance
of Calanus finmarchicus, Copepoda nauplii, Oithona similis, larvae of Echinodermata, and appendicu-
larian Fritillaria borealis. Spatial variation of zooplankton abundance was closely related to station lo-
cation (latitude, longitude, and sampling depth), as well as bottom layer temperature and mean salinity
at the station.

Keywords: zooplankton assemblage, copepods, pelagic ecosystem

Zooplankton is a key component of pelagic ecosystems, providing energy transfer from primary
producers to higher trophic levels (Kiselev, 1980). It is an important part of commercial fish diet
in the northern seas. The southern Barents Sea is characterized by high biological productivity (Ze-
likman & Kamshilov, 1960 ; Zenkevich, 1963). In its coastal zone, spawning and feeding areas of many
fish species are located (Dalpadado & Mowbray, 2013 ; Orlova et al., 2011). Data on zooplankton com-
position and quantitative characteristics make it possible to assess the availability of food resources
for commercial hydrobionts (Dvoretsky & Dvoretsky, 2015 ; Orlova et al., 2004 ; Raymont, 1983).
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The most important phase of plankton succession cycle in the Arctic seas is spring (Timofeev, 2000 ;
Orlova et al., 2011): in this period, primary production reaches its maximum values. Its significant
part is utilized by zooplankton and subsequently used on its growth and development (Orlova et al.,
2004 ; Plankton morei..., 1997). Phytoplankton abundance in spring largely determines zooplankton
stock and its production and, ultimately, total amount of food available for fish (Kiselev, 1980 ; Orlova
et al., 2004 ; Raymont, 1983).

The aim of this work is to study zooplankton assemblage structure, abundance, biomass,
and production characteristics in the coastal area of the southern Barents Sea in spring.

MATERIAL AND METHODS

The study was carried out in May 2016 during a cruise of the RV “Dalnie Zelentsy” (Fig. 1, Table 1).
Murmansk coastal water area was considered a coastal zone. Data on temperature and salinity were
obtained using a SBE 19plus V2 SeaCAT profiler. Information on chlorophyll a concentration was taken
from (Chislenko, 1968).

During the study period, a total of 25 zooplankton samples were collected with a Juday net (mouth
diameter of 37 cm; mesh size of 180 um). The samples were fixed with 4 % formalin. The scheme
of sampling stations is shown in Fig. 1. Material processing was carried out in a coastal laboratory
by standard methods (Instruktsiya po sboru..., 1971 ; ICES Zooplankton..., 2000). Zooplankton rep-
resentatives were identified up to species level, if possible. From each sample, three subsamples with
a volume of 5-10 mL were taken; the results of their quantitative analysis were averaged and calculated
in ind.-m~ and ind.-m™2. Zooplankton biomass was calculated using nomograms, tables of individual
standard weight of marine hydrobionts, and length-weight equations (Chislenko, 1968 ; Richter, 1994).
All values were converted to dry mass in accordance with transition coefficients for main systematic
groups (Dvoretsky & Dvoretsky, 2015 ; ICES Zooplankton..., 2000). Daily zooplankton production was
calculated by the method (Dvoretsky, 2012 ; Dvoretsky & Dvoretsky, 2015, 2018), based on mean water
temperature, biomass, and potential growth rate of hydrobionts. For hydrobionts, individual dry/carbon
mass was calculated, as well as egg production rate / growth rate. Their values were taken from sources
published [complete list is given in (Dvoretsky, 2012 ; Dvoretsky & Dvoretsky, 2015, 2018)].

The data obtained were processed by the methods of variation statistics, with mean values and stan-
dard errors being determined. The analysis of zooplankton assemblage structure was based on the calcu-
lation of Bray — Curtis indices. To establish the relationship between zooplankton abundance and environ-
mental factors, BIO-ENV routine of Primer 5.0 software package was used. Calculations of zooplankton
stock and integrated daily production for water area studied were performed using a GIS CardMaster
(VNIRO, Moscow) (Bizikov et al., 2007).

RESULTS AND DISCUSSION

Mean water temperature in the sampling layer ranged from +4.1 to +5.4 °C, and salinity — from 34.15
to 34.66 %o. The estimates obtained were typical for Murmansk coastal water (Ozhigin & Ivshin, 1999).
According to (Vodopyanova et al., 2017), chlorophyll a concentration varied in a photic layer from 0.11
to 0.91 mg-m~>; at a depth of 75 m (station 4), a local maximum (1.26 mg-m™>) was recorded; in bottom
layers, pigment content was 0.15-0.30 mg-m™ (Vodopyanova et al., 2017). Similar mosaic distribu-
tion of phytopigments was observed in previous years (Plankton morei..., 1997), being typical for Kola
Peninsula coastal water (Plankton morei..., 1997).

Mopckoii 6uosornueckuii xkypHain Marine Biological Journal 2020 vol. 5 no. 4



Zooplankton productivity in the coastal area of the southern Barents Sea in spring

Fig. 1. Scheme of zooplankton sampling stations in the southern Barents Sea in May 2016

Table 1. Characteristics of zooplankton sampling stations in the southern Barents Sea

Station Date Sampling time Depth, Sampling Coordinates
(UTC+3:00) m layer, m N E
1 22.05.2016 23:58 284 270-0 70°30 32°31"
2 23.05.2016 20:35 181 170-0 70°23’ 32920/
3 24.05.2016 12:37 300 280-0 70°15 32°06
4 24.05.2016 17:30 261 250-0 70°23" 32°49
5 24.05.2016 23:43 192 180-0 70°11" 33°09’
6 25.05.2016 03:52 169 160-0 70°15 32°48’
7 25.05.2016 10:05 137 130-0 70°08 32°48’
8 25.05.2016 19:00 247 240-0 70°15 33°30’
9 26.05.2016 01:07 238 230-0 70°08" 33°30’
10 26.05.2016 04:52 214 210-0 70°01" 34°117
11 26.05.2016 09:25 249 240-0 70°07 34°1%
12 27.05.2016 00:10 208 200-0 69°52 34°12
13 27.05.2016 12:16 219 210-0 70°60 33°31”
14 27.05.2016 16:35 247 240-0 70°30 33°30°
15 27.05.2016 19:25 246 240-0 70°15 33°31"
16 27.05.2016 21:54 147 140-0 70°00 33°31”
17 28.05.2016 00:51 180 170-0 69°44’ 34°13’
18 28.05.2016 04:04 213 200-0 69°50" 34°42’
19 28.05.2016 06:45 244 240-0 70°01" 34°42’
20 28.05.2016 09:37 215 200-0 70°06 35°19
21 28.05.2016 20:05 233 220-0 69°48’ 35°20
22 28.05.2016 23:00 187 180-0 69°37 35°13
23 29.05.2016 01:43 176 160-0 69°30 35°11"
24 29.05.2016 05:35 167 160-0 69°37 34°41’
25 29.05.2016 14:35 263 250-0 69°30 33°30’

Mopckoii 6uonornyeckuii kKypHain Marine Biological Journal 2020 vol. 5 no. 4



6 V. G. Dvoretsky and A. G. Dvoretsky

A total of 47 zooplankton taxa were found in samples (Table 2). The most common (> 80 %
of the samples studied) were Calanus finmarchicus, copepod nauplii and ova, Metridia longa, Metridia lu-
cens, Microcalanus spp., Oithona atlantica, Oithona similis, Pseudocalanus spp., Evadne nordmanni, lar-
vae of Echinodermata and Polychaeta, Parasagitta elegans, and early stages of Thysanoessa spp. Taxa
number at the stations varied from 18 to 29. The maximum was recorded at st. 13, and the mini-
mum - at st. 20. The southern Barents Sea is the richest area in plankton species composition: more
than 280 animal taxa have been found here (Dvoretsky & Dvoretsky, 2015, 2010). In spring, species
number increases due to emerge of meroplankton, which consists mainly of larvae of benthic in-
vertebrates (Plankton morei..., 1997 ; Timofeev, 2000 ; Orlova et al., 2011); that was confirmed
by our study.

Table 2. List of zooplankton taxa, their frequency in samples, and mean abundance in the southern Barents
Sea in May 2016

Taxon Frequency Mean abundance,
in samples, % ind.-m™
Acartia longiremis 64 1
Anomalocera patersoni 4 <1
Calanus finmarchicus 100 1743
Calanus hyperboreus 36 <1
Centropages hamatus 32 <1
Copepoda ova 100 12
Copepoda nauplii 100 400
Metridia longa 96 36
Metridia lucens 100 16
Microcalanus pusillus 100 8
Microcalanus pygmaeus 100 98
Oithona atlantica 100 10
Oithona similis 100 308
Triconia borealis 16 <1
Paraeuchaeta spp. I-IV 20 <1
Paraeuhaeta norvegica V-V1 12 <1
Pseudocalanus spp. I-1V 100 26
Pseudocalanus minutus V-V1 100 10
Pseudocalanus acuspes V-V1 96 <1
Temora longicornis 40 <1
Evadne nordmanni 100 6
Podon leuckartii 32 <1
Aglantha digitale 48 <1
Rathkea octopunctata 8 <1
Bivalvia juv. 56 7

Continue on the next page...
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Zooplankton productivity in the coastal area of the southern Barents Sea in spring 7

Taxon Frequency Mean abundance,
in samples, % ind.-m™
Cirripedia nauplii 8 <1
Echinoidea (echinopluteus larvae) 100 126
Gastropoda larvae 72 3
Ophiuroidea (ophiopluteus larvae) 100 36
Polychaeta larvae 88 11
Chionoecetes opilio zoea + megalopa 12 <1
Hyas spp. zoea 4 <1
Paralithodes camtschaticus zoea 4 <1
Pandalus borealis larvae 8 <1
Boroecia borealis 68 <1
Pisces larvae 64 <1
Limacina helicina larvae 4 <1
Parasagitta elegans 88 <1
Meganyctyphanes norvegica 8 <1
Thysanoessa inermis 4 <1
Thysanoessa raschii 4 <1
Thysanoessa spp. calyptopis 100 49
Thysanoessa spp. nauplii 96 23
Thysanoessa spp. furcilii 100 24
Fritillaria borealis 52 43
Oikopleura labradoriensis 40 13
Nemertini pilidium larvae 4 <1

Total zooplankton abundance varied over a wide range 748-6576 ind.-m™, averaging (3012 % 255).
Zooplankton abundance in coastal water depends largely on external factors: circulation system, presence
of frontal zones, and freshwater runoff (Dvoretsky & Dvoretsky, 2015 ; Timofeev, 2000). The high-
est variability in zooplankton abundance is characteristic of the southeastern area of the sea and some
bays (Zelikman, 1977 ; Zenkevich, 1963 ; Plankton morei..., 1997), having favorable conditions
for forming plankton aggregations.

Total zooplankton biomass varied from 17 to 157 mg of dry mass per m*; mean value was (83 * 7).
The data were comparable to those, obtained in the southern Barents Sea in July 2008 (Dvoretsky
& Dvoretsky, 2015), and exceeded estimates, recorded in Kola Bay area in August 2007 (Dvoretsky
& Dvoretsky, 2012), which, in turn, determine the phase of seasonal development of zooplankton
assemblage (Zelikman, 1977 ; Orlova et al., 2011 ; Raymont, 1983).

Zooplankton production varied from 0.49 to 4.04 mg of dry mass per m? per day, with a mean value
of (2.17 £0.17). The values obtained were approximately twice as high as those recorded for Murmansk
coastal water (2008—2013) during summer period: 0.64—1.25 mg of dry mass per m?® per day (Dvoretsky
& Dvoretsky, 2015, 2016, 2018). This is probably due to food abundance for zooplankton in May.
It is known that an increase in phytoplankton abundance is observed in spring and usually followed
by a peak in zooplankton biomass (Zenkevich, 1963 ; Kiselev, 1980 ; Timofeev, 2000). In summer,

Mopckoii 6uonornyeckuii kypHaia Marine Biological Journal 2020 vol. 5 no. 4



8 V. G. Dvoretsky and A. G. Dvoretsky

microalgae concentration is significantly lower; so, the level of zooplankton production decreases (Plank-
ton morei..., 1997). The waters at the junction of frontal zones are considered to be the most productive
ones. In August 2010, zooplankton production within the frontal zones in the central Barents Sea was
0.18—4.02 mg of dry mass per m> per day (Dvoretsky & Dvoretsky, 2017). In May 2016, the estimates
were quite similar, confirming high zooplankton productivity in the coastal area. In other seasons, daily
zooplankton production can be much higher than in spring. In the Pechora Sea in June 2001, maxi-
mum copepod production reached 14.6 mg of dry mass per m® per day; in Dvorovaya Bay in July 2008,
maximum zooplankton production exceeded 28.3 mg of dry mass per m> per day (Dvoretsky & Dvo-
retsky, 2015). As a rule, zones of increased productivity are registered in bays with waters, enriched with
nutrients and suspended matter (Dvoretsky & Dvoretsky, 2015, 2016 ; Timofeev, 2000). Daily P/B ra-
tio (production/biomass ratio) of zooplankton was 0.02-0.03, which is comparable to the estimates,
obtained previously in Barents Sea coastal water (Dvoretsky & Dvoretsky, 2015, 2016, 2012).

Copepods were a dominant zooplankton group during the period of our study: on average, they
accounted for 90 % of zooplankton abundance, 96 % of biomass, and 94 % of total production.
This result is quite expected, since copepods are the major constituent of zooplankton in the Arctic seas
throughout the year (Vodopyanova et al., 2017 ; Orlova et al., 2004, 2011). Table 3 shows zooplankton
quantitative estimates in the study period.

Table 3. Total zooplankton and copepod abundance, biomass, and daily production in the southern Barents
Sea in May 2016

Parameter X SE Min Max
Zooplankton/copepod abundance, thousands of ind. per m? | 584 /521 36/29 202/ 178 889 /802
Zooplankton/copepod biomass, g of dry mass per m? 16.3/15.8 1.1/1.1 42174.0 25.8/25.6
Zooplankton/copepod production, mg of dry mass per m? 426 /403 27126 121/113 648 / 636

Note: X is mean; SE is standard error; min is minimum; max is maximum.

Distribution of total zooplankton biomass and daily production is shown in Fig. 2. For the water
area studied (25.8 thousand km?), total value of zooplankton stock is estimated to be 425 thousand tons
of dry mass. In this water area, according to the data calculated, daily zooplankton production was about
10 thousand tons of dry mass.

Cluster analysis revealed presence of four groups of stations (Fig. 3), being quite similar in zooplank-
ton abundance and composition. Minimum similarity between clusters according to Bray — Curtis index
was 65 %. The main contribution to the difference between groups of stations was made by Calanus fin-
marchicus (2-8 %), Oithona similis (1-4 %), copepod nauplii (2—4 %), Echinodermata larvae (1-5 %),
and appendicularian Fritillaria borealis (1-3 %). Four clusters significantly differed in structure of zoo-
plankton assemblages, i. e. in the ratio of common species (ANOSIM Test, global R = 0.779, p < 0.001).

The highest zooplankton abundance and biomass were registered at stations of cluster 3, the low-
est — at stations of cluster 4. Calanus finmarchicus, as well as copepod nauplii, dominated in abun-
dance (on average, 58—63 and 12-18 %, respectively) at stations of clusters 1-3. A peculiar charac-
teristic of cluster 4 was high Oithona similis ratio in total zooplankton abundance. In terms of biomass,
Calanus finmarchicus dominated within all groups of stations, but at stations of cluster 4 its contribution
was minimal (< 88 %).

Mopckoii buosnornueckuii kypHan Marine Biological Journal 2020 vol. 5 no. 4



Zooplankton productivity in the coastal area of the southern Barents Sea in spring

Fig. 2. Distribution of total zooplankton biomass and daily production in the southern Barents Sea in May
2016. Biomass (g of dry mass per m?): 1 -<5;2-5-10; 3 — 10-15; 4 — 15-20; 5 — 20-25; 6 — > 25.

Daily production (mg of dry mass per m? per day): 1 — < 100; 2 — 100-200; 3 — 200-300; 4 — 300-400;
5 -400-500; 6 — > 500

Fig. 3. Dendrogram of stations similarity in terms of zooplankton abundance (Bray — Curtis index, %)
in the southern Barents Sea in May 2016
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BIO-ENYV routine showed as follows: spatial variations in zooplankton abundance were determined
by a combination of five factors, being latitude, longitude, station depth (location), bottom temperature,
and mean salinity (r = 0.541). A similar value of the correlation coefficient (r = 0.540) was obtained
for a combination of three factors, being latitude, bottom temperature, and mean salinity. For other com-
binations of factors, values of the correlation coefficients were lower. Hydrological conditions and geo-
graphic location are known to effect zooplankton assemblages. These factors are significant in the dis-
tribution of planktonic organisms in the Arctic seas (Degtereva, 1973 ; Timofeev, 2000). In our case,
zooplankton variations were most likely associated with hydrological factors (temperature and salin-
ity), while latitude indirectly reflected the spatial changes of these two factors. As moving northward,
temperature decreased, and salinity increased; these affected the ratio of common species, as well
as zooplankton abundance.

We revealed a weak correlation between zooplankton abundance and chlorophyll a concentration,
the value of which indirectly reflects the state of phytoplankton, being the main zooplankton food re-
source. It seems to be associated with different periods of phyto- and zooplankton abundance. A peak
of phytoplankton bloom in the southern area of the sea is observed in April, but zooplankton was sampled
in May, when phytoplankton concentration decreased (Plankton morei. .., 1997). Therefore, no direct re-
lationship between phyto- and zooplankton abundance was established (Dvoretsky & Dvoretsky, 2015 ;
Timofeev, 2000).

Calanus finmarchicus age structure was characterized by the dominance of early copepodites, which,
on average, accounted for more than 60 % of total population abundance. The ratio of adults was lower
than 1 % (Fig. 4).

Fig. 4. Age structure of common copepod species (mean ratio in population at all stations) in the southern
Barents Sea in May 2016

Mopckoii buosnornueckuii kypHan Marine Biological Journal 2020 vol. 5 no. 4
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Such distribution of different age stages indicated recently completed species spawning within
the water area studied, which is in good agreement with the general pattern of Calanus finmarchi-
cus development in the Barents Sea (Dvoretsky & Dvoretsky, 2015 ; Kamshylov, 1952 ; Plankton
morei..., 1997 ; Timofeev, 2000). In Pseudocalanus spp. populations, mainly copepodites of stages [I-1V
were recorded (Fig. 4), with the ratio of adults averaging 10 %, which undoubtedly indicated Pseu-
docalanus spp. continued reproduction (Dvoretsky & Dvoretsky, 2015). In Oithona similis population,
all developmental stages were found, with the ratio of early ones being low, which is associated with
low catchability of the net, used for these age groups. As a rule, in the Barents Sea, small opportunis-
tic species reproduce throughout the year, forming 1-2 generations (Dvoretsky & Dvoretsky, 2011 ;
Raymont, 1983).

High values of copepod abundance, biomass, and production created favorable feeding conditions
for larvae and early age stages of pelagic fish, as well as for larvae of benthic fish. In general, the analysis
carried out indicates a high production potential of zooplankton in the southern Barents Sea in spring.

Conclusions:

1. In the southern Barents Sea, 47 taxa were identified in zooplankton samples. The most common
ones were copepods Calanus finmarchicus, Metridia longa, M. lucens, Microcalanus spp., Oithona at-
lantica, O. similis, Pseudocalanus spp., as well as copepod nauplii and ova, cladoceran Evadne nord-
manni, larvae of Echinodermata and Polychaeta, chaetognath Parasagitta elegans, and early stages
of euphausiids of the genus Thysanoessa. On average, copepods accounted for 90 % of zooplankton
abundance, 96 % of biomass, and 94 % of total production.

2. Total zooplankton abundance varied within a wide range, averaging (3012 * 255) ind.-m™. Mean
values of zooplankton dry mass and daily production were (83 £ 7) and (2.17 = 0.17) mg

of dry mass per m?, respectively. According to our calculations, daily zooplankton production in this
water area was about 10 thousand tons of dry mass.

3. Based on zooplankton abundance and composition, cluster analysis revealed four groups of stations.
The main contribution to the difference between these groups was made by Calanus finmarchicus,
Copepoda nauplii, larvae of Echinodermata, O. similis, and Fritillaria borealis. Spatial variations
in zooplankton abundance were determined by a combination of five factors, being latitude, longi-
tude, station depth, bottom temperature, and mean salinity. Of these, the most important ones were
temperature, salinity, and latitude.

4. Age structure of common copepod species Pseudocalanus spp. and Calanus finmarchicus was charac-
terized by predominance of early stages, which indicated Pseudocalanus spp. continued reproduction,
as well as recently completed C. finmarchicus spawning.

This work has been carried out within the framework of MMBI RAS government research assignment “Features
of the organization of Arctic plankton communities in the conditions of modern climatic changes (Barents, Kara,
and Laptev seas)” (No. 0228-2016-0001 ).
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IPOJYKTUBHOCTD 300IIJIAHKTOHA
B IIPUBPE;KHOM 30HE I0KHOU YACTU BAPEHIIEBA MOPSI
B BECEHHUI INEPUO ]

B. I'. IBopenkuii, A. I'. /IBopeuxmui

MypmaHckmii MOpcKoii duonorndeckuii uHCTUTYT PAH, Mypmanck, Poccuiickas ®enepariust

E-mail: vdvoretskiy@mmbi.info

IpencraBneHsl pe3yJIbTaThl aHAIU3a COCTOSIHUS 300IUIAHKTOHHOTO COOOIIECTBA B I0KHOM vacTh ba-
perueBa mopsi. [IpoGer oToOpansl B xozae 3kcnequuun HUC «[lanbaue 3eneHup» B mae 2016 T.
[uaposoriyeckre yCiaoBUs ObLTA TUITMYHBIMU /11 MYPMaHCKOH MPUOPEkKHON BOJTHON MACCHI B 3TOT
ce30H. Beero obHapyxkeHO 47 TAKCOHOB 300IUIAHKTOHA. VX KOJMYeCcTBO Kosiebanach Mo CTaHIMSAM
ot 18 1o 29. Konenonp! Obli JOMUHUpYIOLIEH Ipynnoi B 300ruiaHkToHe. Hambosee yacto BeTpe-
yanuch Calanus finmarchicus, Metridia longa, Metridia lucens, Microcalanus spp., Oithona atlantica,
Oithona similis, Pseudocalanus Spp., HAyTUTUH U SIAIIA KOTIETION, a TAKKe KiIajonepsl Evadne nordmanni,
JIMYMHKYU UITIOKOXKUX, TIOJIMXET, MEeTHHKOYEOCTHble Parasagifta elegans, 10BEHWIbHBIE CTAVN IB-
(paysumn pona Thysanoessa. B cocraBe momysisinuii MacCOBBIX BUAOB Korernionl Pseudocalanus spp.
u Oithona similis ipeobiagamM MIAAIIME BO3pPACcTHBIE TPYMIBI, YTO CBHUAETEIHCTBOBAIO O IPO-
JoJpKameMcss ux pasMHoxeHnu. CyMMapHasi YMCIIEHHOCTh 300IUIAHKTOHA BapbUpoBasia OT 748

10 6576 3K3.-M~>

, coctapyss B cpenHeM 3012. O6mas 6uomacca xojebanacy or 17 mo 157 mr cy-

X0l Macchl-M™>, CpelHAA BelMuMHA paBHsnach 83. IToydyeHHble BETMUAHB COMOCTABMMMI C JaH-
HbIMH n1071 2008 T. ¥ mpeBblaloT nokaszarean asrycra 2007 r., 4To aBTOPHI CBA3AIM C Pa3HBIMHU
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Ce30HaMH 0TOOpa Mpod U ¢ Pa3IMYAOIIMMICS TMAPOJIOTMYECKIME ycaoBUsMH. CyTouHast IPOLyK-
WS 300TUIaHKTOHA KojleOanach B auana3oHe 0,49-4,04 mr cyxoi Macchl-M > TP CpeTHEH BeIMYnHE
(2,17 £0,17), uto mpuMepHO B 2 pa3a BHIIIIE, YeM CpeTHHE TIOKA3aTe ! [JIsI MypPMaHCKUX MPUOPEKHBIX
BOJ B JIETHUI NepuoA. BeposTHO, 3TH pasinius CBsSI3aHbl ¢ 0ojee BBICOKOH KOHIEHTpauuel ¢uro-
IUIAaHKTOHA B BeceHHee BpeMsA. CyMMapHas BeJIMUMHA 3amaca 300IUIaHKTOHA B UCCIEAyeMON aKBaTo-
pun (25,8 Thic. KM?) onieHeHa B 425 ThIC. T CyXoii Macchl. KiacTepHblii aHaTH3 BBISIBII HATMUME YEThi-
PEX IpyIN CTaHIMIA, KOTOPBIE pa3InvaIuch cooTHotenueM Calanus finmarchicus, Copepoda nauplii,
Oithona similis, TMYNHOK UITIOKOXUX W aNNeHOUKYIapuid Fritillaria borealis. IIpocTpaHCTBEHHYIO U3-
MEHUYUBOCTb YHCJIEHHOCTH 300TUIAHKTOHA OIPEAEsIsIM MECTOIOIOKEHNE CTAaHIMH (IIIMPOTa, 10JroTa,
DIyOrHA), a TaKXe TeMIIepaTypa MPUIIOHHOTO CJIOS U CPE/IHSISI CONEHOCTh BOJ HA CTAHIIVH.

KiroueBble cj10Ba: 300IJIAHKTOHHOE COO6HICCTBO, KOIICTIOabl, TIEJIarn4YeCKad 9KOCUCTEMaA

Mopckoii buonoruueckuii kypHan Marine Biological Journal 2020 vol. 5 no. 4



Check for
updates

8 71 Mopckoii GUOJIOrHYeCKUH KypHAI

Marine Biological Journal

[T
’!ﬁﬁlﬁluml‘ 2020, vol. 5, no. 4, pp. 15-27
VIuBIOM — IBSS https://doi.org/10.21072/mbj.2020.05.4.02

UDC 576.895(262.5):[575.22:576.311.47]

GENOTYPING OF BLACK SEA TREMATODES OF THE FAMILY OPECOELIDAE
BY MITOCHONDRIAL MARKERS

©2020 A.YV.Katokhin! and Yu. M. Kornyychuk?

Institute of Cytology and Genetics of SB of RAS, Novosibirsk, Russian Federation

2A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS, Sevastopol, Russian Federation
E-mail: katokhin@bionet.nsc.ru

Received by the Editor 01.08.2020; after reviewing 18.12.2020;
accepted for publication 25.12.2020;  published online 30.12.2020.

Opecoelidae Ozaki, 1925 (Trematoda: Opecoeloidea) is the biggest trematode family in the Black
Sea in terms of species and genera number. Maritae of the most common Black Sea Opecoelidae
trematodes are well described morphologically; nevertheless, information on their genomes struc-
ture is sketchy, and data on mitochondrial genomes are absent. The aim was to study the structure
of mitochondrial genome fragments of Black Sea trematode species: Cainocreadium flesi Korniy-
chuk & Gaevskaya, 2000, Gaevskajatrema perezi (Mathias, 1926) Gibson & Bray, 1982, and Heli-
cometra fasciata (Rudolphi, 1819) Odhner, 1902. Sequences were made for CO1 (the cytochrome
¢ oxidase subunit I) and 16S mitochondrial genes. To amplify CO1 gene fragment of Cainocreadium
and Helicometra trematodes, primers were developed. Phylogenetic relationships within the analyzed
part of the Opecoelidae family were reconstructed on the basis of our data and the corresponding
GenBank data by the Maximum Likelihood algorithm, implemented in MEGA X program. To root
the phylogenetic trees, the corresponding sequences of the closely related trematode Brachycladium go-
liath (Brachycladioidea: Brachycladiidae) were used. For the first time, nucleotide sequences of CO1
and 16S mitochondrial genes fragments of Black Sea trematodes C. flesi, G. perezi, and H. fasciata
from different definitive fish hosts were identified and deposited in GenBank. In case of C. flesi, no host-
specific lines were found in the structure of CO1 mitochondrial gene fragment, but high CO1 nucleotide
diversity was noted. Black Sea H. fasciata, parasitizing peacock wrasse, Symphodus tinca, were revealed
to be a host-specific CO1 haplogroup; its taxonomic status requires further clarification, and ecological
and genetic studies of the putative H. fasciata species complex from different water areas are needed.
No host-specific genetic lines were found when analyzing the sequences of H. fasciata 16S rRNA mito-
chondrial gene fragment. No significant differences in 16S fragment were registered between G. perezi
trematodes from different Black Sea definitive hosts; however, the intraspecific 16S nucleotide diversity
was rather high.

Keywords: Black Sea, Trematoda, Opecoelidae, Cainocreadium, Gaevskajatrema, Helicometra,
mitochondrial genes, CO1, 16S rRNA
Opecoelidae Ozaki, 1925 (Trematoda: Opecoeloidea) is the leading Black Sea trematode fam-
ily in terms of genera and species number (Gaevskaya & Kornyychuk, 2003). Over the past ap-
proximately 50 years, it has experienced a progressive decrease in species and genera representation
in this water basin (Dmitrieva et al., 2018), and its reasons are not completely clear. To date, mar-
itae of the most widespread Opecoelidae species in the Black Sea (Cainocreadium flesi Korniychuk
& Gaevskaya, 2000, Gaevskajatrema perezi (Mathias, 1926) Gibson & Bray, 1982, and Helicome-
tra fasciata (Rudolphi, 1819) Odhner, 1902) are detailed only morphologically, by light microscopy
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methods (Gaevskaya & Solonchenko, 1989 ; Korniychuk, 2009 ; Kornyychuk & Gaevskaya, 2000 ; Opre-
delitel’ parazitov pozvonochnykh..., 1975). The available data on the genomes structure of Opecoelidae
species (and generally trematodes), known from the Black Sea, are mainly represented by nucleotide
sequences of nuclear DNA (18S rDNA, 28S rDNA, ITS1, and ITS2) (Katokhin & Kornyychuk, 2018 ;
Andres et al., 2014 ; Born-Torrijos et al., 2012 ; Bray et al., 2016 ; Jousson & Bartoli, 2001). Few data
on mitochondrial genes structure of Opecoelidae genera of the Black Sea were obtained only from the Pa-
cific material (Donald et al., 2004 ; Donald & Spencer, 2016 ; Gonzdlez et al., 2013 ; Lagrue, 2016 ;
Lopez et al., 2015 ; Martin et al., 2019 ; Yano & Urabe, 2017); they are of little use for confirming
species identification of Black Sea trematodes by molecular genetic methods.

The aim of the study is to obtain the first data on the structure of mitochondrial genome fragments
of trematode species, being the most common ones in the Black Sea in the current period (C. flesi,
G. perezi, and H. fasciata), for further clarification of their taxonomic status.

MATERIAL AND METHODS

Maritae of Opecoelidae trematodes (Cainocreadium flesi, Gaevskajatrema perezi, and Helicometra
fasciata) were obtained from Black Sea fish, caught in Sevastopol and Batiliman water areas, as well
as in Karadag nature reserve water area (Table 1). The species were identified by generally accepted
morphological criteria (Gaevskaya & Solonchenko, 1989 ; Korniychuk, 2009 ; Kornyychuk & Gaevskaya,
2000 ; Opredelitel’ parazitov pozvonochnykh..., 1975).

For molecular genetic analysis, trematode mitochondrial genes fragments, encoding 16S rRNA
and the cytochrome ¢ oxidase subunit I (CO1), were selected. Total DNA was isolated by the CTAB
method (Wilke et al., 2006). To amplify 257-nucleotide 16S rRNA fragment, the primers OMP38 5’-
AGACGGAAAGACCCCGAG-3" and OMP04 5-CTCACGCCGGTCTTAACT-3’ were used, as well
as the thermal profile of the polymerase chain reaction as follows: denaturation at +94 °C for 3 min-
utes, 40 cycles (denaturation at +94 °C for 20 seconds; primer annealing at +52 °C for 30 seconds;
synthesis at +72 °C for 25 seconds). These primers were developed and used for the reconstruc-
tion of opisthorchiid trematodes mitogenomes (Shekhovtsov et al., 2010), and they are also suitable
for Opecoelidae species genotyping. Amplification was performed under standard reaction conditions
(see http://molbiol.ru/protocol/12_01.html).

To amplify 276-nucleotide CO1 gene fragment, we used the primers PlagiHenCIF 5’-
GTTGTTTGGGCTCATCATATGTTTA-3’ and OpeColuniR2 5-AGCCACCACAAACCAAGTATCATG-
3’, as well as the thermal profile of the polymerase chain reaction, described above, but with primer
annealing at +54 °C. Since CO1 sequences for Cainocreadium trematodes were not known before our
study, we used the primer, which was proposed earlier for Prosthogonimidae trematodes (Heneberg
et al., 2015), as the basis for the development of the PlagiHenC1F primer. After the alignment with
the sequences from GenBank (NCBI), this primer was modified to be suitable for Opecoelidae species
genotyping. When developing the OpeColuniR2 primer, we used the primer, which was developed
and used for opisthorchiid genotyping, as the basis; it was similarly modified to work with Opecoelidae
trematodes DNA (Fig. 1).

