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FISHING UNDER CLIMATE CHANGE:
DYNAMICS OF COMPOSITION AND STRUCTURE OF CATCHES
IN THE RUSSIAN BLACK SEA IN THE XXI CENTURY
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Currently, the Black Sea ecosystem is undergoing significant changes, and that affects the dynamics
of the species composition of catches. The main reasons for the change in the Black Sea ichthyofauna
are considered to be: fishing, anthropogenic water pollution, invasion of new species, and the effect
of large-scale climatic and related oceanological and hydrological processes on the productivity char-
acteristics of commercial Black Sea fish. With no understanding the patterns of the effect of these
factors on ichthyofauna, it is impossible to rationally use bioresources and protect nature. The aim
of the work was to study the effect of climate warming on the species composition and structure
of catches in the Russian Black Sea in the XXI century. The authors had used: the results of own
ichthyological observations; data published on the composition of the Black Sea catches; and the in-
formation available on the official websites of the Ministry of Agriculture of the Russian Federation,
the Federal Agency for Fishery, and its Sea of Azov — Black Sea Territorial Administration. The analysis
of the possible effect of global warming on the results of fishing in the Russian Black Sea was carried out.
It is shown that in the XXI century, the ratio of thermophilic fish, which spawn in the summer, increased;
those species are European anchovy Engraulis encrasicolus (