The amplicons were sequenced by the Sanger method. The analysis of the sequencing reaction
products after purification by isopropanol precipitation was carried out in the sequencing core facility
in the Institute of Molecular and Cellular Biology of Siberian Branch of RAS on a capillary sequencer
ABI 3730x1 Genetic Analyzer (Applied Biosystems).
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Table 1. Trematoda (Opecoelidae) maritae samples, analyzed in the study

Sample Trematode Fish host Sampling No. in GenBank
identifier species species area 16S COl1
009Cai-PfSKr05-21 MT472528 MT472167
010Cai-PfSKr05-22 Platichthys flesus Sevastopol MT472529 MT472168
022Cai-PfSKr05-23 MT472530 MT472169
001Cai-GmSKr05-21 MT472531 -
002Cai-GmSKr05-22 MT472532 -
Sevastopol
003Cai-GmSKr05-23 MT472533 MT472170
- Cainocreadium
004Cai-GmSKr05-24 Flesi MT472534 -
01 1Cai-GmKKr18-21 Gaidropsarus MT472535 MT472171
012Cai-GmKKr18-22 mediterraneus MT472536 -
013Cai-GmKKr18-23 MT472537 MT472172
Karadag
014Cai-GmKKr18-24 MT472538 MT472173
018Cai-GmKKr18-26 MT472539 -
019Cai-GmKKr18-27 MT472540 -
005Hel-SpSKr05-21 . - MT472174
Salaria pavo Sevastopol
006Hel-SpSKr05-22 MT472542 MT472175
015Hel-GmBKr17-22 Batiliman MT472543 MT472176
042Hel-GmKKr18-21 MT472548 -
Gaidropsarus
043Hel-GmKKr18-22 mediterraneus Karadag MT472549 -
047Hel-GmKKr18-23 MT472551 MT472177
048Hel-GmKKr18-24 Helicometra MT472552 -
036Hel-AsKKr18-21 fasciata MT472545 -
037Hel-AsKKr18-22 Aidablennius sphynx Sevastopol MT472546 _
040Hel-AsKKr18-25 MT472547 -
049Hel-SpKKr06-21 Scorpaena porcus Karadag MT472553 MT472178
045Hel-SrBKr02-21 Symphodus roissali Sevastopol MT472550 -
056Hel-StSKr19-22 . MT472554 MT472179
Symphodus tinca Sevastopol
057Hel-StSKr19-23 MT472556 -
041Gae-SsSKr19-21 MT472557 -
Symphodus ocellatus Sevastopol
051Gae-SoSKr19-22 Gae Vskajatrema MT472558 -
052Gae-StSKr19-23 perezi . MT472559 -
Symphodus tinca Sevastopol
053Gae-StSKr19-24 MT472556 -
Helicometra Labrisomus
- fasciata philippii - K1596004 [20]
Pacific Ocean,
_ Helicometra Paralabrax Chile coast _ KJ996005;
fasciata humeralis KJ996006 [20]
Brachycladium Balaenoptera .
- . Atlantic Ocean KR703278 | KR703278 [17]
goliath acutorostrata
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Fig. 1. Alignment of CO1 gene fragments of Opecoelidae trematodes and Brachycladium goliath; position
of PlagiHenC1F (A) and OpeColuniR2 (B) primers

The sequences obtained were aligned by the Clustal W algorithm; genetic distance calculation
and multiple alignment analysis were carried out by the MEGA X program (Kumar, 2018).

Nucleotide sequences of CO1 and 16S mitochondrial gene fragments of Black Sea trematodes, identi-
fied in this work, were deposited in GenBank (see Table 1). For phylogenetic analysis, the corresponding
16S and CO1 sequences of Opecoelidae from GenBank were used (Table 1). For Gaevskajatrema perezi,
CO1 fragment failed to amplify; the possible reason of the failure is excessive polymorphism in template
fragments, targeted by primers. Phylogenetic relationships within the analyzed part of the Opecoelidae
family were reconstructed on the basis of our data and the corresponding GenBank data by the Maximum
Likelihood (ML) algorithm and the HKY nucleotide substitution model, recommended by the Model
Test subprogram (the MEGA X program). To root the phylogenetic trees, the corresponding sequences
of the closely related trematode Brachycladium goliath (van Beneden, 1858) Fraija-Ferndndez, Aznar,
Raga, Gibson & Fernandez, 2014 (Brachycladioidea: Brachycladiidae) were used.

Haplotypes were identified and analyzed by the DnaSP 5.10 software (Librado & Rozas,
2009). Haplotype networks were built by the Network 10 program (http://www.fluxus-
engineering.com/sharenet.htm) (Bandelt et al., 1999).
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RESULTS AND DISCUSSION

The analysis of the genetic distances between Black Sea Opecoelidae trematodes from different
genera according to the sequences of 16S and CO1 mitochondrial genes fragments revealed significant
quantitative differences between them, with a much lower intraspecific variability of the corresponding
trematode genome fragments (Table 2).

Table 2. Estimates of genetic distances (number of base substitutions per site) intra- (in brackets, bold)
and between studied Black Sea Opecoelidae trematodes for CO1 (above diagonal) and 16S mitochondrial
genes fragments (below diagonal)

Col1 Cainocreadium flesi Helicometra fasciata
168 (0.2175) (0.0423)
Camo(c(;)".e(;l(;isuiT flesi 0.3108
Heli :
ellco(n;.egflc:) ]9‘;zscmta 0.0719
Gaevskg’aot;(;n;)a perezi 0.0688 0.0616

The position of Black Sea Opecoelidae trematode species on the phylogenetic tree, based
on 16S rRNA fragment under study (Fig. 2), adequately reflected the assignment of trematode
species to genera.

Cainocreadium flesi Korniychuk & Gaevskaya, 2000. As a rule, 16S mitochondrial gene is used
to distinguish trematode taxa above the species level (most reliably to distinguish families) (Blasco-Costa
et al., 2016). On the intraspecific level, any significant differences in its nucleotide sequences are un-
likely. However, in Cainocreadium trematodes, six 16S haplotypes were identified, and the transitions
between them are clearly illustrated in Fig. 3. The samples analyzed from the European flounder P. flesus
are represented by three haplotypes (No. 4-6), differing by one nucleotide substitution and/or insertion-
deletion. All analyzed Cainocreadium maritae samples from shore rockling G. mediterraneus are repre-
sented by three other haplotypes (No. 1-3), differing by one nucleotide substitution. The most common
haplotype is No. 1: it was identified from Cainocreadium specimens, sampled in different years, in differ-
ent areas, and from different fish host specimens. The host specificity of 16S gene haplogroups indicates
a certain multidirectionality of microevolutionary processes in relation to Black Sea Cainocreadium
maritae, parasitizing shore rocklings and European flounders.

The analysis of similarity and difference of C. flesi trematodes from various hosts by the structure
of CO1 mitochondrial gene fragment (Fig. 4) revealed no host-specific clusters, which is consistent with
the previously obtained data on the absence of genetic variability of these trematodes from shore rock-
ling and European flounder by ITS1 nucleotide sequences (Katokhin & Kornyychuk, 2018). Moreover,
it apparently may indicate belonging of Black Sea Cainocreadium maritae from different definitive fish
hosts, having, nevertheless, obvious morphological differences (Kornyychuk, 2008), to one and the same
species: C. flesi. Meanwhile, in C. flesi samples analyzed, a very high CO1 haplotypic diversity was ob-
served (Fig. 4): each of them belonged to a separate haplotype; 14 nonsynonymous substitutions (0.21 %)
and 28 synonymous ones (0.42 %) were found.

The analysis by the Network 10 program revealed as follows: CO1 haplotypes of Black Sea Cain-
ocreadium are divided into two groups (Hap 1+4 and Hap 5+7), separated by 42 mutational events;
within the haplogroups, the differences do not exceed 5 mutational steps (Fig. 5). Meanwhile, neither
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Fig. 2. ML phylogram of Black Sea Opecoelidae trematodes, based on 16S rRNA mitochondrial gene
fragment

host nor spatial specificity of CO1 haplogroups was noted (Fig. 4): each of them includes trematodes
from both shore rockling and European flounder, caught in two Black Sea water areas, being almost
200 km apart along the coast.

Cainocreadium entered the Black Sea apparently from the Mediterranean Sea and got completely new
definitive and intermediate hosts (Kornyychuk, 2008). A new species, C. flesi, was formed from trema-
tode ancestral form (Kornyychuk & Gaevskaya, 2000); the adaptation to exploiting new Black Sea hosts
is clearly ongoing.

Helicometra fasciata (Rudolphi, 1819) Odhner, 1902. Based on 16S RNA structure, Black Sea
H. fasciata maritae (see Fig. 2) were divided into three clusters, with none of them reflecting narrow
specificity to the definitive host: trematodes from A. sphynx both formed a separate cluster and were
present in another cluster (from different fish hosts).
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Fig. 3. Haplotype networks of 16S of two Black Sea trematodes

Fig. 4. ML phylogram of Black Sea Opecoelidae trematodes, based on mitochondrial gene fragment,
encoding the cytochrome ¢ oxidase subunit I (CO1)
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Three groups of H. fasciata 16S haplotypes were identified. Hap 4+7 are confined to Sevastopol
region only; Hap 2 and 3 were found in Karadag only; Hap 1 was registered in maritae from fish
from geographically significantly distant water areas (Sevastopol, Batiliman, and Karadag; more than
200 km in a straight line between the extreme points). Meanwhile, none of fish hosts is able to move
long distances (Svetovidov, 1964).

Black Sea H. fasciata maritae studied, parasitizing peacock wrasse, Symphodus tinca, significantly
differ in CO1 structure from H. fasciata maritae from the other fish hosts studied, which are grouped
into another cluster on the tree (Fig. 4).

We compared our data on CO1 structure of Black Sea H. fasciata with the corresponding Gen-
Bank data (see Table 1) on H. fasciata trematodes off Chile coast. It turned out that Helicometra
from this geographically distant area and specimens, parasitizing Black Sea fish from other families,
are clustered in different groups.

COl1 haplotypes of H. fasciata samples studied were subdivided into three haplogroups (Fig. 5).
The haplotypes of H. fasciata from the majority of Black Sea fish studied are closely related (Hap 1+3;
average intragroup genetic distance is 0.032). They differ significantly from haplotypes of H. fasciata
from S. tinca (Hap 4; average genetic distance to above described complex of H. fasciata is 0.088).

Fig. 5. Haplotype networks of CO1 of Black Sea trematodes
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The most distant H. fasciata haplogroup (CO1 Hap 5+6) included Pacific representatives
of the species: average genetic distance is 0.154 (range 0.146+0.158); the distance from Black Sea
H. fasciata from S. tinca is 0.148, from other Black Sea H. fasciata — 0.155.

The values of genetic distances between two CO1 haplogroups of Black Sea H. fasciata and between
each of these groups and Pacific H. fasciata are in the range of interspecific CO1 differences for trema-
todes, established by several researchers (Ledn-Regagnon, 2010 ; Pérez-Ponce et al., 2016 ; Rosser et al.,
2017 ; Vilas et al., 2005). These data, as well as previously established morphological peculiarity of Black
Sea H. fasciata maritae from S. finca (Korniychuk, 2000), allow suggesting as follows: all three CO1 hap-
logroups of H. fasciata, mentioned above, may be taxonomically unequal. Verification of this hypothesis
requires a comprehensive study of the putative H. fasciata species complex: obtaining more complete
information on CO1 haplotypic composition of host maritae groups, studying morphological features
of H. fasciata of different CO1 haplogroups, and assessing presence of transitional morphotypes.

Gaevskajatrema perezi (Mathias, 1926) Gibson & Bray, 1982. G. perezi trematodes are specific
only to Labridae fish and are common in these hosts in the Black Sea (Korniychuk, 2001). Studied maritae
of this species from two species of Black Sea wrasses (ocellated wrasse and peacock wrasse) appeared
to have the close structure of 16S fragment (Fig. 2). It will be interesting to check this conclusion in future,
using other markers.

In general, the use of two mitochondrial markers for answering the question of the status of Opecoeli-
dae species seems to be promising. It is clear that the involvement in the analysis of new samples from dif-
ferent hosts and water areas will provide a lot of unique data on species diversity and intrapopulation
genetic structure of these trematodes.

The data obtained on the structure of fragments of mitochondrial genes, encoding 16S rRNA
and the cytochrome c oxidase subunit I (CO1), of Black Sea trematodes studied were deposited in Gen-
Bank (see Table 1) and integrated into the website of parasitic organisms subcollection of IBSS collection
of the World Ocean hydrobionts (http://marineparasites.org/taxa/?dna-sequences).

Conclusions:

1. For the first time, the primers PlagiHenC1F and OpeColuniR2 were developed to amplify CO1 gene
fragments of Cainocreadium and Helicometra trematodes.

2. For the first time, nucleotide sequences of mitochondrial gene fragments of Black Sea trematodes
were identified: 16S gene of Cainocreadium flesi Kornyychuk & Gaevskaya, 2000, Gaevskaja-
trema perezi (Mathias, 1926) Gibson & Bray, 1982, and Helicometra fasciata (Rudolphi, 182)
Odhner, 1902, as well as CO1 gene of C. flesi and H. fasciata from different definitive fish hosts.

3. In C. flesi trematodes, no host-specific groups in the structure of 16S and CO1 mitochondrial genes
fragments were found; however, high CO1 nucleotide diversity was revealed.

4. In Black Sea H. fasciata maritae from Symphodus tinca, CO1 haplotype was identified, being sig-
nificantly distant from CO1 haplogroup of H. fasciata from other fish hosts studied; the taxonomic
status of maritae from S. tinca requires clarification. When analyzing the sequences of 16S rRNA
mitochondrial gene fragment, host-specific genetic lines of Helicometra were not found.

5. COl haplogroup of Pacific H. fasciata is significantly distant from the haplogroups of Black Sea
ones, and this requires clarification of the taxonomic status of Pacific H. fasciata as well.

6. No differences were found in the structure of studied 16S gene fragment in Black Sea G. perezi
from different definitive hosts.
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TEHOTUIINPOBAHUE YEPHOMOPCKHNX TPEMATO/I
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1O MUTOXOH/IPUAJIBHBIM MAPKEPAM
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Opecoelidae Ozaki, 1925 (Trematoda: Opecoeloidea) — Bemyinee 10 YUCITy BHIOB M POAOB CEMEH-
cTBO TpeMaroj B YE€pHoM Mope. MapuThl Hanbosee paclipoCTpaHEHHBIX BUJIOB YUePHOMOPCKHX OIle-
LEIUIHBIX TPEMATO[ MOAPOOHO ONMUCAHBl MOP(OIOrHYECKH, OJHAKO CBEIEHUS O CTPYKTYPE UX I'€HO-
MOB OTPBIBOYHBI, 4 JaHHBIE O MUTOXOHIPHUAJBbHBIX T€HOMaX OTCYTCTBYIOT MojHocThlo. Llesnb nccrne-
JOBaHUSI — TIOJIyYUThb MEPBBIE CBEJECHHS O CTPOCHUH YYaCTKOB MUTOXOHAPHAIBHOIO F'eHOMa Mpel-
cTaBuTeJ el HamOoJee paclpoCcTpaHEHHBIX B UYEpPHOM MOpe B COBPEMEHHBIH MEpUOA POAOB Tpema-
ton cemerictBa Opecoelidae s mocieAyoero yrouHeHusl uX TaKCOHOMUYeCKOro craryca. ®du-
JIOTEHETUYECKHE OTHOILLUEHUS! BHYTPU aHAJIM3UPYEMOM YacTH 3TOIO CEMENCTBA PEKOHCTPYHUPOBAHbI
Ha OCHOBE JAHHBIX, NOJYYEHHBIX HAMHU, U COOTBETCTBYIOIIMX JaHHbIX n3 GenBank ¢ momouipio ai-
roputMa Maximum Likelihood u mogemu HykieotunHsix 3amed HKY. [Ins ykopenenust ¢usore-
HETHUYECKOTO AepeBa MCIOJIb30BAaHbl COOTBETCTBYIOIIME MOCIENOBATENbHOCTH Brachycladium goliath
(Brachycladioidea: Brachycladiidae). ITockonbky nocnaenosatensHoct CO1 — craHgapTHOTrO U Hau-
6oJiee MOMYJISIPHOTO MUTOXOH/IPUATILHOTO MapKepa — JJIs1 UCCIIeYEMBbIX POJIOB OMEIENu L 10 CUX MOp
He ObUTH U3BECTHBI, HAMU Ha OCHOBE M3BECTHBIX COOTBETCTBYIOIIMX MHOc/eoBaTebHocTel Xiphidiata
paspaboTaHsl mpaiiMepsl 1is ammumgukanmu ¢pparmenta CO1, 4ToObI BriepBble IPOBECTH COOTBET-
CTBYIOIIMIA (pustoreHeTHUECKUi aHaIM3. BriepBrle orpesaenensl U aenonuposaHbl B GenBank Hykieo-
THUJIHBIE ITOCJIEIOBATEIBHOCTH (PParMEHTOB MUTOXOHpUaIbHBIX reHoB CO1 1 16S yepHOMOpPCKUX Tpe-
matof Cainocreadium flesi Korniychuk & Gaevskaya, 2000, Gaevskajatrema perezi (Mathias, 1926)
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Gibson & Bray, 1982 u Helicometra fasciata (Rudolphi, 1819) Odhner, 1902 ot pa3HbIX BUAOB Jic-
(uHUTHBHBIX X0351eB — pBIO. Y C. flesi He BbIABIEHO ceM(PUUHBIX K OKOHYATEJIbHBIM X0351€BaM —
pblbaM JIMHMIA IO CTPYKTYpe (pparMeHTa MUTOXOHgpHanbHoro reHa CO1, ogHaKO OTMEUEHO BBICOKOE
COl-nykneotuaHoe pasHooOpasue. Y MapuT YepHOMOpckux H. fasciata onpeneneHa npuypoyeHHast
K 3eJIeHylIKaM-pyJsieHam Symphodus tinca CO1-ramiorpymmna, CTaTyc KOTOpol TpeOyeT AaibHeHIero
BBISICHEHU ST; HEOOXO/IMMBI 9KOJIOTUYECKHE ¥ TeHETHYEeCKUe UCCIIeJOBAHUS MPETOaraeMoro BUi0Bo-
ro Komruiekca H. fasciata u3 pa3Hbix akBatopuil. [1pu ananuse nocnenoBaTessHOCTEN (pparMeHTa Mu-
ToxoHapuaibHoro rea 16S pPHK rocranpHbix reHeTuyeckux uHuil y H. fasciata BBIAEIUTD HE yaa-
Jock. Y yepHOMOpPCKUX G. perezi He OOHApYXKEHO 3HAUNTEJIBHBIX pa3Inuuii o (pparmeHTy 16S mexmy
TPeMaTolaM1 U3 OKOHYATEJIbHBIX X0351€B Pa3HbIX BUAOB, OIHAKO BHYTPUBUIIOBOE 16S-HyKI€OTHIHOE
pa3Hoo0Opa3ue 0Ka3aaoch BHICOKUM.

KmoueBbie ciaoBa: YeépHoe mope, Trematoda, Opecoelidae, Cainocreadium, Gaevskajatrema,
Helicometra, mutoxonapuainshbie reusl, CO1, 16S pPHK

Mopckoii 6uonornyeckuii xkypHaia Marine Biological Journal 2020 vol. 5 no. 4



Check for
updates
1871 MopcKoit GHOIOTHYEeCKHiT Ky PHAIT
’!Eﬂﬁmﬁ%!‘ Marine Biological Journal
OO} B
moolidom 2020, vol. 5, no. 4, pp. 28-36
UnBIOM — IBSS https://doi.org/10.21072/mbj.2020.05.4.03

UDC 594.133:591.11/.12

IMPACT OF 24-HOUR HYPOXIA
ON HEMOCYTE FUNCTIONS
OF ANADARA KAGOSHIMENSIS (TOKUNAGA, 1906)

©2020 E.S.Kladchenko, A. Yu. Andreyeva, T. A. Kukhareva,
V. N. Rychkova, and A. A. Soldatov

A. O. Kovalevsky Institute of Biology of the Southern Seas of RAS, Sevastopol, Russian Federation
E-mail: kladchenko_ekaterina@bk.ru

Received by the Editor 27.07.2020;  after reviewing 21.09.2020;
accepted for publication 25.12.2020;  published online 30.12.2020.

Shellfish farms are usually located in coastal areas, where molluscs can be exposed to hypoxia. Cultivat-
ing at low oxygen levels causes general disruptions of growth rate, outbreaks of diseases, and mollusc
mortality. Impact of short-term hypoxia on hemocyte functions of ark clam (Anadara kagoshimensis)
was investigated by flow cytometry. A control group was incubated at 6.7-6.8 mg O,-L™!, an experi-
mental one — at 0.4-0.5 mg O,-L™". Exposition lasted for 24 hours. Hypoxia was created by blowing
seawater in shellfish tanks with nitrogen gas. In ark clam hemolymph, 2 groups of hemocytes were
identified on the basis of arbitrary size and arbitrary granularity: granulocytes (erythrocytes) and agran-
ulocytes (amebocytes). Erythrocytes were the predominant cell type in A. kagoshimensis hemolymph,
amounting for more than 90 %. No significant changes in cellular composition of ark clam hemolymph
were observed. The production of reactive oxygen species and hemocyte mortality in the experimental
group also remained at control level. The results of this work indicate ark clam tolerance to hypoxia.

Keywords: ark clam, marine cultivating, flow cytometry, hematological parameters, reactive oxygen
species

Hypoxic zones are widespread on the shelf of marine areas (Dang et al., 2013 ; Diaz & Rosenberg,
2008). Shellfish farms are traditionally located in coastal areas, where they can be exposed to stable or pe-
riodic hypoxia. Oxygen deficiency results in disruption of growth rate, outbreaks of diseases on farms,
and mass mollusc mortality (Andreyeva et al., 2019 ; De Zwaan et al., 1991 ; Nicholson & Morton,
1998 ; Sussarellu et al., 2013). The latter determines the relevance of the search for cultivation species,
being characterized with wide adaptive potential for oxygen deficiency. The main cultivation objects
on Black Sea coast are Mytilus galloprovincialis Lamarck, 1819 and Crassostrea gigas (Thunberg, 1793)
(Yakhontova & Dergaleva, 2008).

Physiological parameters, such as filtration intensity, respiration rate, and growth rate, are known
to deteriorate when mussels lack oxygen (Wang & Widdows, 1991). Hypoxia has the most detrimental
impact on juvenile mussels and oysters, in particular on their growth, dispersal, and survival (Baker
and Mann, 1992). This can be explained by the fact that under hypoxia, larvae of these molluscs
are forced to reduce energy consumption for the processes of food intake, digestion, and growth, thereby
reducing the need for oxygen (Wang et al., 2012 ; Wang & Widdows, 1991).
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The bivalve mollusc Anadara kagoshimensis (Tokunaga, 1906), belonging to Arcidae family, is con-
sidered a promising species for industrial cultivation on Black Sea coast (Yakhontova & Dergaleva, 2008).
This is due to ark clam wide habitat, high growth rates, and ability to increase biomass at high stocking
density (Yakhontova & Dergaleva, 2008). However, the development of a reproduction technology of cul-
tivation object, being not typical for a region, requires an understanding of its physiological responses
to stressful environmental factors, in particular hypoxia.

Physiological state of mollusc can be assessed by the functional state of hemocytes: cells, circulating
in hemolymph. Physiological impact of oxygen deficiency is assessed by changes in the ratio of hemocyte
types, as well as by indicators of non-specific immune response (production of reactive oxygen species
(hereinafter ROS) and phagocytic activity) and hemocyte proliferation (Sussarellu et al., 2013, 2010).
There are many studies on the impact of short-term hypoxia on traditional cultivation objects: M. gal-
loprovincialis and C. gigas (Novitskaya & Soldatov, 2011 ; Sussarellu et al., 2012, 2013, 2010 ; Wu,
2002). As a result of hypoxia, some physiological disorders occur at the cellular level in oysters: intensity
of mitochondrial respiration decreases (Sui et al., 2016), and expression of antioxidant enzyme genes in-
creases (Sussarellu et al., 2013). Moreover, cases of cell damage are recorded, in particular hemocytes,
circulating in the hemolymph (Hermes-Lima, 2015). The latter may result in suppression of immune
functions (Donaghy et al., 2013). At the same time, total number of hemocytes increases, which may
be due to their proliferative activity under hypoxia (Sussarellu et al., 2010). In mussels lacking oxy-
gen, number of granulocytes increases, while number of agranulocytes, on the contrary, decreases (An-
dreyeva et al., 2019). Decreased production of ROS in oyster and mussel hemocytes negatively affects
their protective functions (Andreyeva et al., 2019 ; Boyd et al., 1999).

Ark clam A. kagoshimensis is considered a species, being tolerant to oxygen deficiency due
to hemoglobin in pigmented hemocytes — erythrocytes (Soldatov et al., 2010, 2018). It is able to survive
for several weeks under deep hypoxia (Holden et al., 1994 ; Mydlarz et al., 2006). Tolerance for oxygen
deficiency is ensured due to ability to efficient anaerobic metabolism (Novitskaya & Soldatov, 2011 ;
Cortesi et al., 1992 ; Isani et al., 1986 ; Miyamoto & Iwanaga, 2012). It is known that even under acute
hypoxia, ark clam is able to maintain intracellular energy balance at a relatively high level (Cortesi et al.,
1992 ; Novitskaya & Soldatov, 2013). Moreover, hypoxia does not lead to lysis of ark clam erythro-
cytes (Andreyeva et al., 2019 ; Zwaan et al., 1995). However, it was noted that after 3 days of incubation
under hypoxia, morphological parameters of erythrocytes change (Wang & Widdows, 1991). The im-
pact of hypoxia on the parameters of A. kagoshimensis hemocyte cell immunity is not known so far.
Based on the available data, it is impossible to draw a conclusion about the immune status of ark clam
hemocytes under hypoxia. At the same time, it is the suppression of immune functions that can lead
to mass mollusc mortality (Wang & Widdows, 1991 ; Widdows et al., 1989), which creates problems
for shellfish farms.

The aim of this work is to study the impact of 24-hour hypoxia on the functional parameters
of hemocytes of the bivalve mollusc A. kagoshimensis during in vivo experiments.

MATERIAL AND METHODS

Bivalve molluscs A. kagoshimensis (shell length (15.2 = 6.1) mm; weight (30.6 + 2.8) g; n = 20)
were collected in the Sevastopol Bay (Sevastopol) in June 2019. To relieve the stress, caused by catching
and transportation, ark clams were kept in tanks with running seawater at the rate of 3—5 L per individual;
oXygen concentration was maintained at 6.7-6.8 mg O,-L™" for a week. Hypoxia was created by blowing
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seawater in shellfish tanks with nitrogen gas, until a concentration of 0.4—0.5 mg O,-L™' was reached.
Ark clams were kept under hypoxia for 24 hours. The control group (n = 10) was maintained at an oxygen
concentration of 6.7-6.8 mg O, L.

Hemolymph was collected with a sterile syringe from the extrapalial space. The remaining cells
were resuspended in sterile seawater (hemocyte concentration was from 1-10% to 2-10° cells-mL™).
Hemocytes functional characteristics were analyzed on a Beckman Coulter FC 500 flow cytometer.
To identify cell types and to assess the DNA content, the prepared hemocyte suspension was stained
with a SYBR Green I DNA dye (final concentration in the sample was 10 umol; incubation period was
30 minutes in the dark). The DNA content in mollusc hemocytes was analyzed on the basis of histograms
of the dye fluorescence distribution in the FL1 channel by the Flowing Software 5.2. The DNA content
in the cells is on the abscissa axis of the histogram, and number of cells is on the ordinate axis.

The ability of hemocytes to spontaneously produce ROS was assessed by flow cytometry using flu-
orescence of the 2’,7’-dichlorofluorescein diacetate (DCF-DA) dye: 1 mL of hemocyte suspension was
incubated with 10 uLL of DCF-DA solution for 30 minutes in the dark. Final dye concentration in the sam-
ple was 10 umol. Dye fluorescence was analyzed in the FL1 channel of the flow cytometer (green area
of the spectrum).

Hemocytes mortality rate was determined using the fluorescent dye of propidium iodide (PI).
To 1 mL of hemocyte suspension, 10 uL of PI solution (Sigma Aldrich) were added and incubated
in the dark for 30 minutes at +4 °C. The ratio of dead hemocytes in total number of hemocytes was
estimated by the histograms of PI fluorescence in the FL4 channel (red area of the spectrum).

Protocol calibration for the analysis of the arbitrary cell size was performed by fluorescent mi-
crospheres with a diameter of 0.9; 2.0; 4.2; 5.7; and 9.0 um. Normality of distribution was checked
by the Shapiro — Wilk test. The statistical significance of the differences was assessed by the Student’s
t-test at p < 0.05. The results are presented as mean values and their errors (mean * SE).

RESULTS

Fluorescence peak of SYBR Green I dye was heterogeneous in hemocytes; it was characterized
by a relatively high coefficient of variation (CV) both under normoxia [(21.6 £ 1.4) %] and hypoxia
[(21.3 £ 1.1) %] (Fig. 1). Hemolymph samples analyzed contained small number of dead cells: their
ratio in the control and experimental samples did not exceed 1.5 %.

The analysis of cells distribution by forward and side scattering (FS and SS, respectively) allowed
identifying two cell subpopulations with different arbitrary size and granularity level (Fig. 2). The differ-
ences were statistically significant. Subpopulation 1 was characterized by high values of arbitrary size
[(1282.7 £ 89.3) arbitrary units] and granularity [(199.2 + 21.7) a. u.]. According to the data of pro-
tocol calibration with latex microparticles, average cell diameter was 14—15 wm. Probably, the elonga-
tion of cell distribution along the SS axis was due to differences in nucleus size and number of gran-
ules in the cytoplasm. Subpopulation 2 was heterogeneous by FS and SS values [(181.8 £ 18.4) a. u.]
and had relatively low values of arbitrary size [(392.8 £ 36.1) a. u.], which corresponded to aver-
age cell diameter of 7-8 um. The heterogeneity of cell distribution indicates presence of several sub-
types of cells among amebocytes, but it is impossible to identify these subtypes using existing methods.
Based on hemocytes classification (Dang et al., 2013), subpopulation 1 was identified as erythrocytes,
and subpopulation 2 — as amebocytes.
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Fig. 1. DNA content in ark clam hemocytes: a — normoxia; b — hypoxia

Cellular composition of A. kagoshimensis hemolymph underwent no changes after 24-hour incuba-
tion under hypoxia (Fig. 3a). The ratio of granular cells — erythrocytes — in hemolymph of molluscs
from the experimental and control groups actually coincided, being (92.6 + 0.9) and (93.9 + 1.9) %,
respectively. It was similar in relation to agranular cells — amebocytes: (7.4 £ 0.9) % — normoxia;
(6.3 £1.9) % — hypoxia.

Fig. 2. Cellular composition of ark clam hemolymph. S1 — erythrocytes; S2 — amebocytes; a — normoxia;
b — hypoxia

Both cell subpopulations were characterized by pronounced fluorescence of the DCF-DA dye un-
der normoxia: (2439.5 + 189.0) a. u. for large cells and (4104.3 = 556.7) a. u. for small ones, which
indicates their active production of ROS. Differences in dye fluorescence are not statistically signifi-
cant. Hypoxia for 24 hours did not lead to statistically significant changes in DCF-DA fluorescence
in A. kagoshimensis (Fig. 3b).
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Fig. 3. Hypoxia impact on cellular composition of ark clam hemolymph (a) and hemocytes capacity
to produce reactive oxygen species (b)

DISCUSSION

It is known that incubation under oxygen deficiency can induce a decrease in total number of hemo-
cytes (Mydlarz et al., 2006). It was shown as follows: in Mytilus coruscus and Perna viridis, after in-
cubation under hypoxia, the ratio of dead cells increased (Sui et al., 2016 ; Wang et al., 2012), while
in M. galloprovincialis their number did not change (Andreyeva et al., 2019). We did not determine ab-
solute number of hemocytes. In our study, hypoxia did not lead to an increase in cell mortality, which
probably indicates normal functioning of ark clam hemocytes under short-term hypoxia. The differences
can be explained by exposure duration and level of species tolerance to oxygen deficiency.

By flow cytometry, two cell subpopulations with different arbitrary size and granularity level were
identified, which, in general, is consistent with data, obtained on other species of bivalve molluscs (An-
dreyeva et al., 2019 ; Sussarellu et al., 2013 ; Wang et al., 2012). Subpopulation 1 was identified as cells
of the granular type — erythrocytes, according to the classification of Dang et al. (2013). Subpopulation 2
was identified as cells of the agranular type — amebocytes (Dang et al., 2013). Both cell subpopula-
tions show pronounced DCF-DA fluorescence, which is not typical for other species of bivalve molluscs
(M. galloprovincialis, O. edulis, and C. gigas). It is believed that granular hemocytes are not only respon-
sible for gas transport function, but are also more active, in comparison with agranular ones, in the man-
ifestation of immune reactions: phagocytosis, as well as production of protective peptides and ROS.
The generation of an oxidative burst plays an important role in protection against microorganisms, since
ROS, in combination with lysosomal enzymes, take part in the phagocytosis reaction, contributing to de-
struction of opportunistic objects (Sussarellu et al., 2013). The absence of differences in the ability
to produce ROS between agranular and granular cells may indicate the absence of functional differen-
tiation of ark clam hemocytes. The latter is consistent with data of previous studies on representatives
of Arcidae family (Dang et al., 2013).

The ability to produce ROS directly depends on oxygen content in the environment, since the main
source of free radicals is mitochondria and endoplasmic reticulum (Wang et al., 2012). Many authors
believe that hypoxia causes a decrease in the ability to produce ROS in other species of bivalve molluscs,
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suppressing oxidative protection (Sui et al., 2016 ; Widdows et al., 1989). The mechanism, underly-
ing the maintenance of production of ROS by hemocytes under oxygen deficiency, is not fully under-
stood. It is believed that hypoxia can induce oxidation-reduction changes at the level of electron carriers,
which leads to the generation of an oxidative burst at the level of mitochondrial complex III (Chandel
et al., 2000). Hemoglobin can participate in this (Jiang et al., 2007). It was shown that after deoxy-
genation, hemoglobin acquires pseudoperoxidase activity, which can catalyze production of superoxide
ion (Kawano et al., 2002). Consequently, peroxidase activity of ark clam hemoglobin can induce produc-
tion of ROS (Bao et al., 2016), maintaining the ability to immune response under hypoxia. In our case,
24-hour hypoxia does not induce changes in DCF-DA fluorescence in A. kagoshimensis. The absence
of these changes in our work may indicate sufficient compensatory mechanisms of ark clam to maintain
the normal functional state of the endoplasmic reticulum and mitochondria under 24-hour hypoxia.

Conclusion. By flow cytometry, two groups of cells were identified in Anadara kagoshimensis
hemolymph: granulocytes (represented by erythrocytes) and agranulocytes (amebocytes). The ratio
of granulocytes in ark clam hemolymph exceeds 90 % of total number of cells. Hypoxia for 24 hours
does not lead to changes in cellular composition of ark clam hemolymph. The ability to produce reac-
tive oxygen species and the mortality rate of hemocytes in molluscs of the experimental group remain
at the level of control values (normoxia). The results of this study indicate A. kagoshimensis tolerance
to acute oxygen deficiency.

This work has been carried out within the framework of IBSS government research assignment “Functional,
metabolic, and toxicological aspects of hydrobionts and their populations existence in biotopes with different physical
and chemical regimes” (No. AAAA-A18-118021490093-4) and with partial support of the Russian Foundation
for Basic Research (project No. 20-04-00037 ).
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Ha (DyHKLIMOHAJIbHBIE [TOKa3aTe/u reMOLMTOB aHanaphsl (Anadara kagoshimensis). KOHTpOJIbHYIO TpyII-
1y copepxaiu npu 6,7-6,8 mr O,-1~!, onbrryio — 1ipu 0,4-0,5 mr O,-n~!. Dxkcnosuums — 24 ya-
ca. ConepxaHrie KHACIOpPOAa B BOJie CHMXKAIM, MPOAYBasi €€ ra3000pa3HbIM a30ToM. B remonmmde
MOJUTIOCKAa HA OCHOBAHUHM OTHOCUTEJIFHOTO pa3Mepa U OTHOCHUTESIbHOU I'PaHyJIIPHOCTH UICHTU(DUIIN-
POBaHO JIBE TPYIIITBI TEMOITUTOB: TPAHYJIOUUTHI (SPUTPOLIUTHI) U arpaHyJIOIUTHI (aMEOOIIUTHI). DPUT-
POLIUTHL — MPe0OJIaIAIOIMEA TUIT KJIETOK B TeMonumde A. kagoshimensis: X nojsi coctaBuiia 6ojiee
90 % ot ob1ero uncna kieTok. CyTouHast TMIIOKCHUS He TPUBeJIa K M3MEHEHUAM KJIETOUHOTO COCTaBa
remoumBbl aHagapbl. CHocOOHOCTh K MPOIYKIIUHA aKTUBHBIX (POPM KHCIOPOJa U YPOBEHb CMEPTHO-
CTH TeMOIIMTOB MOJUTIOCKOB SKCIIEPUMEHTAILHON TPYIITHI TAKXKE OCTAUCH HA YPOBHE KOHTPOJIBHBIX
3HaYeHui. Pe3ynbTaThl MPOBEIEHHOTO MCCIIEIOBaHUSI CBUIETENBCTBYIOT O TOJIEPAHTHOCTH aHAlaphl
K YCJIOBHSIM OCTPOro AeduiuTa Kucaopoja.

KiaroueBble caoBa: aHaJlapa, MapHuKyJIibTypa, I[IPOTOYHAad HIUTOMETPUSA, TI'E€MATOJIOTUYECKUE
TIOKa3aTeCJ/iv, aAKTUBHLIC Cl)OprI KHCJIOpOoJa
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Methane gas bubble emissions (seeps) are widespread phenomenon in the World Ocean, infer alia
in Black Sea basin. The relevance of the research of methane seeps is due to their important role
as a source of methane — greenhouse and environment-forming gas — for water column and atmosphere.
The article presents a comparative analysis of the data from our biogeochemical 10-year studies of shal-
low gas seeps of the Crimean Peninsula and data on deep-sea gas seeps of the Black Sea. During 10-year
period, apart from carrying out hydroacoustic research, the following parameters were determined: bub-
ble gas component composition, methane carbon isotopic composition, microbial community structure
of bacterial mats, covering gas bubble emission sites, and gas fluxes from separate seeps. During long-
term monitoring, 14 separate gas bubble emission sites were detected and described in Crimean coastal
areas; they were located from Cape Tarkhankut in the west of the peninsula to the Dvuyakornaya Bay
in the southeast. Crimean coastal seeps were mostly of biogenic origin, with a seasonal type of gas
bubble emission. Laspi Bay seeps were classified as emissions of deep gas of thermocatalytic genesis.
A significant variation was recorded in values of isotopic composition of methane carbon §'*C-CH,4
of bubble gas in coastal shallow areas (—94...—34 %o), which indicates different conditions for bub-
ble gas generation and maturation in seabed sediments. Similar to deep-sea seeps, coastal gas bubble
emissions were accompanied by bacterial mats of diverse structure, with different dominating species.
As shown, formation of stable bacterial biomass, usually consisting of sulfide- and sulfur-oxidizing bac-
teria, requires a fluid flux of reduced dissolved gases, while pointwise bubble gas discharge does not
provide sufficient concentration gradients and can mechanically disrupt community structure. Various
methods were used to estimate the size spectra of bubbles, as well as fluxes from separate seeps. Gas flux
values varied from 1.8 L-day™! (the Martynova Bay) to 40 L-day™" (the Laspi Bay). The environment-
forming effects, related to gas bubble emission in coastal areas, are discussed: effect of seeps on oxygen
conditions in seabed sediments and in water column above gas emission sites, vertical water mixing
due to gas lift effect, and fluid discharge at gas emission sites.

Keywords: methane seeps, genesis, isotopic composition, bacterial mats, hydroacoustic methods,
environment-forming gas, Crimean shelf, Black Sea
Methane gas bubble emissions are a widespread phenomenon in the World Ocean; according
to geological classification, these are “cold seeps” (Judd & Hovland, 2007). The relevance of the re-
search of methane seeps is due to their important role as a source of methane — greenhouse
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and environment-forming gas — for water column and atmosphere. Assessing the contribution of ma-
rine methane to global warming is a challenging task due to the non-uniformity of distribution of these
sources and high sporadicity of gas influx. Recently, special attention has been paid to studies of methane
of polar regions due to their sensitivity to the processes of global climatic change (Romer et al., 2014 ;
Sergienko et al., 2012). Thus, on Siberian Arctic shelf, many gas emission sites have been discovered;
they are considered to be related to thawing of permafrost zones and “unpacking” of gas hydrates, buried
there. At the same time, new seep sites are found in the southern areas at shallow depths (Pimenov et al.,
2013 ; Shik, 2006 ; Sciarra et al., 2019 ; Tarnovetskii et al., 2018).

In the Black Sea, methane seeps were found in all areas from shallow coastal ones to a depth
of 2084 m (Egorov et al., 2011, 2003 ; Naudts et al., 2006). Geographic coordinates of more than
4380 sites of bottom bubble methane discharge have been established, and it was shown that separate
streams can produce gas fluxes of up to 510 L-min~! (Egorov et al., 2011). It was determined that gas
bubble streams can significantly affect concentration of dissolved methane in water column and result
in gas lift upwelling (Egorov et al., 1999). As shown, production of organic matter by methanotrophic
bacteria can reach tens of percent of primary production and affect biological productivity of marine
ecosystems (Egorov et al., 2011). The downward transport of bottom water into seabed sediments, result-
ing from fluid advection, turbulent diffusion, convection, and bioirrigation, is also an important process
in “cold seeps”, since it transports oxidized components, capable to act as electron acceptors in the early
diagenesis, to the reduced environment. At active methane emission sites in the oxic zone of the Black
Sea, bacterial mats were found at the seabed, whereas in the deep-sea reduced zone, carbonate struc-
tures of up to 4 m high were recorded (Gulin et al., 2005 ; Michaelis et al., 2002), with their genesis
being related to the functioning of microbial consortia of methanotrophic archaea and sulfate-reducing
bacteria (Boetius et al., 2000). It should be noted that gas emissions can cause potential environmen-
tal adverse effects, e. g. lead to methane ignition in case of natural disasters or even losing buoyancy
of ships (Egorov et al., 2005 ; Shnyukov, 2005).

Interest in the studying shallow seeps is due to the fact that bubble gas, unlike deep-sea one, is not
completely dissolved in water column and enters the atmosphere. Another difference between shallow
Black Sea seeps and deep-sea ones is an oxidized environment, where gas emission and accompanying
biogeochemical processes occur. The geochemical gradients are formed at the interface between seabed
sediments and water column, and this establishes conditions for growth of aerobic chemolithotrophs.
On the other hand, the sites of bubble gas discharge off the Crimean coast can be potentially haz-
ardous areas, since with an increase in seismic activity of the area, gas emission volume can increase
manifold (Shnyukov, 2005).

The aim of the research was to generalize and analyze current data on localization and biogeo-
chemical characteristics of shallow seeps of Crimean coastal areas in comparison with deep-sea seeps
of the Black Sea.

MATERIAL AND METHODS

Our data of 2010-2019 was analyzed, and literature data, concerning the problem under study, was
reviewed. During 10-year period, the authors carried out hydroacoustic research, isotopic studies of bub-
ble gas, phylogenetic studies of microbial communities of bacterial mats, covering shallow gas emission
sites in Crimea, and assessment of gas fluxes from separate seeps.
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The search for gas bubble emissions in coastal areas was carried out on small vessels using echo
sounders JFC-46, SeaCharter 480 DF, and Lowrance Elite-7 Ti at operating frequency of 200 kHz,
as well as a Garmin-300 echo sounder at 210 kHz. To process acoustic data and form a database of elec-
tronic echograms of methane seeps, a licensed WaveLens software was used (Artemov, 2006). Visual ob-
servations and filming were carried out to assess size ranges of bubbles and fluxes from separate streams,
with an underwater controlled TV camera MiniRover MK-II, as well as a GoPro 3/4 video camera, with
the help of deep divers and surface-supplied divers (Malakhova et al., 2015). Bubble gas samples for sub-
sequent component and mass spectral analysis were collected with cone traps and stationary pyramidal
bottom traps (Malakhova, 2014). Bubble gas fluxes were assessed by various methods: trap one (Mala-
khova, 2014), as well as active (Malakhova et al., 2015) and passive hydroacoustics (Budnikov et al.,
2020). Seabed sediment sampling was carried out by divers directly at gas emission sites using an acrylic
ground tube with a vacuum seal, allowing to sample the surface layer of seabed sediments without dis-
rupting its structure. Methane content in bottom water, seabed sediments, and bubble gas was measured
using HP-5890 and “Kristall-2000” gas chromatographs (Russia) with a flame ionization detector af-
ter phase equilibrium degassing of the samples (Bol’shakov & Egorov, 1987). Methane '>C value was
measured using a TRACE GC gas chromatograph (Germany), combined with a Delta Plus mass spec-
trometer (Germany). The composition of microbial communities was determined by high-throughput
sequencing of 16S rRNA genes (Bryukhanov et al., 2018 ; Pimenov et al., 2018).

RESULTS AND DISCUSSION

Localization and edaphic characteristics of shallow seep sites. Localization of gas bubble emis-
sion sites off the Crimean coast is shown in Fig. 1. Coordinates, depth, sediment type, and presence
of bacterial mats in the areas of recorded seeps are listed in Table 1.

Fig. 1. Map of methane seep sites off the Crimean coast; white markers within the circles indicate presence
of bacterial mats at the sites
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Table 1. Localization and depth of gas emission sites, seep types, seabed sediment types,
and characteristics of microbial communities
Station Research area | Coordinates Depth, | - Seep Sediment type MlCI‘Obl'a.l References
No. m type communities
Cape 45°21’45”N, .
1 Tarkhankut 32°44’57"E 4 Seasonal Dark gray / black silt No data [49]
Sevastopol 44°3719”N, . )
2 Bay 33°30/38”E 17-18 | Seasonal Silted sand No data [9;19]
Martynova 44°36’57”N, Gas-saturated )
3 Bay 332301178 | 0| Seasomal | e ital sediment * (375 38]
Karantinnaya | 44°36"37”N,
4 Bay 33°00744”F 0,5 Seasonal | Dark gray reduced sand ++ New data
Streletsk 44936740 N Dark gray reduced silt
reletskaya , . d d-t
> Bay open area | 33°27°42"E 10 Sporadic under & curc-type A [32]
white mat
ot Detrital sediment,
6 Kruglaya Bay a4 035 ,57 ,,N’ 1,5 Sporadic covered with + New data
33°26’49”E
macrophytes
Detrital sediment
Kazach’ya 44°33’57”"N L
’ d with
7 Bay 33°24739"F 1,5 Seasonal covered wi + [38]
macrophytes
Local patches of highl
Khersones | 44°33'53"N, | e parehes o) EY
8 o 5 Sporadic reduced silty ++ [31;38]
Bay 33°23'57"E
gas-saturated sand
Gas-saturated detrital
44°3334”N, sediment at the bottom
9 Cape Feofan 3394°01”E 10 Seasonal of a rocky crack, +++ New data
covered with a biofilm
. 44°31721”N, Year- Coarse sand
101 Cape Fiolent | 330705175 | 2 | round with pebbles * New data
Gas-saturated detrital
Mramornaya | 44°30'03”N, sediment at the bottom
11 Bay 33°30/51”E 6 Seasonal | ¢ o rocky depression, + [42]
covered with a biofilm
12 Laspi Ba 44°25’15”N, 3 Year- Bedrock, covered B [1;16;23;
PLBAY 1 330497257E round with coarse sand 38 ; 40]
Cape 44°30’15”N, Coarse sand
13 Martyan 34°14°02"E 2,5 | Seasonal with pebbles * [5]
D K 44°50°00”N Sand, covered
14 Vuy];‘ ornaya s | 254 | Nodata with a layer +H+ [12;22]
ay of detritus-bacterial mat
Note:

— indicates, that bacterial mats were not found;
+ indicates traces of bacterial communities in the form of the finest whitish films;

++ indicates distinct mats, covering a small area, with a significant amount of biomass;
+++ indicates abundant bacterial mats, covering a large area.

Association of seeps with seabed morphometric and geological structures. Previously, the rela-
tionship between gas bubble emissions and morphometric and geological structures of the seabed was
shown (Shnyukov et al., 2005 ; Artemov et al., 2007 ; Romer et al., 2012). For example, for deep-
sea seeps of biogenic origin in Kerch area, several patterns of spatial distribution were identified,
depending on geomorphological structure. In the area of the upper continental margin, being steep
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and cut by ravines, seeps were found mainly along the ridges, oriented down the slope. In paleo-Don
valley area, the slope was affected by extensive landslides. Gas emissions were associated there with
areas of ruptured sediments; they were detected mainly along the ledges of underwater landslides (Zan-
der et al., 2020). Same as in Kerch area, in paleo-Dnieper water area, gas emissions were found mostly
at the tops of mountain ranges, formed by sedimentary rocks, on canyon walls, dotted with ditches,
and on the slopes of underwater landslides (Artemov et al., 2007). At the same time, a few seeps were
detected at the bottom of canyons (Egorov et al., 2011). A thorough analysis of geological patterns
of active methane gas emission sites, performed in (Naudts et al., 2006), showed as follows: gas bubble
emissions in paleo-Dnieper area do not depend on the system of faults, as stated in (Kruglyakova et al.,
2004); they depend on stratigraphic and sedimentary factors.

The seeps, in turn, can affect small-scale morphology of seabed, creating specific structures during
gas emission; these occur either as local depressions (pockmarks) or, conversely, as elevations of sed-
iment level due to excessive pressure of gas, accumulating under the surface. Pockmarks are caused
by fine sediments dispersion, resulting from gas seepage at fluid and gas bubble emission sites, whereas
the increase in sediment level is caused by bubble gas, mainly of microbial origin, accumulating un-
der “dome” surface. Such geomorphological peculiarities of seabed can serve as distinguishing features
during prospecting and exploration.

A distinctive feature of coastal shallow seeps is a thin layer of sedimentary material, often being
sandy sediments or silted sand (Table 1). Low thickness of these sediments, insignificant amount of or-
ganic matter in them, and, as a consequence, low intensity of microbial processes mostly preclude iden-
tification of such upper sedimentary layers as genetically related to gas emission occurrences. Despite
the biogenic origin of most Crimean coastal seeps, their source was located in the underlying layers,
as shown in (Egorov et al., 2012).

In this regard, the Sevastopol Bay stands out, with its morphology, contributing to the accumulation
of a sedimentary layer with the thickness ranging from 28 m in the apex to 40 m in the mouth (Bondarev
etal., 2015). On the roadstead, more than 20 sites of periodically active gas bubble streams were recorded;
most of them were detected in the areas of geodynamic nodes (Eremeev et al., 2007 ; Malakhova et al.,
2020a, 2015). Echograms of the seeps, found in this and other areas of the Crimean shelf, are shown
in Fig. 2.

It is important to note that not all geological blocks possess the necessary and sufficient conditions
for formation of gas and fluid emissions. The main conditions are as follows: lack of degassing of un-
derlying horizons, lack of gas traps, and either low or extremely high degree of crustal fragmentation,
preventing formation of visible gas emission fluxes. Thus, repeated hydroacoustic surveys of Karan block
seaward part, located along the Georgievsky fault (one of the largest tectonic faults), did not reveal any gas
bubble emissions in the area. This is probably due to a combination of the conditions, mentioned above.

In general, the locality of coastal gas emissions, their association with the mapped fault structures,
and gas discharge occurrence in the surf zone from the sediments, depleted in organic matter, where
stationary anaerobic conditions are not maintained due to mixing, indicate a certain trigger, starting
the mechanism of gas bubble emission. Such a trigger can be submarine discharge of fresh groundwa-
ter (Kravchenko, 2008 ; Whiticar, 2002), resulting in the rise of fluid fluxes, enriched in nutrients and re-
duced gases, from the aquifers along the system of micro-faults. At local sites, with especially intense
fluxes, strongly reducing conditions are created; these, with temperature along, contribute to development
of anaerobic microbial communities and formation of gas-saturated silts.
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Fig. 2. Echograms of methane gas bubble emissions in Crimean Peninsula coastal areas: A and B — the Se-
vastopol Bay, October 2011 (SeaCharter 480 DF echo sounder); C — the Laspi Bay, July 2017 (SeaCharter
480 DF); D — sea area of the specially protected natural area “Cape Martyan”, September 2019 (Lowrance
Elite-7 Ti echo sounder); E — the Streletskaya Bay, September 2006 (SeaCharter 480 DF)

Frequency and intensity of Crimean coastal seep fluxes. Long-term monitoring of Crimean
coastal seeps made it possible to identify several types of their activity. By gas emission frequency,
seeps can be divided into seasonal, year-round, and sporadic ones (see Table 1).

The seeps of the Heracles Peninsula and Cape Tarkhankut (Tarnovetskii et al., 2018) were classi-
fied as seasonal ones, with both gas emissions and adjacent bacterial mats recorded during the warm
season: from June to October. The highest spatial density of methane gas bubble emissions was regis-
tered in Sevastopol Bay alignment: in the area of about 500 m?, by the acoustic method, 23 gas flares
at depths of 17-18 m were detected in October 2011 (Egorov et al., 2012). Regular acoustic observations,
carried out in the area of Sevastopol bays in different years in winter and spring, did not result in reveal-
ing presence of gas flares. As shown, these gas emissions were caused by bubble methane discharge into
surface horizons of sediments from deeper layers of sedimentary strata and did not originate from the up-
per sediment layer (Egorov et al., 2012). The potential forecast for methane occurrence transformation
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in this area is associated with development of a layer of gas-saturated sediments, charged by bay outflows,
inter alia Chernaya River runoff, and with formation of conditions for all-season activity of methane
seeps, similar to that observed in paleo-Dnieper area: one of the world’s most intense sites of bubble
methane discharge, located 105—125 km northwest of the area described. There, more than 2200 per-
manent local methane gas bubble emission sites in the depth range of 35-835 m have been detected; their
spatial density distribution on the shelf (depths up to 90 m) can reach 300 km™ (Egorov et al., 2011).

The seeps at Cape Fiolent and in the Laspi Bay were classified as year-round ones, with gas oc-
currences recorded both in the warm and cold seasons since 2004 (Shik, 2006) (Fig. 3C). In the Laspi
Bay, more than 20 separate gas bubble emission sites were detected both hydroacoustically and visually
(Malakhova et al., 2015).

Sporadic seeps were recorded only once (they were not detected during subsequent monitoring).
Thus, gas bubble emissions in the Kruglaya and Khersones bays were of irregular character and weak
activity. Subsequently, in these areas, local sites of gas-saturated sediments were recorded, with bubble
gas, emitting under mechanical action on them (Fig. 3D). In the center of such sites, highly reduced
conditions were formed (Eh =-330...—245 mV) in seabed sediments, resulting in active sulfate reduction
and methanogenesis, as well as in formation of stable fluxes of hydrogen sulfide and methane into seabed
layers of water column (Bryukhanov et al., 2018). It was determined that formation of such areas of gas-
saturated sediments (sulfurets) and scale of gas occurrences depend on the ambient temperature. Thus,
a decrease was recorded in the area of seabed coverage with sulfurets in the Khersones Bay, as well
as their formation only by the end of the summer season of the abnormally cold 2018.

Fig. 3. Underwater photos of gas bubble emissions of Crimean coastal areas: A — Cape Martyan (2019);
B — Cape Fiolent (2019); C — the Laspi Bay (2019); D — the Kruglaya Bay (2018)
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Quantitative estimates of bubble gas volumes, reaching the surface and entering the atmosphere,
are of importance for analyzing the contribution of greenhouse gases to the pool. The assessment was
performed in the Martynova Bay in July 2009, using a pyramidal trap to collect bubble gas from seabed
sediments. Time dynamics of gas volumes, emerged from Martynova Bay seabed, is shown in Fig. 4.
Bubble gas flux during the exposure varied from 1.8 to 14 L-day™, averaging 4.5 L-day™' (Malakhova,
2014).

In the Laspi Bay, to estimate the daily fluxes of gas bubble emission, a passive acoustic method, pro-
posed by the authors, was used. It is based on the relationship between the frequency of the audio signal,
produced by a gas bubble, when emerging from the outlet underwater channel, and bubble size (Bud-
nikov et al., 2020). As shown for two seeps studied, the average bubble diameters were 7 and 5 mm.
Given the intensity of bubble gas discharge, the calculated gas flux at these sites was 40 and 6 L-day ™,
respectively (Budnikov et al., 2020).

Fig. 4. Volume of bubble gas, emerged from 1 m? of seabed sediments in the Martynova Bay, measured
by the trap method (July 2009)

Bubble gas hydrocarbon composition and genesis. There are two points of view on the source
of methane of gas bubble emission. According to a geological hypothesis, degassing of Black Sea seabed
passes through a system of geological faults and/or through an intermediate link: gas hydrate deposits
in seabed sediments, resulting from gas discharge of hydrocarbon deposits. The arguments of geological
hypothesis supporters are as follows: forecast estimates of high total prospective gas content in the area,
presence of detected gas fields on Black Sea shelf in close proximity to methane gas bubble emission
sites, and estimates of methane flux from gas emission sites (Shnyukov, 2005 ; Shnyukov et al., 2005).
According to a biogenic hypothesis, the source of methane is microbial production in seabed sediments,
which is confirmed by carbon stable isotopic composition of Black Sea methane, sampled at many
gas-producing areas, such as paleo-Don and paleo-Dnieper ones (Lein & Ivanov, 2009).

Methane predominated in component composition of bubble gas of Crimean coastal areas (Table 2),
but its amount was much lower than in bubble gas of deep-sea areas of the Black Sea. In the Kruglaya
Bay, for example, methane in bubble gas accounted for 55 %, while at Cape Martyan it accounted only
for 38 %. A significant amount of methane homologues was found only in Laspi Bay seeps.
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One of the indicators of low-temperature (microbial) or high-temperature genesis of methane
is the isotopic composition of its carbon and hydrogen (Whiticar, 1999). Of particular interest is a consid-
erable variation of values in the isotopic composition of methane carbon 8'*C-CH, in bubble gas, ranging
from —94 to —34 %o in shallow coastal areas (Table 2, Fig. 5). A wide range of values is recorded both
for gas samples of different areas and for gas samples of one area, e. g. for seeps of the Heracles Penin-
sula (—84...—58 %o 8'3C-CHy). High variability of §'*C-CH, was also established for bubble gas of Cape
Tarkhankut: in different years, it ranged from —65 to —48 %o (Tarnovetskii et al., 2018). The variation
may be explained by several factors. Microbial methane oxidation in the upper horizons of the sed-
imentary layer results in the change of &'*C-CH, isotopic composition due to selective consumption
of methane with the lighter carbon isotope ?C by methanotrophs (Whiticar, 1999). On the other hand,
the cause may be the mixing of isotopically heavy gas from deep layers with a near-surface isotopically
light gas of microbial origin, so that the isotopic ratio of §'*C-CHy4 depends on the contribution of these
two sources (Pape et al., 2010).

Table 2. Hydrocarbon (CH,, %; C,/C,,) and isotopic (8'3C-CH,, %o PDB; 8D-CH,, %c SMOW)
composition of bubble gas of Crimean coastal areas and deep-sea areas of the Black Sea

Station Research area CH,, % | C,/C,, d!13C-CH,, %0 PDB oD-CH,, Reference
No. %0 SMOW
Crimean coastal areas
1 Cape Tarkhankut n.d” n. d. —65...-48 n. d. [49]
3 Martynova Bay 57 1.7-10% -56.7 -340.1 our data
4 Karantinnaya Bay 73 21-10% -58 n.d. -
6 Kruglaya Bay 54-55 n. d. -94.5...-92.4 n.d. -
8 Khersones Bay 66-72 10* -84...-58 n. d. >
9 Cape Feofan 68.5-75.5 10* -83.4...-67.2 n.d. -
10 Cape Fiolent n. d. n. d. -60.3 n.d. -
11 Mramornaya Bay n. d. n. d. -67.54...-67.1 n.d. -2
12 Laspi Bay 92 31 —43...-36 n. d. -
13 Cape Martyan 38 10* -89...-84 n. d. .
Deep-sea areas of the Black Sea
Vodyanitsky 99.8 n. d. 61 ~170.8 [46]
Mud Volcano
Dvurechensky nd | nd —66...~62 -209...-185 [29]
Mud Volcano
Helgoland n. d. n. d. n. d. -217.4 our data™*
Mud Volcano
Kerch seep 99.2 2372 -66.6 -248 [44]
Batumi seep 99.9 4267 -53.5 -175 [41]
Kolkheti seep n. d. 566 -51.1...-45.0 -192 [43]
Pechori Mound n. d. 299 -52.2...-45.8 -224...-216 [43]
Ordu Ridge n.d. 1998 —72.6...—68.5 —224.2...-221.5 | our data
Note:
* _ no data;

** _ data for deep-sea areas of the Black Sea was obtained during the Summer Student Fellowship 2011 at the MARUM
University (Bremen, Germany).
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Fig. 5. Bernard diagram (Bernard et al., 1976), illustrating hydrocarbon (C,/C,, ) and isotopic (8'*C-CH,)
ratios of bubble gas of Crimean coastal areas and deep-sea areas of the Black Sea

The ratio of methane homologues in seeps to the ratio of heavy '*C carbon isotope in them
(C1/Cp/813C-CH,) shows that methane of most seeps of Crimean coastal areas, except for Laspi Bay
gas, is of biogenic origin (Fig. 5). To date, sedimentary strata depth is unclear, from which isotopically
light microbial methane is discharged in the areas like Cape Martyan and Cape Fiolent, where the upper
layer of sandy sediments is characterized by low methane content and relatively low rates of microbial
processes (Malakhova et al., 2015).

Bernard diagram (Fig. 5) illustrates as follows: methane from deep-sea areas of the Russian shelf
(Kerch seeps, Sorokin Trough mud volcanoes) is in the sector, which characterizes the gas as microbial
one, whereas methane from the Georgian shelf (Pechori Upland, Kolkheti seep) is either within thermo-
catalytic methane sector or in close proximity to it. The character of values distribution on the diagram
indicates as follows: for the gas of the Georgian shelf, the change in its hydrocarbon composition is most
likely caused by fractionation of homologues during gas migration through the sediment. For coastal
seeps and seeps of the Russian shelf, the isotopic ratio '3C-CH,4 changes more, which indicates
microbial oxidation.

The ratio of stable hydrogen isotopes D of methane in combination with 8'*C provides additional
information on the type of gas formation (Whiticar, 1999). Values of 6D-CH,4 of deep-sea gas sam-
ples ranged —248...—170 %o (see Table 2). According to the typification, proposed in (Whiticar, 1999),
biogenic methane, sampled in Kerch seeps area (Russian shelf) and Ordu Ridge area (Turkish shelf),
is formed via the hydrogenotrophic pathway (4H, + CO, — CH4 + 2H,0). This type of methane
generation is dominant in marine ecosystems, while the acetoclastic pathway, characterizing the seep
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in the Martynova Bay (6D-CH,4 —340.1 %o, see Table 2), is more common in freshwater and in the sed-
iments of highly contaminated areas, where a significant amount of acetate ions accumulates in pore
water during organic matter decomposition by primary destructors (Whiticar, 1999).

Bacterial mats and phylogenetic variety of microorganisms of gas emission areas. Long-term
observations of the seeps of the Heracles Peninsula and Cape Tarkhankut showed that most of gas
emissions, as well as accompanying bacterial mats, were of seasonal type (Table 1). A noticeable bac-
terial mass was usually accumulated in the second half of June and remained, as a rule, until October.
The thickness of seabed coverage with bacterial films varied, increasing towards the end of the summer
and sometimes reaching tens of square meters. Photographs of bacterial fouling in the gas-emitting areas
of the Crimean coast are shown in Fig. 6.

Fig. 6. Underwater photos of bacterial mats in Heracles Peninsula water area, detected in 2017-2018.
A —bacterial biofilm in a rocky depression in the Mramornaya Bay (Pimenov et al., 2018); B — filamentous
fouling on living algae thalli, Cape Feofan; C — curd-type bacterial mat on sandy sediments in the Khersones
Bay (Bryukhanov et al., 2018); D — massive bacterial mats, detected in Streletskaya Bay open area in July
2018 (Budnikov et al., 2019)

It was noted that in areas of intense gas bubble emissions (the Laspi Bay, Cape Fiolent), there were
either no bacterial films, or only their traces, in the form of the finest whitish films (Table 1). Appar-
ently, formation of a stable bacterial biomass requires a stable fluid flux, containing dissolved gases, with
obligatory presence of reduced sulfur, same as in the case of mats in the Mramornaya Bay (Fig. 6A).
Here, in rocky depressions, filled with dispersed detrital gas-saturated sediments, white bacterial mats
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with a characteristic cotton-like structure developed, with the basis, formed by sulfide-oxidizing epsilon-
proteobacteria of the genus Arcobacter (Pimenov et al., 2018). At the same time, bubble gas, emitting
pointwise from the seabed, was not creating sufficient concentration gradients and could mechanically
disrupt the structure of the forming community. Hence, for the entire observation period (since 2012),
we did not register any biofilm formation in Laspi Bay gas emission area. However, by high-throughput
16S rRNA gene sequencing in the surface horizons of Laspi Bay sediments, we identified sulfur-oxidizing
epsilonproteobacteria of the family Thiovulaceae (8.2 %). Deeper, in the horizons of 10-15 cm, ar-
chaea of the phylogenetic cluster ANME-2a/b (19.2 %) and bacteria of the family Desulfobacter-
aceae (12.2 %), mediating anaerobic methane oxidation, were the most numerous ones. Bacterial mats
in the Khersones Bay, represented by white flocs, developing on gas-saturated sands, had the largest
coverage area (Fig. 6C, D). According to the results of electron microscopic and molecular biological
studies, the basis of bacterial mats was formed by filamentous sulfur bacteria of the family Thiotrichaceae
and epsilonproteobacteria of the family Helicobacteraceae (Bryukhanov et al., 2018).

Environment-forming effect of gas bubble emissions. The environment-forming and ecological
effects, related to Black Sea methane seeps, include the effect of bubble methane flux on water gas
composition, water hydrochemical structure, and formation of carbonate edifices, as well as the ef-
fect of methane seeps on microbial processes and microbial community structure (Egorov et al., 2011).
The environment-forming roles of deep-sea and shallow seeps are similar, but there are some differences.

The defining difference between shallow and deep-sea seeps of the Black Sea is an oxidized envi-
ronment, where gas emission and accompanying biogeochemical processes occur. In hydrogen sulfide
zone, gas emission sites are a kind of oases of life due to matter and energy properties of methane
for microbial trophic chains, whereas in coastal oxidizing conditions, on the contrary, they are zones
of inhibition. Thus, as shown in (Ivanova, 2017), in seep areas at Cape Tarkhankut and in the Dvuyakor-
naya Bay, the meiofauna was characterized by considerably lower abundance and differed in taxonomic
composition from the population of surrounding sands due to hydrogen sulfide contamination and acute
hypoxia / anoxia.

It has been established that not only in seabed sediments, but also in water above gas emission sites,
a significant decrease in O, concentration can be observed. Vertical profiling of water column above
gas emission site at Cape Feofan showed a notable decrease in O, content in the seabed water layer,
with a minimum reaching 0.2 mg-L™' (Malakhova et al., 2020a). Minimum salinity values were revealed
as well, which may indicate seep-related pulse-wise freshwater discharge. It was recorded that these
patterns of distribution of hydrological indicators are determined by presence of gas bubble emissions
and geomorphology of the area studied. The key factors of the intensive development of hypoxic phe-
nomena in the seabed water layer are the high degree of isolation of underwater canyons, representing
Cape Feofan underwater relief, and, as a result, the slowed down water exchange with the open area
(Malakhova et al., 2020a).

Previously, it was calculated that energy dissipation above gas bubble emission sites can be the cause
of a micro-upwelling effect (Egorov et al., 2011). Thus, the effect of bubble flux was shown on temper-
ature distribution in water column above gas emission sites in paleo-Dnieper area (Egorov et al., 2011).

In 2018, the authors of this article carried out an experiment in coastal water area, aimed at simulating
the effect of gas bubble emissions on stratified layers of water column (Ivanova et al., 2018). The results
showed as follows: the generated gas stream, with the flux of several liters per minute, transports colder
layers of water from the seabed almost to the surface (Ivanova et al., 2018).
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Of particular interest is the assessment of the contribution of fluid emission at methane gas emission
sites to total gas flux. It should be noted that the quantitative data on methane influx from seabed sedi-
ments in the form of fluid discharge or diffusion fluxes is still not sufficiently complete. Data of direct
in situ measurements is particularly scarce, which is due to the difficulty of experiments in sea area.

In 2019, the trap method was used to measure methane fluid discharge from seabed sediments
in the Laspi Bay near the area of gas bubble emissions; the values reached 74.3 mmol-m2-day™! (Mala-
khova et al., 2020b). According to the calculations, the integral fluid discharge in the Laspi Bay can be
comparable to the flux from gas bubble emissions, since the maximum fluid flux per 1 m? of the seabed
is only 3.5 times lower than the flux from a single seep (Malakhova et al., 2020b).

Conclusion. A comparative analysis of our data on the biogeochemical research of shallow seeps
of the Crimean Peninsula and data on deep-sea gas bubble emissions of the Black Sea is presented.
It is shown that gas bubble emissions are widespread in Crimean coastal areas: they are located
within the territory from Cape Tarkhankut in the west of the peninsula to the Dvuyakornaya Bay
in the southeast.

Long-term monitoring of the activity of coastal gas emissions made it possible to distinguish sea-
sonal, year-round, and sporadic seeps. Most of Crimean coastal seeps were of a biogenic origin, with
the source of gas emission both in the upper layers of seabed sediments and much deeper. Methane
predominated in component composition of bubble gas in Crimean coastal areas. However, compared
to its content in deep-sea areas of the Black Sea, exceeding 99 %, its content in coastal gas emissions was
significantly lower (55 % in the Kruglaya Bay and 38 % near Cape Martyan). A significant number of ho-
mologues were found only in Laspi Bay seeps, classified, according to their isotopic and hydrocarbon
composition, as those producing gas of thermocatalytic origin, in contrast to other seeps, where the main
amount of methane is formed as a result of methanogenic archaea activity. A significant variation was
observed in values of isotopic ratio of methane carbon 8'>C-CH, of bubble gas in shallow coastal areas
(from —94 to =34 %o); this confirms the assumption about different conditions for bubble gas genera-
tion and maturation of seabed sediments, as well as different rates of microbial oxidation and methane
formation at separate gas bubble emission sites.

Like deep-sea seeps, coastal ones were often accompanied by bacterial mats. In the areas with bubble
gas, freely emitting from the sand, there were either no bacterial films, or only their traces, in the form
of the finest whitish films. It was shown as follows: formation of stable bacterial biomass, usually con-
sisting of sulfide- and sulfur-oxidizing bacteria, requires a fluid flux of reduced dissolved gases, while
pointwise bubble gas discharge does not provide sufficient concentration gradients and can mechanically
disrupt the structure of the forming community.

Various methods were used to estimate the size spectra of bubbles, as well as fluxes from separate
streams. Gas flux values varied from 1.8 L-day™! (the Martynova Bay) to 40 L.-day ™! (the Laspi Bay).

The environment-forming effects, related to gas bubble emissions in coastal areas, are described:
oxygen conditions in both seabed sediments and water column above gas emission sites, vertical water
mixing due to gas lift effect, and volumes of fluid discharge at gas emission sites.

This work has been carried out within the framework of IBSS government research assignment “Molismo-
logical and biogeochemical fundamentals of marine ecosystems homeostasis” (No. AAAA-A18-118020890090-2)
and Research Center of Biotechnology RAS government research assignment, as well as with the financial support
of the RFBR grant No. 18-45-920057 p_a (No. AAAA-A18-118082090056-4).
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BUOTEOXNMHNYECKHUE XAPAKTEPUCTHUKHN
MEJIKOBO/JHBIX CTPYHHBIX METAHOBBIX I'A30BBIIEJTEHAN
B IIPUBPEKHBIX PAHOHAX KPBIMA
B CPABHEHUH C I'TYBOKOBO/JHBIMHU CUITAMHA YEPHOTO MOP

T. B. Manaxosa!, B. H. Eropos!, JI. B. Manaxosa!,
I0.T. Aprémos’, H. B. Ilnmenos?
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«®PyHamMeHTaIbHbIe OCHOBBI OuoTexHosiorun» PAH, Mocksa
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CrpyiiHble METAaHOBBIE TA30BBIICJICHUS (CUIIbI) — MIMPOKO PaclpoCTpaHEHHBIN (heHOMEeH B MUpoBOM
OKeaHe, B TOM uHcie B OacceiiHe YEpHOro Mopsi. AKTyalnbHOCTb MCCNIEIOBAHUN METAHOBBIX CHIIOB
00YyCJIOBJIeHa VX BKHOW POJIBIO B KAUeCTBE MCTOYHMKA METaHa KaK MapHUKOBOTO M CPefoodpasylo-
IIero ra3a Jyiss BOAHOW ToJmu U atMocdepbl. B paboTe mpeacTaBiieH CpaBHUTENIBHBIA aHAIN3 JdaH-
HBIX COOCTBEHHBIX OMOTE€OXMMHUYECKUX MCCIIEJOBAHUI METKOBOJHBIX CUIIOB KphIMCKOTO MomyocTpo-
Ba, OXBATHIBAIOIIMX MOC/IEIHUE AECSTh JIET, U MAaTepHAJIOB, MOCBAIIEHHBIX [7TyOOKOBOJHBIM ra30Bbljie-
neHusiM Yéproro mopsi. B 3ToT nepuoa ObUTM NPOBEIEHB! OMCKOBBIE THIPOAKYCTHUECKHE UCCIIENO-
BaHMSI, BbISIBJIEH KOMIIOHEHTHBII COCTaB My3BIPHKOBOTO Ta3a, M3MepeH M30TOMHbIA COCTaB yriiepoaa
METaHa, a TaKke MOJIEKYJISIPHO-OMOJIOTMUECKUMH METOIaMH OTTpeiesieHa CTPYKTypa MUKPOOHOTO CO-
001ecTBa OaKTepHAIbHBIX MATOB, MOKPHIBAIOIIMX TUIOMIA/IKY Ia30BbIIEICHUH, U BBHIIIOJHEHA OIIEHKA
ra30BbIX MOTOKOB OT OT/IENIbHBIX CUTIOB. B TeueHre MHOroJIeTHEr0O MOHUTOPHHTA OOHAPYKEHO U OIH-
caHO 14 OTHeNIbHBIX IA30BBIAEISIONIMX IJIOAJOK B MPUOPEKHBIX paiioHax KpeiMa, KOTopble pacmo-
JlaraJimch OT Mbica TapXaHKyT Ha 3amajie OoJIyoCTpoBa 10 OyxThl [IBysikopHas Ha 1oro-Boctoke. I1pe-
BaJIMpyIoLIasl YacTb NpUOPekRHbIX cUoB KppiMa nmesna OMOreHHyI0 PUPOAY U CE30HHBIA XapakTep
razoBbieneHnil. K riyOMHHOMY Tra3y TepMOKaTaIUTUYeCKOro IT'eHe3nca OTHeCeHbI cuIibl B Oyxte Jlac-
1. HaGmostasncs 3HAUMTebHBI pa36poc BeIMYHH M30TOMHOTO COCTaBa yriepoaa MeTana &'>C-CH,
My3BIPHKOBOT'O Ta3a MPUOPEKHBIX MEIKOBOAHBIX paioHOB (—94...—34 %o), 4TO yKa3bIBaeT Ha pa3Hble
YCJIOBUSI €0 TeHepaIiy ¥ CO3PEBaHus B JIOHHBIX OTIOKEHUsX. Tak Xke, Kak U ITyOOKOBOJHBIM CHITaM,
MPUOPEKHBIM CTPYHHBIM Ta30BbIICICHISIM COITyTCTBOBAIM OAaKTepHaIbHBIE MAaThl PA3HOH CTPYKTYPHI
C Pa3IMYHBIMU JOMMHUpYOIIMMHY Buaamu. [Tokazano, uTo m1st (popMHUPOBaHUS yCTOMYMBON OaKTepH-
IBHOW OMOMACCHI, OCHOBY KOTOPOW COCTAaBJISUIM, KaK MPaBUIO, CYIb(MUA- U CEPOOKUCISIONIME OaK-
Tepuu, HeOOXOAUM (DIIOMIHBII TOTOK BOCCTAHOBJIEHHBIX PACTBOPEHHBIX I'a30B, TOTAA KaK TOYSUHAS
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pasrpy3ka IMy3bIpbKOBOTO Ta3a He 00eCIeYrBaeT JA0CTATOYHBIX IPaJUEHTOB KOHLIEHTPAIMH ¥ MOXKET
MEXaHMUYECKU pa3pyLiaTh CTPYKTYpPy 0Opasylolerocs cooomectsa. Pa3imuHpMu MeTogamMu ciesiaHbl
OLIEHKU pa3MEpHBIX CIEKTPOB Iy3BIPHKOB U MOTOKOB OT OTAEJbHBIX CTpYyH. JlMana3oH 3HaueHwil ra-
30BOTO MOTOKA BapbupoBai ot 1,8 1-cyr! (6yxta MapteHopa) no 40 m-cyr™! (6yxta Jlacmm). ITpo-
aHAIM3UPOBaHHl cpefioodpasyioiine 3PQeKThl, CBA3aHHBIE C BbIIEJICHUEM ITy3bIPKOBOIO ra3a B IpH-
OpeKHBIX palioHAX: BIMSIHUE CHIIOB HAa KHUCJIOPOIHBIA PEXUM B JOHHBIX OCAJKaxX W B TOJIIE BOIHI
HaJl TOYKAMH Ta30BBIJICIEHII; BEPTUKATBHOE TIepeMeIIuBaHue BOJ 32 CUET ra3nugToBoro 3 deKTa;
(mongHas pasrpyska Ha IJIOLIAAKAX CTPYHHBIX [A30BbIICICHUN.

KuroueBrble cJI0Ba: METAHOBBIE CUITbI, TeHE3KC, N30TOIMHBIN COCTaB, OaKTepUATbHBIC MAThI, THPOAKY-
CTUYECKUE METO/Ibl, CPeJ000pa3yIoIIuii ra3, KppIMCKUH 1ieiibd, YEpHOE MOpe
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Relevance of monitoring heavy metals content in the water of the Atlantic sector of the Antarctic is due
to the need for a current assessment of quality of the marine environment for making responsible deci-
sions on the conservation of marine living resources in this unique area of the World Ocean. The aim
of the study was to obtain new data on levels and spatial distribution of concentrations of trace elements,
mainly heavy metals, in surface water. Sampling of surface seawater was carried out during the Antarc-
tic expedition of the 79" cruise of the RV “Akademik Mstislav Keldysh” at 21 stations in the area
of the Drake Passage, the Bransfield Strait, and the Antarctic Sound, as well as in Weddell and Sco-
tia seas. Extracting and concentrating of dissolved form of 13 trace elements (Be, Se, Sb, Tl, V, Pb,
Cd, Cu, Zn, Ni, Mo, Co, and Fe) were performed using sodium diethyldithiocarbamate and carbon
tetrachloride (CCly). The elements were measured by mass spectrometry. Among all trace elements
content, only Mo concentration in seawater at 9 stations, located in the Drake Passage, the Brans-
field Strait, northern Weddell Sea, and off the southern coast of Tierra del Fuego Island, exceeded
1.2-2.8 times maximum permissible concentration of trace elements in fishery water bodies of the Rus-
sian Federation (MPCy). According to international regulatory legal acts, such as “Dutch sheets”, there
were single cases of exceeding MPC (maximum permissible concentration under short-term exposure)
for Cd and Zn, as well as exceeding TV (target value under chronic exposure) for Cu, Pb, Cd, Zn, Se,
and Co at several stations. The research has shown as follows: despite limited anthropogenic pressure
on this area of the Southern Ocean, in seawater of some regions of the Atlantic sector of the Antarc-
tic, increased concentrations of several trace elements, inter alia heavy metals, are recorded. Fur-
ther study of the sources of trace elements intake and the peculiarities of their distribution in sea-
water of the Atlantic sector of the Antarctic is required in order to account for ongoing processes,
take measures for rational management, and provide ecologically acceptable use of natural resources
in the Antarctic.

Keywords: heavy metals, surface seawater, Atlantic sector of the Antarctic

The 79" cruise of the RV “Akademik Mstislav Keldysh” to the Atlantic sector of the Antarctic
was held on 30.11.2019-08.05.2020 (Morozov et al., 2020) within the framework of international
obligations of the Russian Federation as a party to the Antarctic Treaty (Dogovor ob Antarktike....,
2020) and the Convention for the Conservation of Antarctic Marine Living Resources (CCAMLR)
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(Commission for the Conservation..., 2020). Expedition was organized and managed by P. P. Shirshov
Institute of Oceanology. During the cruise, several fundamental tasks, assigned to the Russian scientists
in a number of strategic documents, were solved (Strategiya nauchno-tekhnologicheskogo razvitiya. ..,
2016 ; Strategiya razvitiya morskoi deyatel’nosti..., 2010 ; Strategiya razvitiya deyatel’nosti..., 2010).
They indicate the need to obtain new results for a comprehensive assessment of the state of Antarctic
ecosystems, as well as the effect of climate change and other factors, including limited anthropogenic
impact, on them.

Trace elements are known to be among the most important components of the marine environment,
playing an essential role in the functioning of living organisms (Bowen, 1988 ; Mertz, 2013). How-
ever, exceeding a certain limit for the content of these substances can lead to toxic effects (Fuentes
et al., 2016 ; Rainbow, 2002). For example, V, Co, Ni, Cu, and Zn are moderately hazardous toxicants,
while Cd and Pb are highly hazardous ones (Kharakteristika zagryaznyayushchikh veshchestv..., 2016).
Hence, these chemical elements and a number of other heavy metals are included in the list of substances,
the amount of which in natural environments, inter alia oceanic water and seawater, is subject to reg-
ular monitoring (Klenkin et al., 2007). The issue of studying both levels and redistribution of heavy
metals is also relevant for the Antarctic. According to international agreements (Dogovor ob Antark-
tike...., 2020 ; Commission for the Conservation..., 2020), limited anthropogenic activity is allowed
on the Antarctic continent and in the waters of the Southern Ocean. This applies to members of research
expeditions, station personnel, and crews of ships, fishing for seafood and ensuring tourism functioning.
Previous studies have shown that an increase in heavy metals concentration in Antarctic waters can also
result from natural processes (Ahn et al., 1996, 2004 ; Samyshev & Minkina, 2019). They include, in par-
ticular, the washout of tectonic elements from the mainland as a result of the increased glaciers melting,
caused by global warming in recent decades (Ahn et al., 1996, 2004 ; Samyshev & Minkina, 2019 ;
Sanchez et al., 2019), and the rise of deep waters (Honda et al., 1987).

The relevance of heavy metals monitoring in the waters of the Atlantic sector of the Antarctic
is mainly due to the fact as follows: in this area, favorable conditions are formed for stable aggregations
of Antarctic krill (Euphausia superba Dana, 1852), with its highest biomass density in the Southern
Ocean (Bykova et al., 2004 ; Samyshev & Minkina, 2019). This area is currently the site of krill fish-
ery. Many representatives of aquatic biota, including krill, accumulate heavy metals to concentrations,
being many times higher than their content in water (Polikarpov et al., 1986 ; Chudinovskikh, 2016 ;
Honda et al., 1987 ; Mertz, 2013). At the same time, they can not only be affected by toxicants them-
selves (especially at their most sensitive stages of development: eggs, larvae, and juveniles), but also serve
as a “transport link” for toxic substances along trophic chains up to the human, consuming seafood (Casas
etal., 2008 ; Samyshev & Minkina, 2019). Therefore, monitoring of concentration levels of heavy metals
in the waters of the Southern Ocean is of considerable scientific and practical interest.

The aim of this study was to obtain new data on the levels and spatial distribution of trace elements,
mainly heavy metals, in surface water in order to assess the current quality of the marine environment
of natural complexes in the Atlantic sector of the Antarctic.

MATERIAL AND METHODS

Research areas and material. Seawater sampling, aimed at determining the content of dissolved
forms of trace elements, infer alia heavy metals, was carried out from 10.02.2020 to 01.03.2020 during
the Antarctic expedition of the 79™ cruise of the RV “Akademik Mstislav Keldysh” in the Atlantic sector
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of the Antarctic at 21 stations in the area of the Drake Passage, the Bransfield Strait, and the Antarctic
Sound, separating the Antarctic Peninsula from the Joinville group of islands, as well as in the Weddell
and Scotia seas (Fig. 1). Coordinates of sampling stations and characteristics of the marine environment
(temperature and salinity) are shown in Table 1.

Fig. 1. Map of studied area and location of sampling stations

Methods for trace elements determination. To determine trace elements, including heavy met-
als, 21 samples of surface (0—5 m) seawater were collected from the marine environment of the stud-
ied area (Fig. 1, Table 1). Water temperature and salinity (see Table 1) were measured automati-
cally by a SBE 911plus CTD probe with a cassette, containing 21 5-L bottles. In water samples,
13 trace elements were identified: Be, Se, Sb, T, V, Pb, Cd, Cu, Zn, Ni, Mo, Co, and Fe. Samples
were processed in the onboard laboratory in accordance with the guiding document RD 52.10.243-
92 (Rukovodstvo po khimicheskomu analizu..., 1993). Sample preparation method was based on ex-
tracting and concentrating trace amounts of metals using sodium diethyldithiocarbamate as a complex-
ing agent and carbon tetrachloride (CCly) as extractant, with the following acid re-extraction. Nitric acid
solutions of the extracts were delivered to the onshore laboratory; measurements of the studied elements
were performed at IBSS “Spectrometry and Chromatography” core facility, using inductively coupled
plasma mass-spectrometer PlasmaQuant MS Elite (Analytik Jena AG) (GOST R 56219-2014. Water.. .,
2015 ; Mass-spektrometriya.. ., 2014). The spectrometer was calibrated with a standard solution “Multi-
element calibration standard 1V-28, HNO3/HF, 125 mL” (Inorganic Ventures). Measurement mode
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on the mass-spectrometer included 7 replicates of 10 scans for each identified element from 10,000
to 100,000 us, depending on its expected concentration. Calculation and registration of measurement re-
sults were carried out in accordance with the all-union state standard GOST R 56219-2014 and guiding
document RD 52.10.243-92 (GOST R 56219-2014. Water..., 2015 ; Rukovodstvo po khimicheskomu
analizu..., 1993). The average relative determination error was not higher than + 10 %.

Table 1. Metadata of sampling stations

Station Sampling Coordinates Ocean Water tem- Salinity,

number date S w depth, m perature, °C PSU
2 10.02.2020 57°44.4074 63°59.9839’ 4130 +8.62 33.92
3 11.02.2020 60°01.5902 63°25.3325 3778 +5.73 33.63
4 12.02.2020 62°48.3626 60°33.7133’ 373 +3.16 34.11
7 12.02.2020 62°39.3628’ 58°52.8365 1574 +4.19 34.14
8 13.02.2020 63°24.4219 56°53.5885" 187 -0.91 34.28
9 13.02.2020 63°30.5974 56°29.7344’ 736 +0.64 34.27
10 14.02.2020 62°32.0215 56°39.2660 345 +1.64 34.04
11 14.02.2020 62°23.0395 54°43.0033’ 362 -0.72 34.21
12 15.02.2020 62°32.2922 53°33.7689 1030 -0.67 34.32
13 15.02.2020 63°17.4354 53°35.9791" 362 +0.25 33.88
14 16.02.2020 62°26.0611" 53°25.7918’ 1383 -0.02 33.66
16 17.02.2020 62°29.0724 50°57.3809 3290 -0.42 33.27
18 18.02.2020 61°42.2470 49°58.2523’ 1743 +0.26 32.74
19 19.02.2020 61°59.7085 50°37.6094 700 +1.00 33.97
20 19.02.2020 60°53.9809 50°24.0082’ 940 +0.89 34.03
21 20.02.2020 61°05.5251" 50°08.3302’ 2766 +0.31 32.99
24 24.02.2020 59°45.2400 50°30.7537 3787 +2.94 34.12
25 26.02.2020 62°20.7280 57°16.5980 1331 +3.22 34.12
26 27.02.2020 62°55.1235 61°54.2073 800 +2.61 33.8
27 27.02.2020 61°45.3571" 63°50.9526 3622 +4.17 33.64
28 28.02.2020 55°14.6157 65°51.9639 1098 +10.64 33.46

RESULTS

Among the studied heavy metals, as already noted, the most toxic pollutants are copper, zinc, cad-
mium, and lead (Klenkin et al., 2007). The results of measuring their concentrations are shown in Fig. 2.

Trace elements beryllium and thallium are also highly toxic substances (Kharakteristika za-
gryaznyayushchikh veshchestv..., 2016), but their concentrations in seawater samples from all the sta-
tions were very low: they did not exceed 0.005 pug-L™" (Be) and 0.001 ug-L™! (TI). The measured val-
ues were 60 times lower than maximum permissible concentration (hereinafter MPC) of trace elements
in fishery water bodies of the Russian Federation (MPCy) for Be and 1000 times lower than MPC in water
bodies for drinking and cultural-domestic water use for Tl (Kharakteristika zagryaznyayushchikh veshch-
estv..., 2016). Molybdenum, cobalt, and nickel are toxic substances, but they are also characterized
as having carcinogenic and mutagenic effects on living organisms (Kharakteristika zagryaznyayushchikh
veshchestv..., 2016). The results of determining these trace elements distribution are shown
in Fig. 3.
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Fig. 2. Concentration of Cd and Zn (a) and Pb and Cu (b) in surface seawater in the studied areas
of the Antarctic

Fig. 3. Concentration of Mo, Co, and Ni in surface seawater in the studied areas of the Antarctic
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Among trace elements studied, there were toxic substances selenium and vanadium, as well as a toxic
hazardous substance antimony and less toxic iron (Kharakteristika zagryaznyayushchikh veshchestv...,
2016). Data on changes in concentrations of these chemical elements in surface seawater are shown
in Fig. 4.

Fig. 4. Concentration of trace elements Se and Sb (a) and V and Fe (b) in surface seawater in the studied
areas of the Antarctic

Since studied water areas belong to Antarctic krill fishery area, the data were compared with
MPCy in order to estimate the current ecological state of Antarctic waters (Kharakteristika za-
gryaznyayushchikh veshchestv..., 2016). Moreover, the results were compared with the reference values
given in “Dutch sheets”: with MPC (maximum permissible concentration of dissolved form of a pollutant
under short-term exposure) and with TV (target value of the inactive concentration for dissolved form
of a pollutant under chronic (long-term) exposure in surface water) (Warmer & van Dokkum, 2001),
as well as with background concentrations of the studied elements in surface seawater (Crommentuijn
et al., 1997) and in surface water in the open ocean (Israel & Tsyban, 2009).

DISCUSSION

The analysis of the results obtained (Figs 2, 3, and 4) indicates relatively low levels of trace ele-
ments concentrations in surface seawater in studied water areas of the Antarctic. However, when com-
paring our data with these trace elements content in waters of the open ocean (Israel & Tsyban, 2009),
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it was recorded as follows: maximum concentrations of most chemical elements studied (Pb, Cd, Zn,
Cu, Be, Mo, Co, and V) in the Antarctic were higher than those, typical for the waters of open ocean:
in the range from 2.3 times for Se to 211.3 times for Zn (Table 2).

Table 2. Comparison of the measured values of trace element concentrations in surface ocean waters
in the Antarctic with their background and normatively established concentrations, accepted in the Russian

Federation and given in “Dutch sheets” (ug-L™")

Range Background Normatively established reference values
of measured values concentrations for chemical elements
Clemlcetl (:cf (;0nc;:nt;aft10n MPC, " MPCH™* _ TV ]
elemen 0 f1s§o vle orm Copen* CSWB** for fishery MPC in targe:1 'va ue
© t ¢ clement water bodies | “Dutch sheets” according (o
in water “Dutch sheets”
Pb 0.01...0.90 % 0.02 10 11 0.3
0.034
Cd <0.002...1.17 0.00010 0.025 10 0.4 0.08
120
Zn 0.39...12.26 M 0.35 50 9.4 2.9
0.058
Cu 0.10...1.49 - 0.25 5 1.5 0.5
T1 <0.01 - - - 1.6 0.06
Be < 0.005 - - 0.3 0.2 0.02
Mo <0.21...2.84 - - 1 290 4.3
Co 0.003...0.21 - - 5 2.8 0.2
A% <0.01...0.67 & - 1 4.3 0.9
1.78
Ni 0.05...1.22 0116 - 10 5.1 33
0.70
Se <0.01...0.419 % - 2 53 0.09
0.18
Sb <0.001...0.02 - - - 0.4 1.6
Fe 0.76...14.33 % - 50 - -
0.140
Note:

* Copen is concentration of an element in surface water of the open ocean (background) (minimum value is above
the line, maximum value is below the line) (Israel & Tsyban, 2009);

™ Cqwp is background concentration of an element in surface seawater (Crommentuijn et al., 1997);

“* MPCy, is maximum permissible concentration of an element for fishery water bodies, accepted in the Russian
Federation (Kharakteristika zagryaznyayushchikh veshchestv..., 2016);

“** MPC is maximum permissible concentration for dissolved form of an element in surface water (under short-term
exposure) (Warmer & van Dokkum, 2001);

TV is target value of concentration for dissolved form of an element in surface water considered safe under

chronic (long-term) exposure (Warmer & van Dokkum, 2001).
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Studied water areas belong to Antarctic krill fishery area; so, the data obtained were compared with
MPC, established for fishery water bodies (Kharakteristika zagryaznyayushchikh veshchestv. .., 2016).
The comparison showed that concentrations of Pb, Cd, Zn, Cu, Co, Be, Ni, V, Se, and Fe did not
reach MPCy, (Figs 2, 3, and 4). Their content in all studied areas was many times lower than MPCp, val-
ues (Table 2). The only exception was obtained for Mo, with exceeding MPCy, 1.2-2.8 times at nine sta-
tions (Fig. 3). Thus, increased Mo content was recorded in the central area of the Drake Passage (st. 3),
along the Bransfield Strait (st. 4,7, 10, and 11), and along the northern coast of the Weddell Sea (st. 9, 18,
and 19) (Figs 1 and 3). Exceeding MPCy, value for molybdenum was also recorded off the southern coast
of Tierra del Fuego Island (st. 28) (Figs 1 and 3). According to “Dutch sheets” (Table 2), Mo concentra-
tions did not reach MPC and TV, established for acute and chronic exposure of the pollutant (Warmer
& van Dokkum, 2001).

We assume that intake of a certain amount of Mo into the Atlantic sector of the Antarctic may
have South American origin, since Chile ranks third in the world in terms of molybdenum reserving
and mining (National Minerals Information Center..., 2020). As known (Medenosnyi poyas Yuzh-
noi Ameriki..., 2004), continental surface water with possible admixtures of molybdenum and other
metals, coming from the regions of development of South America copper belt, enters Pacific Ocean
surface layer from the territory of Chile. Copper reserves in Chile account for 82 % of the total in-
ventory in South America; for example, the El Teniente copper mine has been developed since 1904,
and Chuquicamata — since 1915 (Medenosnyi poyas Yuzhnoi Ameriki..., 2004). Molybdenum reserves
in molybdenum ores in Chile are estimated at 2.3 million tons, and reserves of Mo as a by-product
of copper ore processing are estimated at 2.5 million tons (13 % of global reserves) (Medenosnyi poyas
Yuzhnoi Ameriki..., 2004 ; Mirovoi rynok molibdena..., 2020). Molybdenum, entering oceanic water,
is afterwards transported by currents and possibly further distributed in seawater, inter alia along Antarc-
tic coast. The highest Mo concentrations were recorded at stations in the central area of the Bransfield
Strait (st. 7) and in the northeastern Weddell Sea (st. 18) (see Fig. 1). This peculiarity can also be ex-
plained by molybdenum intake with meltwater of continental Antarctic ice into the marine environ-
ment (Samyshev & Minkina, 2019), as well as by possible effect of hydrological processes on the distri-
bution of dissolved elements, in particular transfrontal water masses transport from the north by powerful
synoptic eddies, observed in the Drake Passage (Koshlyakov & Tarakanov, 2011). In this publication,
the authors identified water transport by eddies to the south only in the thermocline, without considering
the upper layer separately.

In the Drake Passage, the powerful Antarctic Circumpolar Current transports surface water
from the Pacific Ocean to the east. Due to the presence of significant synoptic eddies in the Drake
Passage, surface water can also be transported to its southern area. The current in the Bransfield Strait,
flowing northeastward along the South Shetland Islands, is the southernmost stream of the Antarctic
Circumpolar Current.

The group of stations 13—17 is located in the western Weddell Sea. There, the cyclonic (clockwise)
circulation in the Weddell Sea carries waters from its southern area, and the content of metals is low,
since there is no industrial metal mining on the Antarctic continent. The authors of (Sanchez et al., 2019)
have shown as follows: along the eastern border of the Antarctic Peninsula, the currents carry to the north
iron compounds, entering from a natural source in the south. This was confirmed by our measurements
at st. 16 and 19. On the border of the Scotia and Weddell seas (in the Weddell-Scotia confluence zone),
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waters of the Antarctic Circumpolar Current merge with waters of the cyclonic circulation of the Wed-
dell Sea. This leads to the inflow into the area of both Pacific Ocean and Weddell Sea waters, with their
impurities of metals.

According to “Dutch sheets”, for T, Sb, Be, Ni, V, and Fe, the measured concentrations were
significantly lower than MPC and TV (Warmer & van Dokkum, 2001) (see Table 2) at all stations
in the Atlantic sector of the Antarctic. In studied water areas, according to “Dutch sheets” (Warmer
& van Dokkum, 2001), exceeding MPC was registered for Cd at st. 7 and for Zn at st. 27 (Fig. 2a);
exceeding TV was observed for Cu at seven stations, for Zn — at three, for Cd and Pb — at two,
for Se — at nine, and for Co — at one station (Table 2, Figs 2, 3, and 4).

The importance of hydrological processes, primarily currents, in the distribution of increased con-
centrations of dissolved forms of trace elements in Antarctic water is proved by the similarity of the dis-
tribution of the studied trace elements in seawater at sampling stations (Figs 2, 3, and 4). The coastal
boundary current in the Bransfield Strait is known to be an important factor in water circulation in this
area. Together with the Antarctic Circumpolar Current in the Drake Passage, it plays an essential role
in water transport to the east (Morozov, 2007).

It is difficult to establish the main sources of trace elements intake into the Antarctic water by the data
of one study. The intake can result from both anthropogenic and natural processes on the mainland,
in the water column, and in different areas of the planet; moreover, trace elements can reach the Antarc-
tic as a result of transboundary transport of substances (Klenkin et al., 2007 ; Kharakteristika za-
gryaznyayushchikh veshchestv..., 2016 ; Fuentes et al., 2016 ; Samyshev & Minkina, 2019 ; Sanchez
etal., 2019).

Conclusion. New data on the current levels and spatial distribution of 13 trace elements (Be, Se, Sb,
Tl, V, Pb, Cd, Cu, Zn, Ni, Mo, Co, and Fe), including heavy metals, in the Antarctic have been obtained.
Only Mo concentrations exceeded MPCp, at nine stations.

According to “Dutch sheets”, there were single cases of exceeding MPC for Cd and Zn, as well
as exceeding TV for Cu, Pb, Cd, Zn, Se, and Co at several stations.

The observed levels of trace elements content in seawater of the Antarctic indicate the presence
of increased concentrations of some heavy metals, despite limited anthropogenic pressure on that area
of the Southern Ocean.

Increased concentrations of elements in comparison with established MPCg, MPC, and TV
in the northern Drake Passage are likely to be related to a water runoff from industrial enterprises in Chile,
mining and processing copper and molybdenum for more than a hundred years. The impact of natural
sources cannot be excluded as well. Increased iron content in the northern Weddell Sea (the Powell
Basin) is most likely determined by the intake of iron compounds from natural sources in the western
Weddell Sea, which is consistent with earlier studies.

This work has been carried out within the framework of IBSS government research assignment
“Comprehensive studies of the current state of the ecosystem of the Atlantic sector of the Antarc-
tic” (No. AAAA-A19-119100290162-0) and 10 RAS government research assignment “Assessment
of the current state of natural complexes in the Atlantic sector of the Southern Ocean and their variabil-
ity of different periods (ecosystems, bioproductivity, hydrophysics, hydrochemistry, and geochemistry)”
(No. AAAA-A18-118051490130-3).
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TAKEJIBIE METAJLJIBI B IOBEPXHOCTHOM BO/IE
ATJIAHTHYECKOI'O CEKTOPA AHTAPKTUKH
B 79-M PEVICE HAYYHO-HUCCJIEJOBATEJILCKOT'O CYIHA
«AKAJIEMUK MCTUCJIAB KEJIJAbIII»

H. 1O. Mup3oesa', H. H. Tepemenko!, A. A. ITapackus!,
B. 10. IIpockypuun!, E. I'. Mopo3zos?>

! DenepanbHslil nccnenoBaTebCKHil HEHTP «MHCTUTYT GHONOTHM I0KHBIX MOPEH

umMenu A. O. Kosanesckoro PAH», Cepactonons, Poccuiickas depepaius
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AKTYaJIbHOCTh MOHUTOPHHIA COAEPKAHUS TSKENIBIX METAJUIOB B BOJAX ATJIAHTUYECKOTO CEKTOpa AH-
TapKTUKHU OIpEeAesisieTcsl He0OXOOMMOCTBIO COBPEMEHHOI OLIEHKM KauecTBa BOAHOM cpefpl 1Jisl MIpu-
HATHUS OTBETCTBEHHBIX PEIIEHUI 10 COXPAHEHUIO MOPCKHX JKUBBIX PECYPCOB B 3TOM YHUKAJIBHOM pe-
ruoHe MupoBoro okeana. Llesb MpOBOIUMBIX MCCEAOBAHUI — TOJYYUTh HOBBIE JaHHBIE 00 ypOB-
HAX U MPOCTPAHCTBEHHOM pacIpeeIeHNH KOHIIEHTPallui MUK POJIEMEHTOB, IPEUMYILIIECTBEHHO TH-
KEJBIX METAJUIOB, B IOBEPXHOCTHOH Boje. OTOOP Mpod MOBEPXHOCTHON MOPCKOM BOABI TPOU3BOIMIH
B aHTapKTHuyeckoi sxcnenuim 79-ro peiica HUC «Akanemuxk Mctucia Kenapi» Ha 21 craniumn
B paiioHe mpomBoB [lpeiika, Bpancduinma, AHTApKTHKA, a Takke B MOpaX Yauewia u CKoTus. DKc-
TPaKUMIO ¥ KOHLIEHTPUPOBAaHUE pacTBOpEHHOM opmbl 13 mukpoanemenToB (Be, Se, Sb, Tl, V, Pb,
Cd, Cu, Zn, Ni, Mo, Co u Fe) ocymiecTBisiii ¢ OMOIIBI0 TUITIIINTHOKapOaMaTa HATPHS U de-
TeIpExxJopucroro yrepona (CCly). I3amepeHue a1eMeHTOB MPOBOJMIN MacC-CIIEKTPOMETPUIECKUM
MmetofoM. Tosbko 1 Mo Ha JEeBSTH CTaHIMAX, PAaCcMOOKEHHBIX B MposmBax Hpeiika u bpancdu-
Jla, B CEBEpHOM paiioHe Mopsl Y3/iesa, a Takke BO3je I0KHOro modepexbs octpoBa OrHeHHas
3emJist, OTMeYasIH MPEBBIITICHNE ero KOHIIEHTPpAIKi B MOPCKOU Bojie B 1,2-2,8 pa3a 1mo OTHOIIEHUIO
k [TIJIK MuKpo3anemMeHTOB B Boze priOoXo3siicTBeHHbIX 00bekTOB PP (ITHKpy). CormacHo mexny-
HApOJHBIM HOPMAaTHUBHO-TIPABOBBIM aKTaM, TaKUM Kak «[ OJUTaHACKWE JIMCTHI», 3apernCTPHUPOBAHBI
efauHUYHble ciaydau npesbiieHns MPC (maximum permissible concentration — ITJIK mpu kpart-
KOocpo4yHOM Bozgericteum) 1 Cd u Zn, a Takxke npesbiienue TV (target value — KOHTpOJIbHBIE
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YpOBHM TIpH XpoHWYeckoM BosmeiictBun) mis Cu, Pb, Cd, Zn, Se u Co Ha HECKOJLKHX CTaHIIU-
sax. MccnemoBaHus MOKasaid, YTO, HECMOTPS HAa OTPaHUYEHHBIA PeXUM aHTPOIIOIEHHOW Harpys-
KU B 3ToM peruoHe FOKHOro okeaHa, B MOPCKOM BOJE OTHEJbHBIX PailoHOB ATJIAHTUYECKOTO CEK-
TOpa AHTApKTHKU B COBPEMEHHBIN TMepuoj 3a(pUKCHUPOBaHbI TIOBBIICHHBIE KOHIICHTPAIIMA HEKOTO-
PBIX MHKPO3JIEMEHTOB, BKJIIOUasi TsKEJbie Metauibl. HeoOxomumo pajbHelilliee U3ydeHUEe HMCTOY-
HUKOB TMOCTYIUICHUsI M OCOOEHHOCTEH pacrpejie/ieHrs] MUKPO3JIEMEHTOB B MOPCKUX BOAax AT/IaH-
THUYECKOW YacTH AHTApKTHKU JISI OOBSICHEHUS] MPOUCXOISINUX TPOIECCOB, & TAKKe JUISl MPUHS-
THSI Mep IO PallMOHAJIFHOMY YIPABJIEHHUIO U YKOJOTHUYECKH MPUEMIIEMOMY IMPHPOAOIIOIB30BAHUIO
B AHTApKTUYECKOM PETHOHE.

KiaroueBbie ciaoBa: TSKENbIE METAJUTH, MMOBEPXHOCTHAs MOpPCKas BOAA, ATIaHTHYECKUN CEKTOP
AHTapKTUKU
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Studies of variability of spectral bio-optical properties of water of Atlantic sector of Antarctic were
carried out during the 79" cruise of the RV “Akademik Mstislav Keldysh” (11.01.2020-04.02.2020).
Chlorophyll a and phaeopigment concentration varied in the layer studied from 0.1 to 1.8 mg-m™, ex-
cept for two stations with content reaching 2.2 and 4.4 mg-m™. The relationship was revealed between
light absorption coefficient by phytoplankton and chlorophyll @ concentration at a wavelength, corre-
sponding to spectrum maxima: aph(438) =0.044 x Cal'z, =084 (n=117); aph(678) =0.021 x Ca“,

? =0.89 (n = 117). Spectral distribution of light absorption coefficient by non-algal particles and col-
ored dissolved organic matter was described by exponential function. Absorption parameterization

coefficients were retrieved: (1) light absorption coefficient by non-algal particles (0.001-0.027 m™)
and by colored dissolved organic matter (0.016-0.19 m™) at a wavelength of 438 nm; (2) spectral
slope coefficients of these components (0.005-0.016 and 0.009-0.022 nm™!, respectively).

Keywords: chlorophyll a, spectral light absorption coefficient, phytoplankton, non-algal particles,
colored dissolved organic matter, Antarctic
The study of spectral bio-optical properties of water is necessary for understanding the regularities
of the formation of optical signal, recorded by satellite scanners, and for solving the problem of retriev-
ing water biological characteristics, based on Earth remote sensing data from space (IOCCG. Uncertain-
ties in Ocean.. ., 2019). Spectral optical properties of suspended and dissolved organic matter in water,
i. e. their capacity to scatter light and, to a greater extent, to absorb it, are determined by the formation
of a light field in the sea, as well as water leaving radiance, recorded by satellite optical scanners (Kirk,
2011 ; Reynolds et al., 2001). For the correct transformation of satellite data (remote sensing reflectance
Rrs) into water quality and productivity indicators, regional algorithms are required. These algorithms
must be developed on the basis of empirical regularities of variability of spectral light absorption co-
efficient by phytoplankton pigments, non-algal particles, and colored dissolved organic matter, as well
as their relationship with concentration of chlorophyll a (the main photosynthetic pigment).
The studies of Antarctic water, aimed at understanding the effect of the content of optically active
components of the environment and their spectral properties on the formation of a signal, “visible” for re-
mote scanners, have evolved from relatively simple ones, based on the analysis of relationships between
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chlorophyll a concentration and spectral coefficients of light attenuation, as well as remote sensing re-
flectance (Dierssen & Smith, 2000 ; Figueroa, 2002 ; Mitchell & Holm-Hansen, 1991), to comprehensive
ones: analysis of spectral absorption and scattering coefficients by all optically active components (Fer-
reira et al., 2018, 2017). To date, only single complex researches are known (Ferreira et al., 2018, 2017),
carried out in the water area west of the Antarctic Peninsula.

In this regard, the aim of our work was to study the variability of spectral light absorption coefficients
by suspended and dissolved organic matter in water of Atlantic sector of Antarctic in summer, based
on the results, obtained in the research cruise (11.01.2020-04.02.2020).

MATERIAL AND METHODS

The studies were carried out during the 79" cruise of the RV “Akademik Mstislav Keldysh” in wa-
ter of Atlantic sector of Antarctic from 11.01.2020 to 04.02.2020. Most stations were carried out
in the Bransfield Strait (Fig. 1A) and in the Powell Basin (Fig. 1B).

-61°0" -60°0" -59°0" -58°0’

Bransfield
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-62°30° 3
~5gh 038 w
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® 63
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Fig. 1. Map of stations (@) of bio-optical studies, carried out in the 79™ cruise of the RV “Akademik
Mstislav Keldysh” in the Bransfield Strait (A) and the Powell Basin (B) (11.01.2020-04.02.2020)

The measurement of photosynthetically active radiation (hereinafter PAR), falling on the sea surface,
and of its change with a depth of up to 100 m was carried out using Li-Cor deck and submersible de-
vices. Vertical profiles of changes in temperature and chlorophyll a fluorescence intensity were recorded
by a PUM-200 transparent probe. Samples were taken by a cassette of bathometers at the horizons,
selected on the basis of the measured profiles of hydrophysical indicators.

Euphotic zone depth Z., was taken to be equal to penetration depth of 1 % of PAR, falling
on the sea surface.

Chlorophyll @ and phaeopigment concentration C, was determined by the standard spectrophotomet-
ric method (Jeffrey & Humphrey, 1975 ; Lorenzen, 1967). Water samples (1.5-2 L) were filtered through
glass microfiber filters (GF/F, Whatman) at low vacuum (< 0.2 atm). The filters were foil-wrapped
and stored in liquid nitrogen in a cryogenic storage dewar, until measurements in the laboratory were
carried out.

Light absorption by suspended matter a,(4) was measured according to the NASA protocol (IOCCG.
Ocean Optics..., 2019). Optical densities were measured at a wavelength range 350-750 nm with a step
of 1 nm by a double-beam spectrophotometer Lambda 35 (PerkinElmer), equipped with an integrating
sphere. The division of a,(4) into light absorption by phytoplankton pigments a,,(4) and by non-algal
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particles ay,p(4) was carried out according to (Kishino et al., 1985). Absorption correction (f-correc-
tion) was performed in line with (Mitchell, 1990). Correction for non-specific absorption was made
by “zeroing” by the mean value for 700-750 nm.

Light absorption of colored dissolved organic matter ap,,(4) was measured according to the NASA
protocol (IOCCG. Ocean Optics..., 2019). Water samples were filtered through a nucleopore filter (Sar-
torius, 0.2 um), previously rinsed with deionized water. For prefiltration, GF/F filters were used. Optical
densities were measured at a wavelength range 250750 nm with a step of 1 nm by a spectrophotometer
Lambda 35.

Spectral distribution of ay,p(4) and acpop(A) was parameterized. Thus, the data were fitted
to exponential function at the spectral ranges 400—700 and 350-500 nm, respectively:

a;(A) = a;(Aop) x €5 A Ares) (1)

where ¢ is non-algal particles (NAP) or colored dissolved organic matter (CDOM);
Are s 18 reference wavelength (in our case, A, ; = 438 nm);

S, is spectral slope coefficient, nm™.

RESULTS

During the study period, surface temperature in the Bransfield Strait varied from —0.47 to +3.2 °C,
averaging +1.3 °C. In the Powell Basin, it varied from —0.77 to +2.0 °C, averaging +0.72 °C.

In the study area, high non-uniformity in water hydrological structure was noted (Fig. 2). At most
stations, the temperature was almost equal within the layer studied. At single stations (6591, 6592,
and 6593), an upper mixed layer with a thickness of 7—-47 m was formed. The complicity and non-
uniformity of water hydrological structure was accompanied by a similar non-uniformity in the vertical
profile of chlorophyll a fluorescence (Fig. 2).

Fig. 2. Vertical profiles (n = 26) of chlorophyll a fluorescence intensity (A) and water temperature (B)
of Atlantic sector of Antarctic (11.01.2020-04.02.2020)
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Euphotic zone depth varied between stations in a narrow range: from 50 m (st. 6614) to 83 m
(st. 6619), except for two stations (st. 6609 and 6613), where lower water transparency was registered.
On these stations, Z, was of 28 and 35 m, respectively. On average, Z., was of (64 + 12) m.

An important indicator of water productivity and quality is concentration of chlorophyll a as the main
photosynthetic pigment.

Chlorophyll a and phaeopigment concentration in the surface layer in the study area — the Brans-
field Strait and the Powell Basin — changed significantly: from 0.25 to 4.4 mg-m™ (Fig. 3A). The maxi-
mum values were obtained at st. 6609 (C, = 4.4 mg-m~) and st. 6613 (C, = 2.2 mg-m™>) in the Powell
Basin. In this case, the mean C, value in the surface layer for all stations, except for st. 6609 and 6613,
was (0.72 % 0.35) mg-m™. Within the euphotic layer, C, values varied from 0.1 to 1.8 mg-m™, except
for st. 6609 and 6613. For the whole layer, C, averaged (0.61 £ 0.35) mg-m’3.

Fig. 3. Vertical profiles of chlorophyll ¢ and phaeopigment concentration (C,) at st. 6609 (@),
at st. 6613 (M), and at other stations (O) (A); vertical profiles of relative phaeopigment concentration
(Cphae/Ca) (B) in water of Atlantic sector of Antarctic (11.01.2020-04.02.2020)

There are three types of C, vertical distribution (Fig. 4):
1) uniform C, distribution within the euphotic layer (for example, at st. 6602);
2) with a maximum of C, in the lower euphotic layer (~ 1-0.1 % PAR) (for example, at st. 6604);
3) C, decrease with depth within the layer studied (for example, at st. 6614).

Profiles of the third type, characterized by C, decrease with depth, were the most common ones.
They were registered at 16 stations out of 26.

Phaeopigment ratio in chlorophyll @ and phaeopigment concentration varied from 1 to 96 %, aver-
aging (22 * 16) % (Fig. 3B). The maximum values (47-96 %) were registered in the layer deeper than
50 m. In the upper, lighted layer (0 to 50 m), phaeopigment ratio did not exceed 30 %. This indicates
a good physiological state of phytoplankton in this layer.

In the study area, high variability of spectral coefficients a,,(4) and ay,p(4) was recorded (Fig. 5).
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Fig. 4. Examples of typical vertical profiles of temperature (T, red line), chlorophyll a fluorescence inten-
sity (F, green line), photosynthetically active radiation (PAR, black line), and chlorophyll a and phaeophytin
concentration (C,, @) at single stations in water of Atlantic sector of Antarctic (11.01.2020-04.02.2020)

Fig. 5. Light absorption spectra of phytoplankton pigments a,, (1) and non-algal particles a_ (A) in water
of Atlantic sector of Antarctic (11.01.2020-04.02.2020)

The a,,(4) spectra have two main absorption maxima: in the blue and red spectral domains (at ~ 438
and ~ 678 nm, respectively). For the entire data array, the ratio between the coefficients in these spec-
tra peaks (R) varied in a range 1.1-2.8, with a trend towards a decrease with depth. R value varied
from 2.8-2.3 in the surface layer to 2.1-1.1 in the end of the layer studied. Values in the blue [a,,(438)]
and red [a,,(678)] maxima varied 0.001-0.29 and 0.001-0.12 m™!, respectively. The highest values
were recorded at the stations with high chlorophyll a concentration (st. 6609 and 6613), the lowest

ones — in the lower euphotic layer.
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A relationship was established between C, and a,,(4) at single wavelengths, corresponding
to the spectrum maxima: A ( 438) and Ap( 678) (Fig. 6).

Fig. 6. Dependence of light absorption coefficient by phytoplankton pigments at wavelengths of 438 nm
[aph (438)] and 678 nm [aph(678)] on chlorophyll  and phaeopigment concentration (C, ) in water of Atlantic

sector of Antarctic (11.01.2020-04.02.2020)

These relationships are described by exponential functions with high coefficients of determination:
a,,(438) = 0.044 x Cl2 7?2 =0.84,n =117, (2)

a,;,(678) = 0.021 x 11,12 = 0.89,n = 117 . 3)

Light absorption coefficients at a wavelength of 438 nm by non-algal particles [ay,p (438)]
and colored dissolved organic matter [acpoy, (438)] varied from 0.001 to 0.027 m™' and from 0.016
to 0.19 m™, respectively. Spectral slope coefficients Syap and Scpoy ranged 0.005-0.016 nm™
and 0.009-0.022 nm~!, respectively. The mean values were (0.010 + 0.002) nm™ for Sy.p
and (0.013 + 0.003) nm™ for Scpop-

For the surface layer (0-1 m), relative contribution of all optically active components to total light
absorption coefficients at 438 nm was estimated. The largest one was made by colored dissolved organic
matter: from 6 to 88 %, averaging (54 + 22) %. Phytoplankton contribution was smaller: from 7 to 78 %,
averaging (36 £ 19) %. The smallest one was registered for non-algal particles: from 4 to 20 %, averaging
(10£5) %.

DISCUSSION

During the study period, different types of vertical profiles of chlorophyll a fluorescence were regis-
tered (see Fig. 2): uniform distribution; profiles with maximum at different depths; and fluorescence de-
crease with depth. This is probably associated with vertical distribution of water temperature and density.
Similar types of distribution of chlorophyll a fluorescence were recorded earlier in Antarctic Peninsula
water (Figueiras et al., 1999).
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The depth of the euphotic zone was comparable to that of the upper mixed layer, except for several
stations, where temperature stratification of water within the euphotic zone was recorded (see Fig. 2).
The shape of a,,(4) spectrum reflects cell pigment composition, which, in turn, depends on phyto-
plankton species composition (Churilova et al., 2008 ; Ciotti et al., 2002 ; Morel & Bricaud, 1981).
Chlorophyll-a-specific light absorption coefficient by phytoplankton pigments is determined by intra-
cellular pigment content, as well as by shape and size of phytoplankton cells (Bricaud et al., 1995 ;
Morel & Bricaud, 1981).

The exponential functions obtained, reflecting the relationship between light absorption coefficient
by phytoplankton pigments at 438 and 678 nm and chlorophyll a and phaeopigment concentration, can
help in calculating a,,,(438) and a,,,(678) on the basis of C, data. In these equations, the power coefficient
is higher than 1. This indicates a slight increase in C,-specific absorption coefficients with increase in C,
content in water, which reflects a decrease in the degree of pigment packing in phytoplankton cells (Morel
& Bricaud, 1981). This is probably due to the fact that in more trophic water, i. e. with higher C, values,
phytoplankton is represented by smaller cell species.

The a,,(2) spectra in the lower euphotic zone (at penetration depth of 1-0.1 % of PAR) were
smoother than in the upper one, with minimum R values registered. In the blue spectral domain, ac-
cessory pigments and chlorophyll a absorb light (Phytoplankton Pigments in Oceanography..., 1997).
The red maximum of the spectrum (at 678 nm) is formed due to light absorption by chlorophyll a
and phaeopigments. A decrease in R value with depth indicates a decrease in the ratio of accessory
pigments relative to chlorophyll a concentration.

At all stations, except for st. 6609 (at depths of 0 and 15 m), in the obtained light absorption spectra
by phytoplankton pigments, no local maximum was registered at a wavelength of 544 nm, corresponding
to phycoerythrin absorption band (Ting et al., 2002).

Our values of ay,p (438), acpoyr (438), Syaps and Scpoy corresponded to those recorded ear-
lier in Antarctic Peninsula water (Ferreira et al., 2018). They were also similar to those registered
for the Black Sea in winter (Churilova et al., 2017).

Relative contributions of optically active components of the environment to total light absorp-
tion in the surface layer are not the same. Thus, light was mostly absorbed by non-algal component.
It is planned to carry out a detailed analysis of the factors, affecting the ratio between all optically active
components, in order to use it in development of a refined algorithm for C, recovery by satellite data.

The data array obtained makes it possible to analyze the variability of absorption coefficients de-
pending on the hydrophysical and hydrochemical conditions in the environment. Moreover, the data
array makes it possible to identify regularities that can be helpful in further works on studying the effect
of suspended and dissolved organic matter on spectral properties of PAR in the sea, as well as on studying
phytoplankton capacity to use it in the photosynthesis. These regularities can also be helpful in research
on modeling water quality and productivity indicators, based on Earth remote sensing data from space.

Conclusions:

1. New data were obtained on the variability of chlorophyll @ and phaeopigment concentration
and spectral light absorption coefficients by all optically active components of the environment
in the Bransfield Strait and the Powell Basin.

2. Non-uniformity in vertical distribution of chlorophyll a concentration was registered. High variabil-
ity (of more than an order of magnitude) of spectral light absorption coefficient by phytoplankton
pigments, non-algal particles, and colored dissolved organic matter was recorded.
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3. Parameterization of light absorption by suspended and dissolved matter was performed.
By the coeflicients obtained, it is possible to recover light absorption spectra by these components.
This work has been carried out within the framework of IBSS government research assignments ‘Study of the spa-

tiotemporal organization of aquatic and terrestrial ecosystems in order to develop an operational monitoring system,
based on remote sensing data and GIS technologies” (No. AAAA-A19-119061190081-9) and “Comprehensive stud-
ies of the current state of the ecosystem of the Atlantic sector of the Antarctic” (No. AAAA-A19-119100290162-0),
as well as with the support of government research assignment No. 0128-2019-0008. Optical data analysis was
carried out with the support of the RFBR grant No. 19-55-45024 UH/]_a.
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CIIEKTPAJIBHBIE BUOOIITUYECKHUE ITOKA3ATEJIN BO/],
ATJIAHTHYECKOI'O CEKTOPA AHTAPKTUKH
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! DenepanbHblil ncenenoBaTebCKMit EHTp «MHCTUTYT GHOIOTHMM I0KHBIX MOt
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HccnenoBanrss U3MEHYUBOCTH CIIEKTPAIBHBIX OMOONTHUYECKHX ITOKa3aTelnedl BoJ ATIaHTHYECKOTO
cekTopa AHTapkTHKHM npoBoawm B 79-m peiice HUC «Akagemuk Mcrucnas Kengpi» B nepuof
¢ 11.01.2020 o 04.02.2020. ITosryyeHo, 4TO KOHLEHTpaLMs XJopopuiia a B cymMMe ¢ (peonirmeH-
TAaMU M3MEHSUIACh B UCCJIEJOBAHHOM CJIOe Ha GoblmHCTBe cranimil ot 0,1 1o 1,8 mr-m—>, 3a uc-
KJTIOYEHHEM JBYX CTAHLMMA, rje gocTurana 2,2 u 4,4 Mr-M™>. YcTaHOB/eHa CBA3b MOKasaTesieil mormo-
IIIeHUsI CBeTa MATMeHTaMu (DUTOTUIAHKTOHA C KOHIIGHTpalyel Xi1opoduwuia ¢ Ha JIUHAX BOJH, CO-
OTBETCTBYIOIMX OCHOBHBIM MaKCHMyMaM CIeKTpa: a;,(438) = 0,044 x C,', r* = 0,84 (n = 117);
aph(678) = 0,021 x Cal’l, =089 (n=117). CriekTpbl OKa3aTeseil MOTIOUIeHUsI CBETa HEeXUBbIM
B3BEIIEHHBIM BEITIECTBOM ¥ OKPAIIeHHBIM PACTBOPEHHBIM OPTaHUIECKHM BEIIECTBOM OMHCAHBI IKCIIO-
HEeHIMATLHOM 3aBUCUMOCTHI0. [TonoOpanbl ko3 dunmeHTs mapamerpusanuu: (1) mokaszaresu Morio-
IeHNs cBeTa HeXMBBIM B3BemmeHHbIM (0,001-0,027 M) 11 pacTBOPEHHBIM OpraHMYECKIM BEIECTBOM
(0,016-0,19 m~!) Ha ymne BosHBI 438 HM; (2) KO3(p(pUIIMEHTHl HAKJIOHA SKCIIOHEHTHI CIIEKTPOB 3THX
kommoneHT (0,005-0,016 u 0,009-0,022 HM™' cOOTBETCTBEHHO).

KuaroueBrblie cioBa: Xjaopomit a, CHeKTpaIbHBIN MTOKa3aTesTh MOTJIONIeH!sT CBeTa, (PUTOIIIAHKTOH,
HEXHMBOE B3BEIIEHHOE BEIECTBO, OKPAIIEHHOE PACTBOPEHHOE OPraHMUECKOEe BENIECTBO, AHTAPKTHIA
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The first information about cestodes of Antarctic and Subantarctic fish appeared at the beginning
of the XX century: a cestode Phyllobothrium dentatum from an unknown shark was described. Peak
of activity of studying Antarctic cestodes fell on 1990-2006. During this period, significant works were
published, devoted to description of new species, their life cycles, host specificity of cestodes — fish para-
sites, and their geographical distribution. A notable contribution to the study of elasmobranch cestodes
was made by a group of Polish scientists, headed by Wojciechowska (Rocka). Systematic position
of 21 cestode species from 13 genera of 8 families of 6 orders was analyzed. Cestode fauna has been
studied in less than 7 % of the total ichthyofauna of this area, while potential definitive and intermediate
hosts remain unexplored. The largest number of cestode species (12) was recorded in four ray species
of the family Rajidae. Eight cestode species, reaching sexual maturity, have been registered in intestines
of teleosts: Bothriocephalus antarcticus, B. kerguelensis, Bothriocephalus sp., Parabothriocephalus john-
stoni, P. macruri, Clestobothrium crassiceps, Neobothriocephalus sp., and Eubothrium sp. Larvae of five
cestode species (Onchobothrium antarcticum, Grillotia (Grillotia) erinaceus, Lacistorhynchus tenuis, Ca-
lyptrobothrium sp., and Hepatoxylon trichiuri), ending their development in elasmobranchs, were found
in teleosts. Systematic position of 5 cestode species out of 12, found in rays, is unidentified. Ces-
tode fauna is characterized by a high level of endemism: 67 % of the total cestode fauna is not found
to the north of Subantarctic. Coastal areas, mostly covered by research, are those in the Atlantic and In-
dian sectors of Antarctic. The biodiversity of elasmobranch cestodes, inhabiting Antarctic and Sub-
antarctic, is underestimated, since only one third of species of these fish have been studied so far. Ge-
netic studies of Antarctic cestodes have just begun to develop. Ribosomal sequences from D1-D3 frag-
ments of 28S rDNA are known for 2 species only: Onchobothrium antarcticum from the second interme-
diate (Notothenia rossii and Dissostichus mawsoni) and definitive hosts (Bathyraja eatonii), as well as lar-
vae of Calyptrobothrium sp. from the second intermediate hosts (D. mawsoni and Muraenolepis mar-
morata). The main directions of further research on cestode fauna should be developed in combination
with morphological, faunistic, genetic, and ecological studies.

Keywords: cestodes, fish, fauna, taxonomy, endemism, Antarctic, Subantarctic

Parasitic organisms are representatives of various systematic groups of invertebrates; they form
a significant part of the ecosystem’s species diversity (Fonseca et al., 2010). Some current calcula-
tions show as follows: there are at least 50 % more parasites (75 thousand species have been de-
scribed) than free-living animals (Poulin & Morand, 2000, 2004). According to preliminary calculations,
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with an increase in the intensity of studying parasites, inhabiting vertebrates, their number may reach
300 thousand (de Meeus & Renaud, 2002 ; Dobson et al., 2008). The effect of parasites on their hosts
spreads both up and down the food webs, and this affects all the elements of the ecosystem. Like free-
living organisms, parasites are affected by biotic and abiotic environmental factors; moreover, they
are effective indicators of many aspects of host biology and can act as markers of the state of the free-
living biota of the community. So, parasites have to be accounted when studying the state of diversity
of any biological community.

Antarctic is a unique and poorly explored region, with a large number of endemics recorded. Pe-
culiarities of Antarctic water (stable low temperature and, as a consequence, good solubility of oxygen
in water; narrow shelf; and seasonal fluctuations in illumination) contributed to an emergence of unique
adaptations and a high degree of endemism both among representatives of local fauna and among their
parasites (Bargelloni et al., 1994 ; Eastman, 1993 ; Klimpel & Pal, 2011 ; Kock, 1992 ; Rocka, 2006).
Due to unfavorable climatic conditions during most of the year, Antarctic marine fauna, infer alia parasite
fauna, has not yet been studied in many aspects.

According to current data, ichthyofauna within the Antarctic Convergence zone is represented
by 374 species from 47 families, including 14 elasmobranch species (Chondrichthyes) (Duhamel et al.,
2014 ; FishBase..., 2019). More than 115 species out of the entire diversity of Antarctic fish be-
long to the endemic family Nototheniidae Giinther, 1861. In this zone, elasmobranchs are represented
by sharks (5 species from 3 families) and rays (10 from 2). Sharks prefer warm water; they are mainly
captured in the northern area of the Southern Ocean, in the demersal zone of the islands. So far, only
one shark capture is known in the southern Antarctic: in the Ross Sea (Rocka, 2003).

The aim of this work was to evaluate the diversity of cestode fauna of Antarctic and Subantarctic
fish, the degree of cestodes studying, the level of endemism of cestode fauna, and the prospects for their
further research.

RESULTS AND DISCUSSION

In this study, we tried to cover as much as possible the most significant works on cestodes of Antarctic
and Subantarctic fish, to evaluate the diversity of these helminths in different hosts, and to highlight
promising directions of research. For simplicity of perception, we give a combined list of cestodes species
in definitive fish hosts (Table 1), except for cestode larvae of various structures, found in teleosts of this
area: they are fully presented in the annotated work (Oguz et al., 2015, see Table 1).

Study areas of fish cestodes are the Atlantic, Indian, and Pacific sectors of Antarctic and Subantarc-
tic (Fig. 1). Systematic position of 21 cestode species from 13 genera of 8 families of 6 orders, as well
as their vertebrate hosts, was analyzed according to WoRMS (http://www.marinespecies.org) and other
sources (Kvach & Kuzmina, 2020 ; Klimpel et al., 2017 ; Kuzmina et al., 2020 ; Mufioz & Cartes, 2020 ;
Oguz et al., 2015).

History of development of fish cestodes study. According to Southwell’s summary (1925), the first
data on cestodes of Antarctic and Subantarctic fish appeared in the early XX century. This applies
to the description of Phyllobothrium dentatum Linstow, 1907 from an unknown shark, captured off South
Georgia coast during the Scottish National Antarctic Expedition (1902-1904). Current systematic posi-
tion of this species is ambiguous. Southwell (1925), Yamaguti (1959), and Rocka (2003 ; 2006) consider
it species inquirenda. In Ruhnke’s monograph (2017), this species is absent from the list of valid taxa
and species of unclear systematic position of the order Phyllobothriidea.
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Table 1. Fauna of mature cestodes of Antarctic and Subantarctic fish
) Species -
Cestode species Host Finding areas Authors
status
“Tetraphyllidea” Van Beneden, 1850 relics
Dinobothrium septaria . Lamna nasus
Van Beneden, 1889 valid (Bonnater, 1788) SG, Kerguelen Islands [45]
Onchoproteocephalidea Caira, Jensen, Waeschenbach, Olson & Littlewood, 2014
Bathyraja eatonii
(Giinther, 1876) SSI [61]
Onchobothrium antarcticum valid un er,. . ’
Wojciechowska, 1990 B. maccaini
S. Springer, 1971 Weddell Sea [48]
Phyllobothriidea Caira, Jensen, Waeschenbach, Olson & Littlewood, 2014
Phyllobothrium georgiense* Amblyraja georgiana SG shelf
.. she
Wojciechowska, 1991 (Norman, 1938) [55]
SSI
Ph. siedleckii Wojciechowska, 1991 incertae | B- eatonii, B. maccaini
i Weddell Sea [48]
Ph. rakusai Wojciechowska, 1991 Sedts B. maccaini SSI (55]
Ph. arctowskii Wojciechowska, 1991 Bathyraja sp. 2
Weddell Sea [48]
Phyllobothrium sp. - B. eatoni Heard Island plateau [61]
Guid, tarcti Wojciechowska, .
uidus antarcticus (Wojciechowska valid B. eatonii, B. maccaini SSI [56]
1991)
G. awii (Rocka & Zdzitowiecki, 1998) valid B. maccaini Weddell Sea [48]
Rhinebothriidea Healy, Caira, Jensen, Webster & Littlewood, 2009
Not hynchus shetlandi Admiralty Bay,
ofomegarchynchus sheianaicum valid B. eatonii, B. maccaini ety Bay [25]
(Wojciechowska, 1990) Elephant Island
Pseudanthobothrium minutum
li B. ii 1
Wojciechowska, 1991 valid eatontt S8 [56]
Ps. notogeorgianum Wojciechowska, . . SG shelf, Joinville
1990 valid A. georgiana Island, SSI [54]
Diphyllidea Van Beneden in Carus, 1863
Echinobothrium acanthocolle
li A. ] helf 45 ;
Wojciechowska, 1991 valid georgiana SG she [45 ; 56]
Bothriocephalidea Kuchta, Scholz, Brabec & Bray, 2008
Bothriocephalis k tensis Pradh Notothenia cyanobrancha
lgoégrlocep aius Rerguetensis TIUCHOC, valid | Richardson, 1844, Kerguelen subregion [43]
N. rossi Richardson, 1844
Champsocephalus gunnari
B. antarcticus Wojciechowska, Pisano valid Loénnberg, 1905, Kerguelen subregion, 61]
& Zdzitowiecki, 1995 Channichthys rhinoceratus Heard Island
Richardson, 1844
K 1 bregi 5;35
Bothriocephalus sp. - No data FrgucTen stbreglon [ ]
No data [61]

Continue on the next page...
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Cestode species Species Host Finding areas Authors
status
Mac/ro\urus berglax No data [14]
Parabothriocephalus macruri . Lacépede, 1801
Campbell, Correia & Haedrich, 1982 valid Mac. carinatus
(Giinther, 1878) Falkland Islands [1]
Indian sector of the
Mac. whitsoni Southern Ocean [43]
(Regan, 1913), Weddell Sea (48]
Mac. holotrachys
Parabothriocephalus johnstoni valid Giinther, 1878 Heard Island, [30]
Prudhoe, 1969 Kerguelen Islands
‘Weddell Sea, SSI [52]
Mac. whitsoni King George Island, (37]
Elephant Island
Dissostichus eleginoides Falkland Islands [12]
) ) ) Smitt, 1898 SG [3]
Clestobothrium crassiceps (Rud., 1819) valid
Merluccius hubbsi Patagonian shelf [44]
Marini, 1933
Neobothriocephalus sp. - No data Kerguelen subregion [5]
Crozet Islands, [9]
. Ob Bank
_ N. rossii Heard Island, [8]
Eubothrium sp. - Crozet Islands
Lepidonotothen squamifrons | Crozet Islands, Skif, 8 9]
(Giinther, 1880) Ob, and Lena banks ’

Note: * taxonomy of cestodes of the genus Phyllobothrium according to (Wojciechowska, 1993c¢); SG is South Georgia
Island; SSI is South Shetland Islands.

The most significant contribution to the development of studies of elasmobranch cestodes of the area
was made by Wojciechowska (1990a ; 1990b ; 1991a ; 1991b ; 1993a ; 1993b ; 1993c) with co-
authors (1994 ; 1995). She has described ten new cestode species from four ray species from the family
Rajidae Blainville, 1816; currently, six species are considered valid (Table 1). Of her later studies, pub-
lished under the name of Rocka (2014 ; 2005 ; 2007 ; 2003 ; 2006 ; 2017 ; 1998), the work (2006)
is of particular interest. It is devoted to study of life cycles, specificity, and geographic distribution
of helminths of Antarctic fish.

The first works on cestodes of Antarctic and Subantarctic teleosts were published in the late 1960s.
Prudhoe (1969) has described Parabothriocephalus johnstoni Prudhoe, 1969 from macrourids and Both-
riocephalus kerguelensis Prudhoe, 1969 from notothenium fish in Kerguelen Island area. Later, Reimer
and Jessen (1974) found Clestobothrium crassiceps (Rud., 1819) in Merluccius hubbsi Marini, 1933
on the Patagonian shelf. The description of another species — Parabothriocephalus macruri Campbell,
Correia & Haedrich, 1982 from Macrourus berglax Lacépede, 1801 — marked the 1980s (Campbell
et al., 1982). This discovery was re-confirmed by Gaevskaya and Rodyuk in another host species:
Macrourus carinatus Giinther, 1878 (Gaevskaya & Rodyuk, 1988).

In the same period, in a series of works by Parukhin (1981 ; 1982) and Lyadov (1981 ;
1985), mature cestodes, not identified to species level, were found in Kerguelen Island area: Both-
riocephalus sp., Neobothriocephalus sp., and Eubothrium sp. The last species of Antarctic cestodes
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Fig. 1. Sampling localities of cestodes of Antarctic and Subantarctic fish: the Atlantic (3-5, 8, 11,
and 18-20), Indian (6, 7, 9, and 13-17), and Pacific (1, 2, 10, 12, and 21) sectors. 1 —Ross Sea; 2 — Amund-
sen Sea; 3 — Weddell Sea; 4 — South Shetland Islands (Deception Island, King George Island, Admiralty
Bay, and Elephant Island); 5 — South Georgia (Cumberland Bay); 6 — Adélie Land; 7 — Heard Island;
8 — Archipelago Melchior; 9 — Kerguelen Island; 10 — McMurdo Sound; 11 — Falkland Islands; 12 — Mac-
quarie Island; 13 — Ob Bank (guyot); 14 — Lena Bank; 15 — Skif Bank; 16 — Crozet Islands; 17 — Prince
Edward Islands; 18 — Bransfield Strait; 19 — South Orkney Islands (Signy Island); 20 — Joinville Island;
21 — Terra Nova Bay

described — Bothricephalus antarcticus Wojciechowska, Pisano & Zdzitowiecki, 1995 — was registered
by Wojciechowska and co-authors (1995) from Champsocephalus gunnari Lonnberg, 1905 and Chan-
nichthys rhinoceratus Richardson, 1844, captured in Heard Island area (the Indian sector of Antarctic).

Since 1965, a large number of articles have been published on the finding of various cestode
larvae in teleosts of this area. In the general number of publications, the works of Polish scientists
stand out, in particular a series of articles by Wojciechowska with co-authors (1993a ; 1993b ; 1993c ;
1994), in which variations in the forms of cestode larvae from the orders Tetraphyllidea Carus, 1863
and Tetrabothriidea Baer, 1954 were studied. The authors tried to systematize the variety of forms
of cestode larvae of these orders, since in most cases, morphology of larval stages differs significantly
from morphology of mature cestodes. To date, three more orders have been isolated from Tetraphyl-
lidea (Caira et al., 2014): Onchoproteocephalidea, Phyllobothriidea, and Rhinebothriidea. Therefore,
Wojciechowska and co-authors (1993a ; 1993b ; 1993c ; 1994) analyzed the diversity of morphology
of cestode larvae of five orders. The works of Zdzitowiecki with co-authors (2001 ; 2004 ; 1999 ;
1997 ; 1998) and Laskowski with co-authors (2005 ; 2007) are devoted to the study of helminth
fauna of certain fish species, in which cestode larvae are registered, being identified only to order
level, as well as to the study of indicators of their abundance. Of domestic studies, the publications
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of Parukhin and Lyadov (1981 ; 1986 ; 1981 ; 1982 ; 1985), as well as those of Gaevskaya with co-
authors (1988 ; 1987 ; 1990), have to be highlighted. These works are dedicated to the study of fish
helminths, infer alia matures and cestode larvae, in the Kerguelen subregion, Falklands-Patagonian
region, South Georgia Island, and Ob and Lena banks.

The work of Laskowski and Rocka (2014) on the molecular identification of plerocercoids from No-
tothenia rossii Richardson, 1844 is of significant interest. The authors have shown the co-specificity
of plerocercoids and matures of Onchobothrium antarticum Wojciechowska, 1990 from stingray
Bathyraja eatonii (Glinther, 1876), caught in the Atlantic sector of Antarctic. The publications
of Gordeev and Sokolov (2016 ; 2017) contain data on the helminth fauna of teleosts Dissostichus maw-
soni Norman, 1937 and Muraenolepis marmorata Giinther, 1880 from the Pacific sector of Antarctic.
The authors confirmed, inter alia by molecular genetics methods, that the plerocercoids found belong
to the species Onch. antarticum. These data expanded information on species composition of the second
intermediate hosts of Onch. antarticum cestodes in Antarctic. Moreover, this is of particular interest
in terms of the first finding of Calyptrobothrium sp. cestode larvae in D. mawsoni and M. marmorata,
confirmed by molecular genetic data. At the same time, mature Calyptrobothrium Monticelli, 1893 have
not yet been found in Antarctic and Subantarctic elasmobranchs. It should be emphasized that Calyp-
trobothrium spp. are cosmopolitans, parasites of rays Torpedinidae Henle, 1834, found in temperate
and tropical seas.

In recent years, generalizing publications appear, devoted not only to helminth fauna of certain teleost
species, but also to their role in the transmission of helminth larvae of different taxa to definitive hosts
(fish, birds, and mammals), community structure, and pathogenic effect of helminths on their hosts.
Thus, Brickle and co-authors (2005 ; 2006) have studied changes in fauna and structure of parasite com-
munities of the Patagonian toothfish Dissostichus eleginoides Smitt, 1898, depending on body length,
sex, season, and depth of the host habitat; the researchers have used the example of various helminths,
inter alia trypanorhynches larvae (Grillotia (Grillotia) erinaceus (Van Beneden, 1858) Guiart, 1927
and Hepatoxylon trichiuri (Holten, 1802) Bosc, 1811), diphyllobothriids, and tetraphyllids.

The study of parasite communities of Notothenia coriiceps J. Richardson, 1844, depending on its
size, was continued by Kuzmina and co-authors (2020). In addition to the previously identified helminths,
the researchers have found in this host cestode larvae of the orders Diphyllobothriidea Kuchta, Scholz,
Brabec & Bray, 2008 (Diphyllobothrium sp.) and Tetraphyllidea (three morphotypes: with monolocular,
bilocular, and trilocular bothridia). Out of the identified cestode larvae, the dominating ones in terms
of abundance were Diphyllobothrium sp., whose definitive hosts are marine mammals. It was found that
the intensity of infestation with Diphyllobothrium sp. and tetraphyllide larvae increases with fish age.

Palm with co-authors (1998 ; 2007) have studied possible life cycles of some helminths in Antarctic.
It was revealed that larvae of mammalian parasites, for example cestode larvae of the order Diphyl-
lobothriidea, use teleosts as paratenic hosts, especially those from the families Nototheniidae and Chan-
nichthyidae T. N. Gill, 1861. The authors claim that some teleost helminths, e. g. cestode larvae of the or-
der Tetraphyllidea, have concurrently adopted different benthic host systems in order to reach their
definitive hosts: elasmobranchs. Walter and co-authors (2002) analyzed species composition of para-
sites in three macrourus species from two Antarctic areas and identified factors, contributing to the sim-
ilarity of parasite faunas: macrourus nutrition, migration, and close phylogenetic relationships. Santoro
with co-authors (2013) studied pathological changes in five teleost species as a result of parasitizing
of Diphyllobothriidea and Tetraphyllidea larvae (with monolocular and bilocular bothridia).
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Muiioz and Cartes (2020) have analyzed the diversity and abundance of endoparasites of Antarc-
tic and Subantarctic fish. It was revealed that a number of parasite species in Antarctic fish is larger.
The authors suggested as follows: high abundance of parasites in Antarctic fish is caused by sympatric
speciation in certain parasitic lines or by exploitation of new resources, contributing to the appearance
of more parasite species than in Subantarctic environments.

Based on the foregoing, we summarize that the Atlantic and Indian sectors of Antarctic are more
fully covered by research than the Pacific one. The largest number of mature cestodes of teleosts was
recorded in the Indian sector (Table 1). All this indicates the fragmental character of the ongoing stud-
ies of Antarctic cestodes and the need for more thorough and systematic work to obtain a complete
faunistic picture.

Biodiversity of cestodes of Antarctic and Subantarctic fish. Parasites of Antarctic and Subantarc-
tic are represented by various taxa among invertebrates and vertebrates. Most of marine vertebrates’
fauna in this area is represented by fish: 374 species have been recorded (Duhamel et al., 2014 ; Eastman,
1993). Currently, 135 species of Antarctic fish have 189 species of parasitic organisms from 11 taxo-
nomic groups: Coccidia — 6 species; Microsporidia — 2; Myxosporea — 13; Monogenea — 23; Trema-
toda — 65; Cestoda — 21; Nematoda — 14; Acanthocephala — 19; Hirudinea — 16; Copepoda — 7;
and Isopoda — 3 species. Thus, a little more than a third of the total ichthyofauna of this area was
examined for the presence of parasites. The ratio of cestodes, recorded in Antarctic and Subantarctic
fish, is 11 % of the parasite species, known for this area. This indicates lack of knowledge of these
helminths’ fauna.

According to the recent report on Antarctic cestodes (Rocka, 2017), 12 species from 5 orders were
found in spiral intestines of 5 elasmobranch species (Table 1). The highest species richness was recorded
for the orders Phyllobothriidea (Phyllobothrium Van Beneden, 1850 —4 species; Guidus Ivanov, 2006 — 2)
and Rhinebothriidea (Pseudanthobothrium Baer, 1956 — 2; Notomegarhynchus Ivanov & Campbell,
2002 - 1). The smallest number of cestode species (one species each) was registered for the orders On-
choproteocephalidea (Onchobothrium de Blainville, 1828) and Diphyllidea (Echinobothrium Van Bene-
den, 1849). Out of 12 cestode species, only 7 have a recognized taxonomy (Table 1); the status of the rest
is incertae sedis (Ruhnke et al., 2017).

Eight cestode species from five genera of the order Bothriocephalidea (Table 1) reach maturity
in intestines of Antarctic and Subantarctic teleosts (Parukhin & Lyadov, 1981, 1982 ; Rocka, 2017).
Three cestode species, identified in teleosts, were representatives of the genus Bothriocephalus Rudol-
phi, 1808; two cestode species were of the genus Parabothriocephalus Yamaguti, 1934; one species
each were identified from the genera Clestobothrium Liihe, 1899, Neobothriocephalus Mateo & Bul-
lock, 1966, and Eubothrium Nybelin, 1922. The findings of mature cestodes of the genus FEu-
bothrium (Table 1) in intestines of Antarctic notothenium fish (Parukhin & Lyadov, 1981, 1982)
are unique: these cestodes were not repeatedly recorded in fish of this family (Kuchta & Scholz,
2017). To date, only six species of the genus Eubothrium have a recognized taxonomy; they are found
in Salmonidae G. Cuvier, 1816, Gadidae Rafinesque, 1810, Acipenseridae Bonaparte, 1831, Clupei-
dae Cuvier, 1817, Zoarcidae Swainson, 1839, Osmeridae Jordan, 1923, Cyprinidae Rafinesque, 1815
(Phoxinus L., 1758), and Trichodontidae Bleeker, 1859 (Kuchta & Scholz, 2017). In addition to ma-
ture cestodes, larvae of unclear species identity and of various morphology were found in intestines
of teleosts (Oguz et al., 2015). Only five species of cestode larvae, whose definitive hosts are elasmo-
branchs, were identified: Onchobothrium antarticum, Calyptrobothrium sp., Grillotia (Grillotia) erinaceus,
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Lacistorhynchus tenuis (Van Beneden, 1858) Pintner, 1913, and Hepatoxylon trichiuri (Gaevskaya
& Rodyuk, 1988 ; Gaevskaya et al., 1990 ; Brickle et al., 2005 ; Brickle, 2006 ; Gordeev & Sokolov,
2016, 2017).

In addition to fauna, life cycles, and ecology of cestodes of Antarctic and Subantarctic hydrobionts,
authors began studying phylogeny of these helminths. The research of genetic diversity of Antarctic ces-
todes just started developing. To date, data on ribosomal sequences from D1-D3 fragments of 28S rDNA
are known for 2 species only: Onchobothrium antarcticum from the second intermediate (Notothenia rossii
and Dissostichus mawsoni) and definitive hosts (Bathyraja eatonii) and larvae of Calyptrobothrium sp.
from the second intermediate hosts (D. mawsoni and Muraenolepis marmorata) (Gordeev & Sokolov,
2016, 2017 ; Laskowski & Rocka, 2014).

The biodiversity of cestodes of Antarctic and Subantarctic elasmobranchs has been studied fragmen-
tarily. Within the Antarctic Convergence zone, there are 15 elasmobranch species (5 shark and 10 ray
ones) (Duhamel et al., 2014 ; FishBase..., 2019), and only for 5 species (4 ray and 1 shark one) there
are data about their infestation with cestodes. Systematic position of 5 cestode species out of 12, found
in rays, is unidentified. Taxonomic identification of these helminths is often difficult due to their poor
morphological preservation and unsuitability for genetic research.

Endemism of cestode fauna of Antarctic and Subantarctic fish. Endemism of parasites of Antarc-
tic and Subantarctic invertebrates and vertebrates is studied insufficiently. According to Rocka (2006),
all cestodes, found in elasmobranchs, are endemic to this area, except for Dinobothrium septaria, reg-
istered also in the great white shark Carcharodon carcharias (L., 1758) in the northwestern Atlantic,
Woods Hole, Massachusetts (Dailey & Vogelbein, 1990). It should be mentioned that Ph. georgiense
was previously considered an Antarctic endemic. Meanwhile, it was recently found in the ray Bathyraja
sexocuata Mysawa, Orlov, Orlova, Gordeev, Ishihara, 2020 in Simushir Island water in the northwestern
Pacific (Gordeev & Polyakova, 2020), which allows us to consider its distribution bipolar. Consequently,
11 cestode species are endemic to elasmobranchs (Table 1).

In teleosts, endemics are represented by mature cestodes: Antarctic species Parabothriocephalus
Johnstoni and Subantarctic ones Bothriocephalus kerguelensis (Prudhoe, 1969) and B. antarcticus (Woj-
ciechowska et al., 1995). Moreover, in teleosts of this area, bipolar species Parabothriocephalus macruri
and cosmopolitan Clestobothrium crassiceps can be found (Wojciechowska et al., 1995).

The analyzed data indicate a high endemism of cestode fauna of Antarctic and Subantarctic fish
(67 % of all cestode fauna): out of 21 cestode species, 14 are not found to the north of this area.

Study of larval stages of cestode development in Antarctic and Subantarctic fish. Cestode lar-
vae of different structure are often found in Antarctic teleosts (Rocka, 2003, 2006, 2017). It is difficult
to identify systematic position of these larvae, parasitizing at procercoid and plerocercoid stages of crus-
taceans and teleosts, since their scolices differ significantly in structure from those of matures. To date,
many various forms of cestode larvae have been identified on the basis of different scolex structure
(cercoid 1, II, III, IV, V, VI; cercoid VIII (without bothria); monolocular, bilocular and others) (Woj-
ciechowska, 1993a, b, ¢ ; Wojciechowska et al., 1994). A complete list of all morphological variations
of cestode larvae with an indication of the hosts, in which they were found, is given in the annotated list
of parasites of Antarctic hydrobionts, complied by Oguz with co-authors (2015, see Table 1). It should
be mentioned that such classification by different researchers of cestode larvae without establishing
their taxonomic affiliation, in particular on the basis of molecular genetic data, leads to considerable
confusion.

Mopckoii buonornueckuii kypHan Marine Biological Journal 2020 vol. 5 no. 4



Cestodes of Antarctic and Subantarctic fish: History and prospects of research 87

Researchers attempted to systematize and identify various cestode larvae in teleosts of the area.
The most recognized works are those of Rocka (2003 ; 2006), in which five larvae morphotypes were
distinguished: cercoids with bothridia, subdivided into one, two, and three loculi; cercoids with undivided
bothridia with hook-like projections; and cercoids with subcylindrical bothridia. Rocka suggested as fol-
lows: cercoids with undivided bothridia are representatives of the genus Anthocephalum Linton, 1890,
and cercoids with bilocular bothridia are cestode larvae from the genera Pseudanthobothrium Baer, 1956,
Notomegarhynchus Ivanov & Campbell, 2002, and Anthobothrium Van Beneden, 1850. It should be
noted that mature cestodes of the genera Anthocephalum and Anthobothrium have not yet been found
in Antarctic and Subantarctic rays; therefore, it is impossible to confirm this assumption.

By molecular genetic methods (Laskowski & Rocka, 2014), it was proved that cercoids with triloc-
ular bothridia, parasitizing teleosts, belong to the species Onchobothrium antarcticum (Oncobothriidae)
from spiral intestine of rays. Also, Rocka suggested that cercoids with undivided bothridria with hook-
like projections are of the species Dinobothrium septaria: a parasite of the pelagic shark Lamna na-
sus (Bonnaterre, 1788). Finally, cercoids with subcylindrical bothridia are probably representatives
of the genus Guidus Ivanov, 2006 (syn. Marsupiobothrium Yamaguti, 1952). This assumption is con-
firmed by the presence of two cestode species of this genus in Antarctic rays (Table 1). Other common
larval form of cestodes, found in teleosts, is larvae of Diphyllobothriidae, whose definitive hosts are seals
and birds (Rocka, 2006, see Table V). Plerocercoids without bothridia, registered in intestines of teleosts
in South Georgia Island water, are similar to plerocercoids of the family Tetrabothriidae: common par-
asites of Antarctic birds and mammals (Rocka, 2006). Rocka suggested that the presence of different
cestode larvae in teleosts, being endemic to Antarctic, indicates that full life cycles of most cestodes
are realized in this area (Rocka, 2006).

Conclusion. Faunistic and taxonomic studies of Antarctic cestodes are still sporadic, despite di-
versity of these helminths in Antarctic and Subantarctic water. In 25 Antarctic and Subantarctic fish
species, 21 cestode species are found at different stages of their development. Cestode fauna has been
studied in less than 7 % of fish of this area, while potential definitive and intermediate hosts remain
unexplored. Of Antarctic and Subantarctic fish, the highest cestode species richness (12 species) was
registered in 4 ray species of the family Rajidae. In teleosts, 8 species of mature cestodes and 5 species
of cestode larvae were found. The most intensive studies of fish cestodes were carried out in the At-
lantic and Indian sectors of Antarctic. The Pacific sector, due to the low degree of study of fish cestode
fauna, is the most promising one. Biodiversity of elasmobranch cestodes is underestimated. Out of 15 ray
and shark species, cestodes has been studied in 5 species only, i. e. one third of the total elasmobranch
fauna has been examined for the presence of cestodes. Systematic position of 5 cestode species out of 12,
found in rays, is unidentified. Cestode fauna is characterized by a high level of endemism: 67 % of their
species are not registered to the north of Subantarctic. Despite the facts that faunistic and ecological stud-
ies of cestodes of Antarctic and Subantarctic fish have been carried out for more than 100 years and a sig-
nificant amount of knowledge has been accumulated, so far little has been done to genetically confirm
the systematic affiliation of previously discovered species. Genetic researches on cestodes has just begun
to develop. Ribosomal sequences are known only for 2 out of 21 cestode species, i. e. molecular genetic
data are available for less than 10 % of the total cestode fauna of Antarctic and Subantarctic. The main
directions of further research on cestode fauna should be developed in combination with morphologi-
cal, faunistic, genetic, and ecological studies. Ecological and genetic directions are especially promising,
since there are no data on host — parasitic relationships of cestodes with definitive hosts: elasmobranchs.
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There is no information on the effect of physiological characteristics of definitive hosts (sex, size/age,
age-related changes in nutrition, and degree of maturity) on cestode number and its seasonal dynamics,
on their inter- and intraspecific relationships, efc. Moreover, molecular data on the latent biodiversity
of parasites, in particular cestodes, can be useful for studying speciation and geographic distribution
of cryptic parasite species.

This work has been carried out within the framework of IBSS government research assignments “Patterns of for-
mation and anthropogenic transformation of biodiversity and biological resources of the Sea of Azov — Black
Sea basin and other parts of the World Ocean” (No. AAAA-A18-118020890074-2) and “Comprehensive studies
of the current state of the ecosystem of the Atlantic sector of the Antarctic” (No. AAAA-A19-119100290162-0).
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Iepsoie cBeeHus o nectogax prld AHTAPKTUKY U CyOaHTApKTHKY MOSIBUIMCH B Hadasie XX Beka:
OT HEU3BECTHOM aKyJibl ObUIa onucana recrona Phyllobothrium dentatum. TIMK akTUBHOCTU U3y4YeHUSI
aHTapKTU4YecKuX nectof npuméencsa Ha 1990-2006 rr. B atot nepuon onyOIMKOBaHb 3HAUMMBIE Pa-
OOTBI, MOCBSIIEHHBIEC ONMMCAHUIO HOBBIX BUIOB, M3YUYEHHUIO UX KU3HEHHBIX IIUKJIOB, TOCTAJIbBHOCTH Iie-
CTOJ] — Mapa3uToB phIO, UX reorpaduyeckomy pacrnpocrpaHerrio. CylecTBeHHbI BKJIAI B U3yUeHUE
IIECTO/I XPAIIEBBIX PHIO BHEC/A TPYIIA MOJbCKUX YYEHHIX BO TaBe ¢ A. Boiinexosckoii (Poka). IIpo-
AHAJIM3UPOBAHO CUCTEMAaTUYecKoe MoJioxkeHue 21 Buaa uectoa u3 13 poaoB 8 cemeicTB 6 OTpSIIOB.
dayna 1ecToll u3yueHa MeHee yeM y 7 % OT uxTuodayHbl JaHHOTO PEerroHa, B TO BpeMs Kak Io-
TEHIMAIbHbIE OKOHYATENIbHBIE M IIPOMEKYTOUHbIE X0351€Ba OCTAIOTCSl HeuccieJoBaHHbIMU. Hanbomb-
11ee KOIMYeCTBO BUOB 1iecTof (12) 3aperucTprupoBaHo y YeThIPEX BUAOB CKAaTOB ceMeiicTBa Rajidae.
B kuimeynrke KOCTHCTHIX phiO OOHapykeHO BOCEMb BHIOB IECTOJ, AOCTHTAOIINX MOJIOBOM 3pesio-
ctu: Bothriocephalus antarcticus, B. kerguelensis, Bothriocephalus sp., Parabothriocephalus johnstoni,
P. macruri, Clestobothrium crassiceps, Neobothriocephalus sp. u Eubothrium sp. B KocTHCTBIX pbiOax
3aperucTpUpoBaHbl JUUMHKYM MATH BUAOB uectof (Onchobothrium antarcticum, Grillotia (Grillotia)
erinaceus, Lacistorhynchus tenuis, Calyptrobothrium sp. u Hepatoxylon trichiuri), 3aKaHIMBaIOIIUX CBOE
pa3BUTHE B XPSIIEBHIX pbidax. M3 12 BUIOB 11ecTo/], 0OHAPYKEHHBIX Y CKATOB, JUIs IIATH HE YCTaHOB-
JIEHO cHCTeMaTH4YecKoe monoxkeHne. PayHa IeCTO/l XapaKTepu3yeTcsi BRICOKUM ypPOBHEM SHAEMU3-
Ma: 67 % ot Bcedl (payHbl He BeTpevaeTcst ceBepHee CyOaHTapKTUKU. B HanOGosiblliel CTENeHn HC-
CJIe/IOBaHUSIMU OXBa4eHBI MPUOpEKHbIE 001acTh B ATiaHTHYeckoM 1 MHaulickoM cekTopax AHTapK-
TUKU. Pa3zHoOOpasue mectof XpsIeBbx pelO, odutaionmx B AHTapkTHKe U CyOaHTapKTHKe, Hello-
OLIEHEHO: K HACTOSIIIIEMY BpPEMEHM M3yueHa BCEro TPeTh BUIOB ITUX pbIO. ['eHeTMueckue uccieno-
BaHUsI aHTAPKTMUYECKUX IIECTOJ TOJbKO HAYaJl pa3BUBAThCS. MI3BECTHBI prOOCOMasbHbBIE TOCIENO-
BaTesibHOCTH U3 oOsactu D1-D3 p/IHK 28S nuimb ans aByx BumoB — Onchobothrium antarcticum
OT BTOPBIX MPOMEXYTOUHBIX (Notothenia rossii n Dissostichus mawsoni) 1 OKOHYATEJIbHOTO XO3s-
eB (Bathyraja eatonii), a Takxe JMYUHOK LecToabl Calyptrobothrium sp. OT BTOPBIX IPOMEXYTOY-
HBIX X0351eB (D. mawsoni u Muraenolepis marmorata). B nanpHeiilieM OCHOBHbIE HAIIPABJICHUS U3Y-
YyeHus1 (payHbl 1IECTOJI ClielyeT pa3BUBATh B COUETAHUM C MOP(OJOTUIYECKUMHU, (PayHUCTUIECKUMH,
TEHETUYECKUMU U SKOJIOTUIECKUMU UCCIIeJOBAHUSIMU.

KuroueBble ciioBa: 11ecTo/ibl, ppiObl, (payHa, cUCTeMaTHKa, SHAeMU3M, AHTapKTHKa, CyOaHTapKTHKA
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Based on material, received in the 84™ and 93™ cruises of the RV “Professor Vodyanitsky”, vertical
distribution of microplankton fraction of metazooplankton (MM) in the Black Sea in spring was an-
alyzed. A total of 27 stations were examined both in the coastal zone and in the deep sea. The 10-L
bottles of the CTD probes “Mark-III Neil Brown” and “Sea Bird 911” were used to collect 4-6 L of wa-
ter from 4-11 horizons of the water column. The samples obtained were concentrated by the reverse
filtration through the plankton net with the mesh size of 10 um. Quantitative and systematic analy-
sis of all samples was carried out totally in the Bogorov chamber using an MBS-9 stereo microscope.
The main factors determining nature of the distribution are MM species composition, physical structure
of the water column, and hydrodynamic processes affecting its stability/instability. Nauplii of Black Sea
Copepoda and veligers of Bivalvia were the most numerous systematic groups in “spring” MM. Mollusc
veligers determined abundance maxima in the lower layers of shallow water habitats, while copepods
prevailed over large depths and determined total abundance peaks in the upper and middle water layers.
Daily time series experiment showed that advective hydrodynamic processes can significantly affect
MM vertical distribution, changing physical structure of the water column. For some species, in most
cases, a correlation of their distribution with vertical profiles of temperature and salinity was revealed,
which rarely manifested at total MM abundance level. A comparison of two spring seasons (2016
and 2017) showed the relationship between vertical distribution of MM abundance and temperature
to be more pronounced in cases of low temperature. A change in the sign of correlation with tempera-
ture was detected during spring season for Oithona similis: an initially cold-loving species of Black Sea
copepods. This revealed in a more superficial distribution of the maxima abundance of this species
at lower seasonal temperatures, which could reflect a shift in temperature optimum for the species
population and play the role of an adaptive reaction in conditions of seasonal changes in sea thermal
characteristics.

Keywords: metazoan microzooplankton, abundance and species composition, vertical distribution,
correlation with temperature and salinity, Black Sea

The assessment of trends in vertical distribution of abundance, biomass, and species diversity of zoo-
plankton is important due to the role this group plays in matter and energy transfer from the surface
to the depth in marine ecosystems. This transfer mediates availability of food resources and structure
of trophic relationships over depth.

A pattern of vertical distribution of zooplankton as a complex organism with different biology is very
complicated and requires its interpretation in the study of individual components of plankton community.
As an ecological group, the zooplankton is rich by taxa, and its vertical distribution varies gradually.
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As far as the Black Sea is concerned, the issue of zooplankton vertical distribution has been studied
by a number of researches (Delalo et al., 1965 ; Petipa et al., 1963 ; Vinogradov et al., 1987). These
studies and some others, including the more recent ones, were focused on the distribution of so-called net
zooplankton, in which meso- and macrozooplankton fractions dominate, while the issue of distribution
of metazoan microzooplankton (hereinafter MM) has not been studied. MM fraction is represented
primarily by copepod naupliar stages; they used to be sampled by Niskin bottles (Seregin & Popova,
2016a ; Takahashi & Uchiyama, 2008 ; Ueda, 1987), by specialized plankton nets with a mesh size
of less than 60-70 um (Uye & Sano, 1995), or by other devices (KrSini¢ & Grbec, 2012). In general,
crustaceans could contribute up to 90 % of total MM abundance. This group mediates the survival rate
of many commercial fish species in the region (Klimova & Vdodovich, 2011).

MM habitat of holo- and meroplanktonic organisms in the Black Sea is constrained by the upper
50-100-m layer. Vertical distribution varies for different zooplankton species, sizes, and ontogenetic
fractions (Kovalev, 1967 ; Shmeleva & Zaika, 1973 ; Takahashi & Uchiyama, 2008 ; Trudnowska et al.,
2015 ; Ueda, 1987). It is influenced by season and hydrographic conditions (Takahashi & Uchiyama,
2008 ; Trudnowska et al., 2015), including the presence of thermo-, halo-, and pycnoclines (Landaeta
et al., 2013 ; Lougee et al., 2002), wind mixing (Lagadeuc et al., 1997), and many other factors.

There are very few data on MM vertical distribution in the Black Sea. In Crimean waters in win-
ter, abundance peaks were located at 5—15 and 40—60 m, whereas the biomass was distributed without
clear peaks in the water column (Pavlovskaya, 1976). In summer, being the period of developed thermal
stratification of the water column, the subsurface maximum of MM abundance is formed in the thermo-
cline or beneath it (Seregin & Popova, 2010). MM vertical distribution spring pattern is yet to be defined.
So, the aim of the present study was to assess metazoan microzooplankton spring vertical pattern, as well
as to analyze environmental factors mediating this pattern.

MATERIAL AND METHODS

In total, 44 and 147 MM samples were collected in April 2016 and 2017, respectively, during two
cruises of the RV “Professor Vodyanitsky”. In 2016, 10 stations were located along Crimean Peninsula
shelf, 12 miles offshore. In 2017, the sampling area was extended up to the central part of the Black
Sea (Fig. 1, Table 1). Along with that, in order to reveal a diel variation of MM abundance, a daily time
series experiment was carried out in the southern region, on the station in front of the Laspi Bay.

Fig. 1. Map of the stations of the 84™ (left) and the 93™ (right) cruises of the RV “Professor Vodyanitsky”
in the Black Sea and the Sea of Azov (2016 and 2017)
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Table 1. Station numbers, coordinates, depths, and ranges of temperature (T) and salinity (S) changes

on the sampling horizons (2016 and 2017)

Year Station” | North lat., east long. | Total depth, m Range of changes ™ Sampling horizons, m
T, °C S, %o
1 44°43.7",33°16.5' 97 11.5/103 | 18.21/18.17 0, 10, 20, 30
3 45°41.6', 32°46.1" 25.5 11.1/105 | 18.37/18.35 0,5,10, 18
4 45°32.3",32°26.5' 38 11.0/ 85 | 183871831 0,5, 15,32
7 45°09.5, 33°08.5’ 24 11.5/10.0 | 18.36/18.25 0,8,15
ol 1 44°23.3", 33°40.9' 90 10.1/ 95 | 1825/1832 | 0, 10,20, 30, 40, 50
17 44°20.4’, 33°42.5' 93 10.9/103 | 182171821 0,5, 10, 20, 30
18 44°27 4, 34°13.3' 86 11.0/104 | 18.18/1800 | 0,5, 15,25, 30
20 44°59.5", 35°34.5' 26 10.6/ 9.6 | 18.25/18.17 0, 10,21
21 44°55', 35°34.9' 39 11.9/11.0 | 18.13/18.09 0, 10, 20, 30
26 44°51.7", 35°19.4' 51 12.1/ 9.0 | 181871824 | 0,10, 20, 30, 40
1 44°30.2", 33°16.3’ 112 10.1/ 82 | 182971834 | 0,5, 15,30, 50
3 43°59.4’, 32°45.9' 1796 10.1/ 82 | 18.13/18.52 0, 15, 28, 50
5 43°21.2, 32°09.9’ 2030 9.7/ 86 | 18.69/20.39 | 0,5, 10, 20, 30, 40, 50
7 43°23.4", 34°29.6' 2200 9.1 /88 | 185372099 | 0, 10, 20, 30, 40, 50,
60, 70, 80, 90, 116
1 44°08.8", 36°47.3' 1600 10.5/ 8.6 | 18.12/19.59 | 0, 10, 15,25, 40, 60
13 44°55.8", 36°35.5' 43 9.4 / 88 | 18.24/18.24 0,5, 15, 40
2017 14 43°42.3", 32°05.1" 1894 9.4 /75 | 1857/1876 | 0,5, 10,20, 30, 45
15 44°02.0, 31°59.0/ 1515 9.6/ 83 | 1846/1849 | 0,5, 15,25, 45
16 44°20.5", 31°56.3' 1370 97780 | 183271836 | 0,8, 16,32, 48
18 44°57.17, 31°44.9' 62 95/70 | 1837/1839 | 0,8, 15, 36, 45
20 45°33.00, 31°37.3' 48 82 /6.1 | 1843 /1843 0,7,15,36
30 44°24.2, 33°40.9' 70 9.0 /7.7 | 18.15/18.41 0,5, 12, 24, 40
31 44°26.6', 34°12.9' 86 9.2 /80 | 1826/1839 | 0,5, 14,30, 55
33 44°52.2",35°14.3' 44 87 /82 | 18.02/18.19 0, 12,20, 40

Note: * station numbers in 2016 and 2017 do not coincide; ** values in the upper / lower sampling horizon.

The 10-L bottles of the CTD probes “Mark-III Neil Brown” and “Sea Bird 911” were used to sam-
ple 4-6 L of water, which was filtered by the reverse filtration through the plankton net with the mesh
size of 10 um. Samples were preserved with 4 % buffered formaldehyde and kept in the freezer. Or-
ganisms were counted under the microscope MBS-9, with the magnification x32. The Bogorov chamber
and the ICES Zooplankton Methodology Manual (Harris et al., 2000) were used to count organisms. Ac-
cording to previous researches (Denda et al., 2017 ; Kovalev, 1980 ; Zaika et al., 1976), all individuals,
fitting the size range of 50 to 500 um, were treated as MM. Copepods were identified to species level,
including naupliar stages (Opredelitel’ fauny..., 1969 ; Sazhina, 1985).

All nauplii of the genus Acartia were identified as Acartia clausi Giesbrecht, 1889, since the related
species Acartia tonsa Dana, 1849, also inhabiting the Black Sea, is present in its coastal water plankton
in summer and autumn (Zaremba, 2017). This species sharply reduces its fecundity at temperatures
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below +20 °C (Peck et al., 2015), develops in shallow waters (Paffenhofer & Stearns, 1988 ; Tester
& Turner, 1991), predominantly in bays, where the water warms up to the bottom (Gubanova, 2000),
and experiences low temperatures as dormant delayed-hatching eggs (Marcus & Lutz, 1994).

To identify the relationship of MM vertical distribution with water physical parameters, the value
of the correlation coefficient was used (Urbakh, 1975). Temperature and salinity were used as the main
factors reflecting hydrological structure of the water column. Water temperature and salinity were mea-
sured every time when sampling by CTD probes was carried out. The correlation was calculated for total
number of MM, its groups (non-crustacean plankton, Copepoda, Bivalvia, etc.), and separate species
(Oikopleura dioica Fol, 1872, various copepod species). The Sigmaplot 12.5v software was used to es-
timate the Pearson correlation coefficients and their reliability, as well as to construct plots of verti-
cal distribution. The Golden Software Surfer 9v software was applied to map the water areas sampled
and the spatial distribution of temperature.

RESULTS AND DISCUSSION

In 2016, average temperature of the surface layer of the water areas studied was +11.19 °C,
and average salinity was 18.22 %o. Vertical distribution of temperature and salinity in western
shallow coastal regions (20-40 m) was relatively homogeneous in the upper 15-m mixed layer,
with a subsequent gradual decline beneath it (Fig. 2). In response to this thermohaline structure,
MM maximum was observed in the thermo- and halocline (stations 3 and 4) and contributed
by bivalve larvae, predominantly. However, at st. 7, MM maximum was located in the upper
mixed layer. This maximum was formed by A. clausi, while bivalve mollusc larvae were abundant
in the thermocline.

As far as general trends of vertical distribution are concerned, the dominance of crustaceans (con-
tributed up to 81 % to MM in the upper 5-m layer) was substituted by that of non-crustacean fraction,
with the predomination of bivalve larvae. On species level, A. clausi dominated in the upper mixed layer,
while Paracalanus parvus (Claus, 1863) and Oithona similis Claus, 1866 formed abundance maxima
in deep layers.

In the southeastern coastal region, MM abundance reached 37 000 ind..-m™. The thermocline
and halocline were not pronounced in shallow waters, so MM abundance declined from the surface
to the bottom (see Fig. 2, st. 26). Bivalve larvae were numerous near the bottom (st. 22), while copepods
dominated in the upper and middle layers, especially on “deep” stations.

The thermohaline characteristics of the southern coastal region were different compared to those
of western and eastern regions. At st. 1, 11, and 17, the low-saline lenses were traced at 7—12-m depth.
In response to these lenses, MM abundance declined, especially for Acartia and Paracalanus species
(Fig. 2, st. 11 and 17). Maximum MM abundance (15 000 ind.-m™), contributed by O. similis, P. parvus,
and Pseudocalanus elongatus (Brady, 1865), was observed at 30 and 50 m, while A. clausi was the most
abundant in the upper mixed layer.

In 2016, no correlations in the distribution of total MM abundance, temperature, and salinity were
found. However, the correlation between these parameters have persisted on species level. For in-
stance, negative correlation with temperature was noticed in vertical distribution of Oithona, Pseudo-
calanus, and bivalve larvae abundance at st. 1, 17, and 26, while positive correlation was recorded
for Acartia and Paracalanus abundance. At st. 11, abundance of Oikopleura dioica correlated positively
with temperature and negatively with salinity (Table 2).
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Fig. 2. Vertical distribution of water temperature (T), salinity (S), abundance of total metazoan microzoo-
plankton (Ny;)), Oithona similis (O. sim), Acartia clausi (A. cla), Paracalanus parvus (P. par), Pseudocalanus
elongatus (P. el), Bivalvia veligers (Biv) in the western (top row), southern and southwestern (middle row),
and southeastern (bottom row) coastal waters of Crimea in spring 2016
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Table 2. Correlation between metazoan microzooplankton abundance and temperature (T) and salinity (S)
in the water column in spring 2016 and 2017

Correlation between

Number total abundance and Significant correlations
Station of temperature salinity on species level:
horizon Ceorrs Significance Ceorrs Significance r—P
r level, P r level, P
2016
1 4 —0.66 0.342 -0.45 0.550 O. similis — T: =0.996 — 0.004**
3 4 —0.61 0.388 —0.60 0.405 P. parvus — S: 0.95 — 0.048*
4 4 -0.03 0.968 —0.08 0.917
7 3
11 6 -0.16 0.761 0.45 0.377 O. dioica — T: 0.86 — 0.028*
0. dioica — S: -0.92 — 0.010**
17 5 -0.74 0.156 0.69 0.193 O. similis — T: =0.96 — 0.01*
P. elongatus — T: —0.93 — 0.023*
Bivalvia — T: =0.997 — 0.0002*
18 5 0.02 0.979 -0.02 0.972
20 3 -0.09 0.940 -0.62 0.574
21 4 —0.04 0.946 0.17 0.782 Copepoda — T: 0.88 — 0.048*
Copepoda — S: 0.92 — 0.028*
P. parvus —T: 0.95 - 0.011*
A. clausi — S: 0.95 - 0.015*
26 5 0.86 0.061 -0.25 0.681 P. elongatus — T: —0.89 — 0.043*
2017
1 5 0.43 0.470 —0.77 0.129 A. clausi — T: 0.97 - 0.005*
P. elongatus — T: —0.92 — 0.026*
4 —0.41 0.59 0.55 0.451 P. elongatus — S: 0.99 — 0.042*
7 0.31 0.493 -0.86 0.014* Copepoda — S: —0.86 — 0.013*
P. parvus — S: —-0.98 — 0.016*
7 11 -0.12 0.78 —0.88 0.0041%** O. similis — T: 0.89 — 0.016*
P. elongatus — T: —0.85 — 0.008**
Copepoda — S: —0.88 — 0.004**
P. parvus — S: —0.93 — 0.02*
11 6 0.99 0.001** -0.90 0.039 Copepoda — T: 0.99 — 0.0009**
Copepoda — S: —0.89 — 0.045*
A. clausi — T: 0.99 — 0.0056**
A. clausi — S: —0.97 - 0.028*
O. similis — T: 0.93 — 0.021*
13 4 —0.78 0.217 0.75 0.252
14 6 —0.64 0.171 0.42 0.404 P. elongatus — T: —=0.98 — 3.3-10*#*
P. elongatus — S: 0.92 — 0.009%*
15 5 —0.58 0.305 0.44 0.458
16 5 0.51 0.376 —0.78 0.123
18 5 —0.57 0.313 0.03 0.961

Continue on the next page...
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Correlation between
Number total abundance and Significant correlations
Station of temperature salinity on species level:
horizon Ceorrs Significance Ceorrs Significance r—P
r level, P r level, P
20 4 0.76 0.241 0.08 0.916 P. elongatus — T: -0.99 — 0.011*
30 5 0.92 0.027* —0.90 0.037* Copepoda — T: 0.98 — 0.003*
Copepoda — S: —0.98 — 0.004*
O. similis — T: 0.90 — 0.037*
O. similis — S: —0.92 — 0.027*
P. elongatus — S: 0.89 — 0.041%*
31 5 —0.07 0.906 —0.03 0.957
33 4 0.90 0.097 —0.87 0.125 A. clausi — T: 0.96 — 0.045%*
A. clausi — S: —0.97 - 0.029*
P. elongatus — T: —0.96 — 0.040*
P. elongatus — S: 0.96 — 0.042*

Note: correlations are significant at P < 0.05 (*) and P < 0.01 (**).

April 2017 in the Black Sea was characterized by the lowest monthly average water temperature
over the last 10 years of meteorological observations (WeatherArchive official site, 2020). Our data
is consistent with this: surface temperature averaged +9.21 °C; temperature in various water areas was
1.5-3 degrees lower than in 2016 (Fig. 3). Salinity of the surface layer was slightly higher than in 2016
and averaged 18.34 %o.

Fig. 3. Temperature of the surface layer of Crimean Peninsula Black Sea waters in spring 2016 (left)
and 2017 (right)

Some examples of MM vertical distribution over three coastal regions are shown on Fig. 4. For in-
terannual comparison, only matching stations were selected. In the southern region (in front of Sevasto-
pol, st. 1), relatively invariant thermohaline structure of 110-m water column was observed over years.
The upper mixed layer was confined by 5-m isobath, with a smooth temperature decline underneath it.
Vertical distribution of MM abundance was similar to that in 2016. The subsurface total abundance
maximum was located at 20-30 m. However, some differences persisted on species level. For instance,
A. clausi abundance peak was observed on the surface in 2017, which was not the case a year earlier.
Bivalve larvae were numerous in 2016, but their abundance was very low in 2017.
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Fig. 4. Vertical distribution of water temperature (T), salinity (S), total abundance of metazoan micro-
zooplankton (1) and non-crustacean plankton (3), abundance of copepods O. similis (4), A. clausi (5),
P. elongatus (6), P. parvus (7), and Bivalvia veligers (8) in waters of the Sevastopol coastal zone (station 1),
the southern (st. 30 and 31) and southeastern (st. 33) coast of Crimea in spring 2017

In the southern region (in front of the Laspi Bay) in 2016, total MM abundance maximum
(16 000 ind.-m™>) was located under the thermocline (Fig. 2, st. 11 and 17), whereas in 2017, the maxi-
mum (14 000 ind.-m™>) was observed in the surface (Fig. 4, st. 30) or in 20—30-m upper part of the water
column (Fig. 4, st. 31).

In the southeastern region (in front of Karadag), vertical distribution of MM abundance over two sam-
pling years was similar for both near-shore and deeper stations. On species level, a more shoaled position
of O. similis peaks was observed in 2017 compared to 2016.

In 2017, positive correlation between total MM abundance and temperature was observed at st. 11
and 30. Negative correlation between total MM abundance and salinity was registered at st. 5, 7,
11, and 30. If comparing all stations by species distribution, O. similis and A. clausi had positive
correlation with temperature but negative with salinity. P. parvus abundance correlated negatively
with salinity, whereas P. elongatus abundance correlated positively with salinity and negatively with
temperature (see Table 2). Interestingly, Oithona similis had negative correlation with temperature
in 2016, but positive one in 2017. Along with that, the subsurface abundance maximum of these
species shoaled over two years.

The daily time series experiment, carried out in the southern region (in front of the Laspi Bay), en-
abled a short-term interplay between MM abundance and thermohaline characteristics to be analyzed.
In the morning (8:00-12:00 a. m.), the upper mixed layer was poorly developed, so temperature de-
clined almost linearly over depth. MM abundance peak was located on the surface (Fig. 5). In the after-
noon, an upper mixed layer of 15-25 m was formed. MM abundance responded to that by descend-
ing to the lower boundary of the mixed layer and formed the subsurface maximum there (Fig. 5).
So, the monotonic declining trend of MM abundance has transformed into a nonlinear vertical
distribution with multiple maxima and minima.

It should be emphasized that temperature changes observed were not mediated by solar insulation
of the upper layer. These changes were associated with horizontal advection of waters, which was re-
flected in transformations of temperature and salinity temporal profiles in the upper horizons of the wa-
ter column (Fig. 6). These transformations indicated the penetration of cold and saline deep waters:
an indicative of coastal upwelling, mediated by regional winds (Repetin, 2012).
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Fig. 5. Vertical distribution of temperature, salinity, and total metazoan microzooplankton abundance
during the daily time series experiment at station 30 (Laspi Bay traverse, 30-31 March 2017)

During the time series experiment, the correlation between MM abundance and temperature was
positive (0.7-0.9; P < 0.05), while the correlation between MM abundance and salinity was negative.

On the one hand, this experiment confirmed the stability of the correlations between MM distribution
and physical characteristics of the water column in the temporal aspect. On the other hand, this exper-
iment revealed the importance of hydrodynamic factor, capable of modifying hydrological structure
of the water column in a short period of time.

Total MM abundance during two spring researches (2016 and 2017) was contributed mainly by cope-
pod naupliar stages and bivalve larvae. Gastropoda larvae, O. dioica, and Rotatoria and Polychaete lar-
vae were much less abundant. As known, temperature is one of the most critical abiotic factors, in-
fluencing biological functions of organisms at all levels (Hochachka & Somero, 2002). With regard
to this factor, Black Sea copepods were divided into three groups: the first one — preferring low temper-
ature, the second one — preferring high temperature, and the third one — being tolerant to a wide range
of temperature changes. High temperatures are preferred by Acartia tonsa, Oithona davisae, and Cen-
tropages ponticus Karavaev, 1894. The first two species were not observed in our samples, while the third
one contributed 1.5 % to total MM abundance in 2016, but was almost absent in samples a year later.
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Fig. 6. Daily dynamics of temperature, salinity, and total metazoan microzooplankton abundance
on sampling depths (surface, 5, 12, 24, and 40 m) on Laspi Bay traverse

Cold-loving species were represented by Oithona similis, Pseudocalanus elongatus, and Calanus euxinus
Hulsemann, 1991. Species with a wide range of thermal tolerance were represented by Acartia clausi
and Paracalanus parvus.

The cited diversity of thermal preferences explains low correlations between total MM abundance
and temperature over stations sampled, since temperature preferences of cold-loving and more ther-
mophilic species compensate each other. Another possible reason for the lack of correlations at some
stations is the small number of horizons studied. Thus, all cases of statistically significant correlation
between total abundance and temperature/salinity occurred at stations with a greater number of samples
taken (horizons studied) (st. 5, 7, 11, and 30 in 2017).

On species level, certain correlations with temperature were observed. For instance, cold-loving
P. elongatus has negatively correlated with temperature, while eurythermic A. clausi showed an oppo-
site trend. Due to this, Pseudocalanus formed its maximum in deeper layers, while Acartia abundance
maximum was observed on the surface.

Copepod fraction of MM showed different vertical patterns during summer and spring seasons.
For instance, O. similis was completely absent in the surface waters at summer and lived mainly un-
der the thermocline and in the bottom layers (Seregin & Popova, 2016b), whereas in mid-spring this
species peaks were associated both with the lower horizons at +9.5...+10.3 °C and with the upper
layers at +10.9...+11.0 °C (Seregin & Popova, 2019). Similar spring vs summer difference was ob-
served in P. elongatus distribution, which preferred cold temperatures as well (Seregin & Popova,
2016b). O. similis summer pattern corresponds to the cold-loving status of this species, distributed over
the World Ocean Arctic and temperate waters (Wend-Heckmann, 2013). For Black Sea waters, this
species is a North Atlantic immigrant. O. similis, along with C. euxinus and P. elongatus, forms a deep-
sea complex of cold-water copepods (Nikitin, 1926) and can be found year-round (Yildiz & Feyzioglu,
2014). Adult forms and copepodites prefer summer layers with temperature about +8 °C (Kovalev,
1967). At lower temperatures in early spring, we registered further changes in vertical distribution
of O. similis juvenile stages: an even more superficial distribution of this species abundance. As a re-
sult, there was a change in the sign of correlation with temperature from negative to positive, which
suggests a corresponding change in species status (temporary) from cold-loving to somewhat more ther-
mophilic. Such phenomena may reflect a shift in temperature optimum of a population (Verbitsky, 2012)

Mopckoii 6uonornyeckuii KypHain Marine Biological Journal 2020 vol. 5 no. 4



104 S. A. Seregin

and play the role of an adaptive reaction in conditions of seasonal changes in sea thermal character-
istics. The mechanism of such reaction can be a fine-scale behavioral selection of preferable water
characteristics by different zooplankton species and life stages (Trudnowska et al., 2015).

A. clausi was abundant in the upper mixed layer of the water column during both seasons. Despite
the status of eurythermic, this species manifested itself rather as a warmth-loving species at spring
temperatures. Therefore, correlation of Acartia with temperature was always positive. Along with
O. similis, which has changed its temperature status, A. clausi was the most abundant species in 2017.
So, these two species mediated a positive correlation of total MM with temperature.

Conclusion. Hydrological parameters of the environment (temperature and salinity) and species
composition in specific habitats were the main drivers of vertical distribution of metazoan microzoo-
plankton abundance. In addition, hydrodynamic processes (for instance, horizontal advection of waters)
can significantly affect hydrological structure of the water column and MM distribution pattern.

The correlation between MM species abundance, temperature, and salinity was elucidated for most
sampled stations during spring season. In particular, A. clausi abundance always correlated positively with
temperature and negatively with salinity. This species manifested itself rather as a warmth-loving one
at spring temperatures. A reversed correlation pattern was observed in P. elongatus abundance. On total
MM abundance level, correlations with temperature and salinity were weak and observed in early spring
in 2017; thus, the relationship between vertical distribution of MM abundance and temperature is more
pronounced in cases of low temperature.

A change in the sign of correlation with temperature during spring season was determined for O. sim-
ilis, an initially cold-loving species of Black Sea copepods. This manifested in a more superficial distri-
bution of maximum abundance of this species at lower seasonal temperatures, which could reflect a shift
in temperature optimum of species population and play the role of an adaptive reaction in conditions
of seasonal changes in sea thermal characteristics.

Highlights:

1. Correlations with temperature were weak on total abundance level and were only observed in early
spring period with lower temperatures.

2. On species level, correlation between abundance, temperature, and salinity was elucidated for most
cases.

3. Different species exhibited different correlation with temperature: both positive (for instance, Acar-
tia clausi) or negative (e. g., Pseudocalanus elongatus). Some cold-loving species (Oithona similis) ex-
hibited the change in the sign of correlation with temperature during a subsequent seasonal warming.
This work has been carried out within the framework of IBSS government research assignment “Functional,

metabolic, and toxicological aspects of hydrobionts and their populations existence in biotopes with different physical
and chemical regimes” (No. AAAA-A18-118021490093-4).
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HEKOTOPBIE OCOBEHHOCTH
BEPTHKAJIBHOI'O PACIIPEJEJIEHUSA META3OMHOI'O MUKPO30OIIJIAHKTOHA
B YPHOM MOPE B BECEHHHI INEPHO/I

C. A. Ceperun

denepanbHBIA UCCNENOBATENBCKUIA HEHTP «VHCTUTYT OUOJIOTHH 103KHBIX MOpEH
nmernu A. O. KoBanesckoro PAH», CeBactonons, Poccuiickas ®enepanys
E-mail: serg-seryogin@yandex.ru

[To marepmaiy, moaydeHHoMy B 84-m u 93-M peiicax HUC «IIpodeccop Bomsauikmii», mpoaHau-
3MpPOBAaHO BEPTHKAJIBHOE paclpelesieHHe MUKPOIUIAHKTOHHOM (Ppakluy MeTa3oorulaHkToHa (MM)
B Y€pHOM Mope B BeceHHuil nepuod. CymmapHO 0OCiIefoBaHO 27 CTAaHLMHA Kak B MPUOPEKHOM,
TaK ¥ B [JTyOOKOBOJIHO# YacTsix MOpsi. [IpoObl Bob Ts1 yuéTa uncieHHocTH MM 06bEMoM 4—6 11 0TOU-
pasu 10-urpoBeivu 6aTomerpamu 30H10B Mark-1I11 Neil Brown mnum Sea Bird 911 (CIIA) ¢ 4-11 ro-
PU3OHTOB BOJHOTO cTonOa. [onydyeHHble POObl KOHIEHTPUPOBAIM MPH MOMOIIM BOPOHOK 00paT-
HOM (PUIIBTPAIY U TUTAHKTOHHOTO cuTa ¢ pasMepom mop 10 Mxm. KonmmvecTBeHHbIN U cucTemMaTnye-
CKMH aHaJM3 BCeX MpoO MPOBOAWIIM TOTAIBHO B Kamepe Boroposa mpu moMory crepeoMrKpocKona
MBC-9. OcHOBHBIMH (haKTOpaMU, ONIPEAEIAIOIINMY XapaKTep paclpeaeeHus, ABIIINCh BUIOBOU CO-
craB MM, ¢pusndeckas CTpyKTypa BOZHOTO CTOJI0A, a TaKkKe TUIPOJUMHAMUYECKHE MTPOLIECCHI, BO3EH-
CTBYIOIIIME Ha €ro CTaOUIbHOCTH/HEYCTOMYMBOCTD. Hanbonee MHOTOUMCIEHHBIMU CUCTEMATHUECKUMU
rpynIaMu B «BeceHHeM» MM ObUin Hayruychl yepHoMopckux Copepoda u Benrepsl Bivalvia. Be-
JITEPbl MOJUTIOCKOB OOYCJIABIMBAI MAKCUMYMBbI YMCJIEHHOCTH B HWKHHX CJIOSIX MEJKOBOIHBIX Me-
CTOOOWTaHMIA; HaJl OOJBIIMMHE ITyOMHAMU B cocTaBe MM npeBaimpoBaIy KOTIETIOAb!, ONpe/ieIsIBIIe
KU OOIIEeH YMCIEHHOCTU B BEPXHUX M CPEJHUX CIOSIX BOAbl. CyTOUHBIN SKCIIEPUMEHT IO BbISBIIE-
HUIO TUHAMUKHN BEPTUKAJIBHOTO pacnpeneneHns MM mokasan cyliecTBEeHHOE BIMSHHME Ha HEro aj-
BEKTUBHBIX TMIPOJIUHAMUYECKUX MPOLIECCOB, BO3AEUCTBYIOIIMX Ha (PU3NYECKYIO CTPYKTYPY BOAHOTO
cronba. st otaenbHbIX BUIOB MM B GOJIBIIMHCTBE CIIy4aeB BhISIBJIEHA KOPPEJISMS UX pacipesere-
HUS C BEPTUKAJIBHBIMHU MPO(IIAMU TEMIIEPATyphl M COJIEHOCTH, YTO PEAKO MPOSBISIIOCh HA YPOBHE
o01eit uncnenHoct MM. CpaBHeHue 1ByX BeceHHUX ce30HOB (2016 u 2017) mokasaiio, 4To CBSI3b
BEPTUKAJIBHOTO pacnpeneneHuss MM 1 TeMneparypsl NposBIsUIach CHIbHEE Npu 0ojiee HU3KUX e
3HaYeHUsX B Mope. i1 NCXOJHO XOJIOJHOJII0OMBOTO BUAa YePHOMOPCKUX Komenon, Oithona similis,
oOHapykeHa CMEHa 3HaKa KOPpPEJISIMK C TEMIIEPATypOol BOABI B MPOLIECCE CE30HHOTO €€ M3MEHEHHMS.
B pesyinbrate 3apeructpupoBaHo Oosiee MOBEPXHOCTHOE pacrpeesieHie OCHOBHBIX MAaKCUMYMOB UKIC-
JIEHHOCTH B 00Jiee XOJIOAHBIX YCJIOBHSIX, YTO MOIJIO OTPaXaTh U3MEHEHUE TEMIIEPATYpPHOTO ONTUMY-
Ma BW/Ia U UTPaTh POJIb aJANTHBHOW PEAKIMH MOIMYJISIIUNA TPH CE30HHBIX N3MEHEHUSIX TePMabHBIX
XapaKTEPUCTUK MOPAI.

KuroueBbie ciioBa: MeTa3oWHBI MUKPO30OIUIAHKTOH, OOWJIME M BUJIOBOM COCTaB, BEPTUKAJILHOE
pacrpenieneHue, KOppesius ¢ TeMIIepaTypoil U CONEHOCThIo, YEpHOE MOpe
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CHRONICLE AND INFORMATION

TO THE JUBILEE OF D. SC. NELLI SERGEEVA

November 20, 2020 is a significant date in the life
of Nelli Sergeeva, D. Sc., chief researcher of A. O. Kovalevsky
Institute of Biology of the Southern Seas of RAS.

Nelli Sergeeva was born in Ashgabat (Turkm.SSR). After
finishing school in Alma-Ata (Kaz.SSR), she entered the fac-
ulty of biology and soil science of S. M. Kirov Kazakh State
University (now Al-Farabi Kazakh National University). When
being a student, she completed both course and pre-diploma
internships in benthos department of IBSS of the Academy
of Sciences of the Soviet Union, under the guidance of PhD
Marta Kisseleva and PhD Iraida Greze. N. Sergeeva received
a degree in biology, hydrobiology, and ichthyology and was as-
signed to work in the Kazakh Research Institute of Fisheries
(the city of Balkhash). She was involved in assessing the ef-
fect of Balkhash Mining and Metallurgical Combine effluents
on development and distribution of plankton and benthos in Lake

Balkhash. She also focused on the formation of benthos as a food base for valuable commercial fish
species in the Chardara Reservoir, artificially created in 1966 on the Syr Darya River.

In 1968-1972, Nelli Sergeeva studied in the PhD graduate school in hydrobiology in IBSS
under the supervision of Vladimir Vodyanitsky, director of the Institute, corresponding member
of the Academy of Sciences of the Soviet Union. Having successfully completed PhD graduate stud-
ies, she started working in IBSS benthos department, where defended PhD thesis “Fauna and some
questions of ecology of free-living nematodes of the Black Sea” (1974). Her further research in the area

of diversity and properties of life in the Black Sea re-

sulted in obtaining a very wide range of new data. In 2000,
N. Sergeeva defended her D. Sc. dissertation “Zonal dis-

tribution of meiobenthos and its most important compo-
nent — free-living nematodes in the Black Sea”, with the ad-
visory assistance of Victor Zaika, the corresponding mem-
ber of the National Academy of Sciences of Ukraine. In this

work, she described 4 genera and 27 new species of free-

living nematodes; 30 species and 28 genera of nematodes

Nelli Sergeeva and Irina Yakusheva,

were indicated for the Black Sea for the first time. Barcelona (1974)
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Being in love with science, N. Sergeeva per-
manently broadens the scope of her interests.
She is studying taxonomy and ecology of var-
ious marine meiofauna groups, their signifi-
cance for bioindication, structure of meioben-
thos, and its role in benthic ecosystems. She has
made an inventory of the meiobenthos compo-
sition (more than 500 species) of the Black Sea.

She has shown particular interest in study-
ing specific Black Sea benthic communities,
formed under extreme conditions: hypoxia,
anoxia, hydrogen sulfide contamination, an-
thropogenic pollution, and biotopes of methane

Participants of the 102" cruise of the RV “Akademik
Kovalevsky” under the guidance of N. Sergeeva

gas bubble streams. Being thoughtful and scrupulous, she has discovered unknown to science living uni-
cellular organisms (ciliates, soft-shelled foraminifera, and gromiids) and multicellular organisms (ro-
tifers, nematodes, oligochaetes, polychaetes, and tardigrades), as well as unknown to the Black Sea
species and genus of gastrotrichs. These discoveries were made in Black Sea anoxic zone — at the depths,
previously considered lifeless (except for the bacterial flora) due to hydrogen sulfide contamination.
She described live Cladocera specimens, raised from the depths of 1900 and 2140 m, as the new
genus Pseudopenilia Sergeeva, 2004 and species P. bathyalis Sergeeva, 2004. In co-authorship with
D. Sc. N. Korovchinsky, she substantiated the family Pseudopenilidae Korovchinsky & Sergeeva, 2008,
new to science, in the order Ctenopoda (Crustacea). During a cruise of the RV “Maria S. Merian” (Ger-
many), Nelli Sergeeva found specific representatives of epibiotic ciliates on oligochaetes and harpacti-
coids, inhabiting Black Sea area of permanently anoxic and hydrogen sulfide conditions (depth
over 250 m). Later, D. Sc., Prof. 1. Dovgal has identified them as three species from the sub-
class Peritrichia and class Suctoria. Direct microscopic observations of active ciliates in hydro-
gen sulfide environment indicate the vital activity of benthic ciliates and their multicellular hosts
under these extreme conditions.

Research of N. Sergeeva expanded the list
of benthos faunal groups in the Black Sea.
She was the first to discover gromiids (Gromi-
ida) and soft-shelled foraminifera (Allogromi-
ida) in Black Sea benthos communities
and to describe their distribution. Together
with O. Anikeeva, she has published the mono-
graph with the description of 13 wvalid
species and more than 90 unknown morphos-
pecies (incertae sedis), inhabiting the Black
Sea (https://doi.org/10.21072/978-5-907118-
84-3). To date, within the framework of this
group, she and her co-authors have described

3 genera and 7 new species of allogromiids; N. Sergeeva among the participants of the 53™ cruise
13 species and 8 genera have been indicated of the RV “Professor Vodyanitsky” (1999)
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for the Black Sea for the first time. Together with T. Revkova, she continues studying free-living ne-
matode species, new to science and the Black Sea. According to Nelli Sergeeva, systematic status
of at least 250 species of this group requires clarification. The interest of N. Sergeeva and her student
Kh. O. Kharkevich in a poorly studied group of tardigrades (Tardigrada) resulted in discovering two
species, new to the Black Sea, in Bosphorus Strait area.
Nelli Sergeeva made a signifi-
cant contribution to the development
of the concept of vertical zoning of life
in the Black Sea. Based on new data
on the diversity and bathymetric dis-
tribution of benthic fauna in the Black
Sea, N. Sergeeva has revealed two belts
of Black Sea benthal. Thus, the area
from the water edge to 120-150 m
is inhabited by organisms of macro-,
meio-, and microbenthos, while the area
from 120-150 m to maximum depths

is inhabited by organisms of meio- . ) ) ,
Participants in the celebration of the anniversary

and microbenthos. In fact, this created of IBSS shelf ecosystems department (2006)
a new scientific direction in the research

of benthos of deep-water periazoic areas of the Black Sea. Nelli Sergeeva considers that the study
of various morphotypes of benthic organisms, common for bottom sediments at the extreme depths
of the continental slope and deep-sea bed of the Black Sea, may be useful both for understanding
the processes of modern sedimentation in the sea and for deciphering paleoclimatic changes.

N. Sergeeva has taken part in 17 scientific cruises, inter alia international ones. As a hydronaut-
researcher, she dived to a depth of 110 m on an underwater vehicle “Benthos-300” in Caucasus
and Crimea area. She acted as a coordinator, manager, and responsible executor of several international
(HERMES, HYPOX, CoCoNet, PERSEUS, TUBITAK-NASU, and EPA USA-STCU) and national
projects, as well as of RFBR grants. She has published over 200 scientific works, inter alia sections
in nine collective national and foreign monographs. The results of her research are widely cited by sci-
entists all over the world. Zoologists highly appreciated the contribution of Nelli Sergeeva to taxon-
omy by naming in her honor two new species of free-living nematodes, Leptolaimus sergeevae (Urkmez
& Brennan, 2013) Holovachov & Bostrom, 2013 and Microlaimus sergeevae Revkova, 2020, as well
as the genus and species of soft-shelled foraminifera, Nellia Gooday, Anikeeva & Pawlowski, 2011
and Nellia rugosa Gooday, Anikeeva & Pawlowski, 2011.

N. Sergeeva successfully combines intensive scientific work with organizational one: she was a sec-
retary and a member of the specialized council for the defense of PhD and D. Sc. dissertations; she was
the head of IBSS shelf ecosystems department (2000-2013); she participated in examination commis-
sions, supervised the work of graduate students and applicants, and was the advisor at IBSS directorate
(2017-2018). For many years of fruitful work and significant contribution to the development of na-
tional science in the field of marine hydrobiology, she was listed on the city Board of Honor (2019)
and awarded the Certificate of Honor of the Russian Academy of Sciences (2020).
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Nelli Sergeeva is immensely hard-working; she gets interested in anything new and unknown and tries
to inspire her colleagues with own example. Having vast experience and scientific intuition, she is ap-
proached for consultations and proposals for joint research by bentologists. Her whole life is devoted
to science. In her free time, she enjoys travelling; she is fond of classical music, painting, and theater.
For the family, she is a loving mother and a caring grandmother.

We sincerely congratulate Nelli Sergeeva on her jubilee! We wish her new scientific discoveries
and achievements, talented students, happiness, health, and family well-being.

Colleagues from IBSS benthos ecology department

K IOBIIEIO JOKTOPA BUOJIOTNTYECKUX HAYK
HEJIJIN TPUTOPBEBHBI CEPTEEBOM

B nos6pe 2020 r. otmeruna obuneit Hennu I'puropbeBHa CepreeBa — IIaBHBIA HAYYHBIH COTPY.-
Huk PUL UubBIOM, noktop 6uonormueckux Hayk. H. I'. CepreeBa siBisieTcsi U3BECTHBIM B MUpE
CIIEIAATIICTOM-MeH0OEHTOI0roM, aBTopoM 6oiee yem 200 paboT u coaBTopoM 9 MOHOTpaduil.
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TO THE MEMORY OF VALERY EREMEEV
(12.01.1942 - 31.10.2020)

On 31 October, 2020, Academician Valery Eremeev, who
headed A. O. Kovalevsky Institute of Biology of the Southern
Seas in 1999-2015, passed away.
V. Eremeev was born on 12 January, 1942, in Saratov,
where his parents were evacuated at the beginning of the Great
Patriotic War. He spent his post-war childhood in Rostov-on-
Don. His parents instilled in him a taste for art, culture, and free-
dom of thought, but at the same time he considered compliance
with the laws as a cornerstone duty: mostly thanks to his mother
Kaleriya, who was an honored lawyer of the Russian Federa-
tion. After finishing school, he entered Rostov-on-Don State
University and received a degree in atomic physics.
After graduating from the University, Valery Eremeev
started working on assignment: at the Marine Hydrophysical
Institution (MHI) in Sevastopol. Later, he served as a sailor
in the Red Banner Black Sea Navy. After returning from the service, he resumed scientific activity.
In 1968, he started PhD graduate studies at MHI, specializing in marine physics. Six years of hard
work on the PhD thesis “Peculiarities of Precision Mass Spectrometric Isotope Analysis of Water Oxy-
gen and Some Issues of 30 Distribution in Atlantic Ocean Waters” resulted in its successful defense
at the P. P. Shirshov Institute of Oceanology.

In 1975, at the age of 33, V. Eremeev was appointed MHI scientific secretary. He went on with sci-
entific work and participated in many research cruises. Fortunately, Soviet oceanology provided an op-
portunity to work on specialized research vessels in various areas of the World Ocean. He was the head
and a participant of expeditions to the Atlantic, Indian, and Pacific oceans and visited many countries,
such as Sri Lanka and Seychelles, India, Singapore, Egypt and Turkey, Costa Rica and Brazil, Spain, Italy,
Yugoslavia, Morocco, and the Republic of Guinea: there were more and more points on the world map,
where his scientific curiosity found research objects. A lot of new data, resulting from his research, were
obtained in the field of hydrochemistry, ocean geochemistry, hydrophysics, marine ecology, and scientific
instrumentation.

In 1982-1992, he headed the Soviet-Guinean research program in oceanography, heliophysics,
and testing of structural materials under the conditions of tropical climate, working at the large re-
search center CERESCOR (Conakry Rogbane), built by the Soviet Union. In 1988, Valery Eremeev
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was awarded a Certificate of Honor of the Secretariat for Scientific Research and Education by the Re-
public of Guinea. Later, he said that the time, spent in Guinea, was one of the happiest in his life,
and the reverent attitude towards Africa remained forever.

In 1982-1992, V. Eremeev was a member of the Scientific Council of the USSR State Committee
for Science and Technology on the problems of studying seas and oceans. In 1982, he was awarded
the diploma of the Presidium of the Supreme Soviet of the Ukrainian SSR for achievements and ap-
plication of scientific developments in practice. In 1983, he was elected a member of the Ukrainian
Geographical Society.

After five years of work as a MHI deputy director for scientific work (1980-1985), at the age
of 43, Valery Eremeev became the director of MHI. Three years later, he summarized the accumu-
lated data and defended D. Sc. dissertation “Oceanographic Tracers: Dynamics Simulation, Transport
Parameterization, and Practical Applications” at the Institute of Geophysics of the Academy of Sci-
ences of the USSR, in the specialty “Geophysics” and “Marine Physics”. In 1989, the Academy of Sci-
ences noted the importance of the results, obtained under his leadership in the study of mechanisms
of transport of substances and physicochemical fractionation of impurities in Atlantic Ocean and Black
Sea waters and at the boundaries of the marine environment with the atmosphere and the seabed.
He became the Academician V. I. Vernadsky Prize winner in Geology, Geochemistry, Geophysics,
and Hydrochemistry.

In 1991, by the decision of the Higher Attestation Commission under the USSR Council of Ministers,
V. Eremeev was awarded the academic title of Professor. By the end of the year, the collapse of the USSR
was over. A new stage of Valery Eremeev’s life began.

In 1992, he became the scientific director of both the State Scientific and Technical Program
of Research and Use of the World Ocean in the Interests of Science, National Economy, and Defense
of Ukraine and the National Program of Research and Use of Resources of the Sea of Azov — Black Sea
Basin. In the same year, the Academy of Technological Sciences of Ukraine elected him the Academician
in geotechnology, and the National Academy of Sciences of Ukraine (the NAS of Ukraine) — a corre-
sponding member in chemical oceanography. Moreover, he became the vice president of the Mediter-
ranean Science Commission for three years. In 1997, V. Eremeev was elected the Academician
of the NAS of Ukraine in oceanology.

Since 1999, he headed the Oceanological Center of the NAS of Ukraine, organized on his initia-
tive. Its objectives were to create favorable conditions for the development of fundamental and applied
oceanography, as well as to develop a unified concept of rational marine nature management and use
of scientific and technical potential of marine institutions and technical means of marine environment
state monitoring.

Seemingly, brilliant career and clear prospects. But then Boris Paton, the President of the NAS
of Ukraine, urged Valery Eremeev to act as a crisis manager and temporarily director of the A. O. Kova-
levsky Institute of Biology of the Southern Seas (IBSS), which was going through a difficult time.

On 8 December, 1999, by the decision of the Presidium of the NAS of Ukraine, the duties of IBSS
director were assigned to V. Eremeev (temporarily, for the period prior elections). In January 2000, elec-
tions were announced, and Institute staff nominated seven candidates, with Valery Eremeev not present
among them.
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Understanding that there is no obvious leader and the probability of any candidate receiving the re-
quired half of scientists’ votes is minimal, in March the Presidium of the NAS of Ukraine decided to post-
pone the elections for a year, with a diplomatic formulation “proceeding from the necessity to avoid
complicating the situation in the Institute and to strengthen its management”. Boris Paton was sure,
that V. Eremeev only, one of the best directors of the institutions in the system of the NAS of Ukraine,
would be able to get the accumulated problems sorted out. It was impossible to refuse, and the duties
of IBSS director were assigned to Valery Eremeev again.

The entrusted “household” definitely was not in the best condition. Everything was in chaos. The In-
stitute was barely paying part-time wage, having no money for more. The opportunities to collect sam-
ples were minimal: the leased RV “Professor Vodyanitsky” was carrying “shuttle traders” to Istanbul;
the researchers earned part-time money on loading and unloading the vessel and worked during these
cruises as service personnel. Not surprisingly, dissertations were defended only once every few years.
Since there was no money for the maintenance of Aquarium inhabitants, it was also in a long-term lease.
Boat houses, built at the end of the Soviet regime for small fleet vessels, were leased as well; “Kon-
stantinovskiye saunas” were housed there. The RV “Akademik Kovalevsky” was sold to Turkey in hope
of paying off wage arrears. On the day the new director first came to the Institute, there were messages
on the notice board about the upcoming sale of small Soviet-built IBSS vessels, to pay debts.

V. Eremeev managed to achieve an increase in IBSS budget financing; soon after his assignment,
the directorate began dealing with a matter, long forgotten in the maelstrom of perestroika years: plan-
ning of the expeditionary research within the framework of the future Marine Program of the NAS
of Ukraine. Since that time, not a single meeting of IBSS Scientific Council was held without a sci-
entific report: Valery Eremeev considered collective discussion of research results the most important
factor of science support and planning. In subsequent years, the Institute participated in various aca-
demic programs of the departments of General Biology and the Department of Geosciences of the NAS
of Ukraine. With the director’s support, the Institute was involved in the projects under UNESCO pro-
grams, as well as in the 5, 6™, and 7" Framework Programmes of the European Union. IBSS became one
of the leaders in international cooperation among the institutions of the Department of General Biology
of the NAS of Ukraine.

Through his efforts, the RV “Professor Vodyanitsky” was returned from lease and later repaired.
In 2010 (after more than a 15-year break), research cruises were resumed. Comprehensive monitoring
of geological and marine environment state and biota of the Black Sea was restored, using modern
technologies of ship measurements, satellite information, and specialized databases.

In 2000, V. Eremeev, with a team of authors, became a laureate of the State Prize of Ukraine
in science and technology for the series of works “Regional Oceanology: State of the Environment
and Mineral Resources of the Atlantic, Indian, and Southern Oceans and Their Seas”. Three years later,
he was awarded the title of Honored Worker of Science and Technology of Ukraine. He was a mem-
ber of the Committee on the State Prizes of Ukraine in science and technology. He was convinced
that scientific achievements only become noticeable when they are loudly announced. Therefore, he did
his best for the merits of scientists of the Institute in Sevastopol and its branch in Odessa to be known
and recognized. At the insistence of Valery Eremeeyv, scientists of IBSS and its branch applied four times
to the Committee on the State Prizes of Ukraine. During the period he was the director of the Institute,
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such prizes were deservedly awarded to 10 IBSS hydrobiologists: in 2007 — for a series of scientific
works “Productivity, Biodiversity, and Ecological Safety of Black Sea Ecosystems and World Ocean Ar-
eas, Promising for Ukraine”, and in 2011 — for the development and creation of the National Collection
of Nautical Charts and the Oceanographic Atlas of the Black Sea and the Sea of Azov. He was es-
pecially proud of the Atlas and kept this beautiful huge blue book in the place of honor of his office:
in the “exhibition” of IBSS monographs.

In spite of numerous scientific titles, unusually broad scientific outlook, membership in several dis-
sertation councils, and chairmanship of MHI dissertation council, V. Eremeev refused to be a chairman
of IBSS dissertation council: being an oceanologist, he considered himself not competent enough to as-
sess hydrobiological works. When preparing director’s reports for the Presidium of the NAS of Ukraine,
he was never ashamed to ask narrow specialists for clarification, if he did not understand something
in their scientific results. As colleagues joked, he did not wear the “halo of the Academician” at work.
The opinion of IBSS scientists was always important to him when solving the pressing issues; he listened
to everyone and tried to prevent conflicts.

His research interests covered the key problems of oceanography: experimental and nuclear hy-
drophysics, isotope oceanography, geophysical hydrodynamics, and ocean hydrochemistry. His works
in isotope oceanography were related to studying the fundamental regularities of the spatial formation
and dynamics of artificial and natural radioactivity areas of the World Ocean and its seas, development
of general theoretical approaches to the analysis and forecast of possible consequences of marine disas-
ters of natural and anthropogenic nature, and investigating the problems of radioactive waste disposal
and use of water column as a global radiation indicator of cosmic radiation.

Valery Eremeev worked fruitfully on the formation and development of geophysical direction in ma-
rine ecological research: studying of physical and chemical aspects of interaction between the ocean
and the atmosphere and the development of general concept and analytical technologies for investigating
water dynamics and substance transport in marine ecosystems by natural and artificial oceanographic trac-
ers. His most significant results are description of dynamics, interannual and seasonal variability of char-
acteristics of Black Sea hydrogen sulfide zone, oxygen and hydrogen sulfide interaction layer, as well
as the influence of various physical, chemical, and hydrodynamic factors on migration and redistribu-
tion of elements of basic salt and microelement composition of waters on Black Sea shelf and in depths.

He established a new scientific direction: “operational oceanology”, with the subject being methods
and technologies for complex research of the state and dynamics of complex marine systems, aimed
at predicting their variability under the influence of natural and anthropogenic factors and developing
technologies for sustainable use of the marine environment and resources, as well as theory and methods
for modeling marine ecological and economic systems for integrated coastal zone management.

The practical value of V. Eremeev’s results is determined by their direct relation to the problem
of radioactive pollution of the marine environment and development of the nuclear navy. These data
were used, in particular, to monitor the nuclear powers’ compliance with the Treaty of Moscow, ban-
ning nuclear weapon tests in the atmosphere, outer space, and under water, and to establish the prin-
ciples of organizing the global system for monitoring nuclear tests and preparing the Comprehensive
Nuclear-Test-Ban Treaty. Great attention in such research was given to the study of Chernobyl disaster
consequences for the ecosystem of the Black Sea and other World Ocean seas. His works significantly

Mopckoii 6uonornyeckuii kypHaia Marine Biological Journal 2020 vol. 5 no. 4



116 To the memory of Valery Eremeev (12.01.1942 — 31.10.2020)

contributed to the formation of scientific bases for various conventions for marine environment protec-
tion and to the development and implementation of several national and international oceanographic pro-
grams. Highly appreciating Valery Eremeev’s scientific achievements, in 2005, the Department of Earth
Sciences of the Russian Academy of Sciences awarded him the title of doctor honoris causa of RAS.
Three years later, he became a laureate of the State Prize of the Russian Federation in science and tech-
nology: for creation and implementation of a multicomponent system for obtaining reliable data of eco-
logical estimation and forecast of marginal seas of Russia. In 2007, he was awarded the Order of Ukraine
“For Merit” of the III degree.

Theoretical foundations, methods, and means of the global oceanographic observation system, de-
veloped under the leadership of V. Eremeev, were the basis of the corresponding programs of the Inter-
governmental Oceanographic Commission (IOC) of UNESCO and of several countries of the Black Sea
basin. Since 1994, he was a member of the National Commission of Ukraine for UNESCO. Over
the years, he was the representative of Ukraine on the Executive Council of IOC of UNESCO
and the chairman of its Black Sea Regional Committee, as well as the chairman of the Steering Com-
mittee of the Global Ocean Observing System for the Black Sea. In 2011, recognizing his outstand-
ing contribution to the development of marine science and technology, the IOC of UNESCO awarded
him a commemorative medal.

Valery Eremeev was the author of more than 500 scientific works, inter alia 15 monographs and 3 at-
lases of the Sea of Azov — Black Sea basin, organizer and participant of numerous oceanographic
expeditions, and Editor-in-Chief of “Marine Hydrophysical Journal” (MHI) and “Marine Ecological
Journal” (IBSS). An incredible workload did not stop him from working for the good of the city:
in 1985-1992, he was a deputy of the Sevastopol City Council of People’s Deputies. In 2004, he was
awarded the sign “For Services to the Hero City of Sevastopol”.

Outstanding scientist and talented leader, he worked until the very end. After leaving IBSS in 2015
and moving to Kyiv, he remained an advisor to the Directorate of the Scientific Hydrophysical Center
of the NAS of Ukraine.

The merits of V. Eremeev as a researcher and organizer of science are numerous; his honorary
titles and awards are a sign of recognition of undoubted achievements. Among his students, there
is one Academician, seven D. Sc., and more than twenty PhDs. But could his destiny be different,
if he was nicknamed “professor” by friends in his early childhood?

The staff of the A. O. Kovalevsky Institute of Biology of the Southern Seas is deeply grateful
to Valery Eremeev for raising IBSS from the ruins in the 1990s, resuming its marine expeditionary
practice, and putting the RV “Professor Vodyanitsky” back at the service of science. For 14 years, he en-
sured the smooth movement of IBSS to new scientific achievements, with a sense of tact of a talented
leader, subtle intelligence, erudition of a 6prominent scientist, and benevolent humaneness.

Blessed memory to Valery Eremeev, endless gratitude, and respect.

Staff of IBSS
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ITAMATHU BAJIEPU A HUKOJIAEBUYA EPEMEEBA
(12.01.1942 - 31.10.2020)

Ymeén u3 xusau akagemuk Banepuiit Hukonaesnu Epemees, Bosrmasnasmumii UIHBIOM B 1999-2015 rr.
On aBtop Gosee yem 500 Hay4yHBIX TPYIOB, Cpeau KOTOpBIX 15 MoHorpadmii u 3 atnaca A30Bo-
Yepromopckoro OacceiiHa. B. H. EpemeeB Obl1 OpraHu3atopoM M y4aCTHUKOM MHOTOYHCIICHHBIX
OKeaHorpahUIecKUX IKCIeaunni, akaneMukoM HAH Ykpaunsl u nou€raeiM goktopom PAH.
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GLOBAL PROBLEMS OF THE WORLD OCEAN:
RESULTS OF THE XI ALL-RUSSIAN SCHOOL-SEMINAR FOR YOUNG SCIENTISTS

The XI All-Russian school-seminar for young scien-
rcrryn g mo tists, students, and postgraduates “Modern hydrobiology:
o Global problems of the World Ocean”, organized by IBSS
EMEHHAA TMPOEMOJ Council of young scientists, took place on 28 Septem-
10BANIbHBIE MPOBJIEM ber — 02 October 2020. Since 2001, the Institute has held
R | 11 schools-seminars for young scientists. However, this year
MaTepanei XI Beepoccuickol owna-kons-cemapa alone, all the events took place online: on the platform
A https://webinar.ru/ and on the VK social network.

In the VK group, sessions of oral and poster presenta-
tions were organized for the participants to discuss global
problems of the World Ocean and possible ways of solving
them. The organizing committee of the school-seminar as-
sessed the relevance and scale of scientific research, as well
as the presentation level. The first place among oral presenta-
tions was taken by the report of A. A. Tkachuk (Sevastopol)
Cesacronons “Influence of plastic decomposition products in the ocean

28 ceHTA6pA - 2 okTAGPs 2020 roaa
(phthalates) on the functional parameters of the Black Sea

mussel (Mytilus galloprovincialis)”. The first place among
posters was shared by reports of A. I. Ilyasova (Kazan) “Additional nidamental glands of three species
of the genus Rossia (Cephalopoda, Sepiolida) from the Barents Sea” and A. A. Paraskiv (Sevastopol)
“Study of sedimentation processes in the Black Sea using plutonium radioisotopes”.

Based on the results of the work of the sections, a book of proceedings was pre-
pared. It is uploaded in the national bibliographic database Russian Science Citation Index
(https://www.elibrary.ru/item.asp?1id=44077021), as well as in IBSS Open Access Repository
(https://doi.org/10.21072/978-5-6044865-2-8). It includes materials of reports, revealing various as-
pects of modern marine and freshwater hydrobiology and hydroecology. The publications of young
scientists from Russia and Uzbekistan highlight the results of scientific research in the field of dynam-
ics of number of hydrobionts and peculiarities of their life cycles. Some works consider mechanisms
of hydrobiont adaptation to abiotic and anthropogenic environmental factors, as well as hydrobiology
application areas.

Online participants got acquainted with the research of leading specialists on fundamental bases
of hydrobionts adaptation to environmental changes, problems of conservation and rational use of marine
biological resources, perspective directions of marine biotechnology and aquaculture, and methodology
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and organization of operational control of Black Sea biota and coastal ecosystems. Online master classes
were organized by IBSS Council of young scientists in every direction presented. The participants got
acquainted with the application of flow cytometry and chromatographic and molecular-genetic methods
in hydrobiological studies, as well as with carotenoid production technology. Lectures are available even
after the end of the school-seminar, since using the platform https://webinar.ru/ made it possible to record
all the reports and to post them on the VK social network.

Thus, the restrictions, imposed by the distance format, did not affect the process of scientific com-
munication during the school-seminar. Moreover, online broadcasts organization and reports recording
can increase the number of participants and the quality of offline conferences.

E. S. Kladchenko, IBSS

I'/TOBAJIBHBIE ITPOBJIEMbI MUPOBOI'O OKEAHA:
WTOI'! XI BCEPOCCHUVCKOM IIKOJIbI-CEMUHAPA J1JII MOJIOIBIX YUEHBIX

XI Bceepoccuiickasi IIKOJIa-CEMUHAP AJIsI MOJIOABIX YUYEHBIX, CTYIEHTOB M acnupaHToB «COBpeMeH-
Hasi TMAPOOUOJIOrHsL: Io0asbHbIe IpoOeMbl MUPOBOro OKeaHa», OpraHn30BaHHAsI COBETOM MOJIOJBIX
yuénbix OULL UHBIOM, nipomuia ¢ 28 centsiopsi mo 2 okTsa6pst 2020 r. Bee MeponpusTrsi COCTOSITUCH
B OHJIAlH-opMaTe. YUaCTHUKY O3HAKOMUIIMCH C UCCIIENOBAHUSAMMU IO (PyHIAMEHTaJIbHBIM OCHOBAM
aJlanTaluy TUIPOOMOHTOB K M3MEHEHHM OKPYXKAIOIIeH cpefpl, a TaKKe 10 MpodieMaM COXpaHeHHU s
Y PaIMOHAJILHOTO UCTIONB30BaHHUSI MOPCKHUX OMOJIOTMUECKHUX PEeCypCcoB, MEPCIEKTUBHBIM HaIpaBlie-
HUSIM MOPCKOI OMOTEXHOJIOTMU W aKBaKYJIbTYpbl, METOJJOJIOTUN ¥ OPTaHU3alUK ONePATHBHOTO KOH-
TPOJISt COCTOSTHUS OMOTH YEPHOTO MOPSI 1 IPUOPEKHBIX SKOCKCTEM. B MeponpusaTusx mpuHsIIO yda-
crue 6osee 30 gOKIAIIMKOB U ciaymaTeneil. [To pe3ynpraTam pabOTHI IKOJIBI-CEMUHAPA OATOTOBJIEH
cOOpHUK, pa3MeEHHbBIA B HAIMOHAJILHOM OuOIMorpadudeckoit 6ase nanabix PUHLIL
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ONLINE CONFERENCE
“ACTUAL PROBLEMS OF RESEARCH OF BLACK SEA ECOSYSTEMS - 2020

BCEPOCCIVICKAR OHAATIH-KOHOEPEHLI On the basis of A. O. Kovalevsky Institute of Biology of the South-
m’?,'flgmbﬂé’;f_lg:zfﬁfm; ern Seas of RAS, an online conference “Actual problems of re-
3KOCUCTEM search of Black Sea ecosystems — 2020” was held on 19-22 Octo-
ber 2020, with the financial support of Russian Foundation for Ba-
sic Research (project No. 20-04-22006). The scientific forum was
organized by IBSS, Marine Hydrophysical Institute of RAS, Insti-
tute of Natural and Technical Systems of RAS, Sevastopol State Uni-

versity, Sevastopol Branch of Lomonosov Moscow State University,

and Department of Education and Science of Sevastopol.
More then 140 researchers, representing 15 scientific and ed-
TE3UCbI JOKJIAROB ) e .
e A A ’ ucational institutions from Sevastopol, Moscow, Yalta, Simferopol,

Voronezh, Rostov-on-Don, and Novosibirsk, took part in the scientific

© forum. Using TrueConf video conferencing software, 24 oral reports

and 16 poster ones were made. Most of the reports were prepared

based on the results of the authors’ work on projects, supported by RFBR grants, inter alia on the re-

sults of investigations, which were carried out under grants from regional competitions for the best
fundamental scientific research projects, conducted by RFFR and the city of Sevastopol.

The participants of the online conference presented the results of scientific research in marine bi-
ology and ecology of aquatic and coastal systems and discussed the prospects of their practical use
for the development of innovative technologies, environmental protection, rational use of natural re-
sources, reproduction of biological resources, and aquaculture. Methods, technologies, and means were
discussed of technical support of ecological monitoring of aquatic and coastal ecosystems, information
technologies for managing sustainable development of an ecological and economic system coast — sea
of Sevastopol region; they allow establishing the permissible volumes of marine resources withdrawal.
Applied problematics of the reports is of considerable importance for planning sustainable develop-
ment of Sevastopol coastal areas, monitoring the state of the abiotic component of aquatic and coastal
ecosystems, and increasing the reliability of marine forecasts.

A project of a new methodology was presented of system modeling for managing scenarios of nomi-
nal seafood production volumes in a natural and economic complex coast — the Sevastopol Bay. The need
was shown to use new models and digital information technologies for managing assimilation resources
of the Sevastopol Bay and recreational potential of resort facilities in the Sevastopol region; indicators
of pollution and biodiversity were proposed as criteria for assessing the ecological state of marine ecosys-
tem, as well as level of ecological safety of marine environment for recreation. For rational planning
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of sustainable development of agriculture in Crimea and Sevastopol, the speakers analyzed the effect
of climatic conditions on viniculture by agroclimatic indicators; work in this field will help in predicting
conditions for grapes growth throughout the life of vines. The mechanisms were studied of the effect
of penalties for marine environment pollution of Sevastopol inner bays on the efficiency of economic
systems, operating in coastal area. Based on bioindication methods, approaches were presented to eco-
logical monitoring of the state of marine environment, aimed at assessing marine environment quality
by biochemical response of fish blood parameters, as well as bioluminescence indicators of gelatinous
animals. Such approaches expand the prospects of a comprehensive assessment, infer alia operational
one, of the state of coastal area.

The need was substantiated to carry out microbiological research of aquaculture of Black Sea bi-
valve molluscs; methods were proposed of phage detection and phage identification of infections, caused
by halophilic vibrios, which are pathogenic to Pacific oyster cultivated. The development of this research
direction helps to solve the urgent problem of containing the spread of infectious diseases of molluscs
during their industrial cultivation.

The current ecological state of Sevastopol coastal areas, water areas, and shelf zones, as well as their
suitability for recreation were assessed by analysis of satellite data and using unmanned aerial vehicles.
The results were presented of mathematical modeling of currents and eddies in the Kalamitsky Bay
and Sevastopol area, as well as level of precipitation, inter alia extreme one, in Crimea and monitoring
of coastal water subsequent pollution by storm runoffs, performed both by a surface unmanned vehicle
and by a working model of an autonomous miniship with a set of sensors for physical and chemical
indicators of marine environment and an intelligent control system. The assessment was carried out
of changes and variability of anticyclonic activity indicators in Black Sea area. These works are of great
applied importance; moreover, they serve as a key part of the system for forecasting atmospheric effects
on hydrological situation. Experimental models of movement of landslide blocks were proposed; a project
for reclamation of landslide-prone sectors of Sevastopol coastal area was presented.

Studies of fish taxonomic characters and biological peculiarities were carried out; the data obtained
were used, inter alia, to form the basis of computer taxonomic guides. Modern data are presented,
describing the state of taxonomic diversity and quantitative development of several groups of Black
Sea hydrobionts (diatoms and cyanobacteria — foulers of polymer substrates on marine farms, as well
as polychaetes, ascidians, molluscs and crustaceans, soft-shelled foraminifera and gromiids, trematodes,
and phytoplankton complex of Black Sea pelagic zone). Current molecular genetic approaches were
presented to the analysis of taxonomy and phylogeny of Black Sea hydrobionts, with the corresponding
results. The obtained data on AqE gene representation, structure, and evolution in aquatic vertebrates
help in analyzing its differential expression under various conditions, and this is to contribute to a better
understanding of mechanisms of hydrobiont resistance to stress.

The participants of the online conference presented the results of theoretical and experimental studies
of the state of the Black Sea and the atmosphere above it in the Crimea region. A method was proposed
of environmental air monitoring for meteorological monitoring of coastal areas and, as a part of gas
analytical complexes, for atmosphere monitoring at toxic and explosive enterprises.

Analysis of the dynamics of ecosystem abiotic parameters of Sea of Azov coastal area helps to make
a near-term forecast of their changes in relation to the effects of global warming. Reduce of the vol-
ume of Don River annual runoff, changes in water hydrochemical composition, and radical transforma-
tions of its intra-annual distribution are considered the main factors of a possible ecological disaster
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in Tsimlyansk Reservoir area and in Lower Don basin. The need was emphasized to make a state
comprehensive target programme on the recovery and development of the water management complex
of the Don River and Sea of Azov to ensure food security in Russia. The study of the long-term dynamics
of the hydrochemical indicators of Sea of Azov water shows a persistent tendency towards its significant
salinization.

A new approach was presented to the development of wireless power transmission systems when
charging batteries of autonomous electric vehicles; this assumes a complete absence of spurious radia-
tion, and, accordingly, of a harmful effect on human and the environment. The use of wireless methods
of energy transmission is very promising for the development of urban transport infrastructure, especially
in coastal areas (recreation-oriented ones).

Several reports were focused on the results of biogeochemical studies. An original technique
of sorbent production for lead extraction from seawater was presented. Results of field measurements
of cosmogenic phosphorus and bismuth in Sevastopol area seawater were shown. Taking into account
the relevance of studying alternative sources of water supply in the region, the researchers presented
the results of the analysis of submarine groundwater discharge volumes in one of Sevastopol coastal areas
and of water quality by a number of physical and chemical indicators. A balance estimate was carried out
of the inflow into the Black Sea with Chernaya River water of biogenic elements, organochlorine com-
pounds, trace elements, and anthropogenic radionuclides. The biogeochemical role of suspended matter
was studied; as shown, it can significantly accelerate the biogeochemical cycles of turnover of heavy
metals in the marine environment, as well as promote water self-purification.

The participants noted high methodological level of the works presented, good theoretical basis
of the studies, their practical significance, and the need to coordinate research and practical activities
of scientists to solve the pressing problems of Sevastopol. The participants agreed on the importance
of regular scientific conferences.

The abstracts of the reports can be found in the conference proceedings:
https://elibrary.ru/item.asp?id=44110968. Videos of oral and poster presentations are available
on the scientific forum webpage: http://ibss-ras.ru/science/scientific-activities/actual-problems-
of -research-of -black-sea-ecosystems-2020/.

Kornyychuk Yu. M., Pospelova N. V., and Velichko N. V.

OHJIAMH-KOH®EPEHIIAA
«AKTYAJIBHBIE ITPOBJIEMbI U3YYEHUA YEPHOMOPCKHUX 9KOCUCTEM — 2020»

IpuBesens! pe3ynbTaThl paOOTHl OHJIAHH-KOH(MEPEHINN «AKTyaJIbHbIE TPOOIEMbl U3yYeHHsT YePHO-
MOpcKHX 3KocucteM — 2020», cocrosBiieiicss 19-22 okrs6ps 2020 r. Ha 6aze PUL] MuBIOM.
B dopyme npunsiu yuactre 6onee 140 uccnenoBaTesnei, MpeACTaBIABIINX 15 POCCUICKUX HAYIHBIX
1 00pa30BaTEbHBIX YUPEKACHUI.
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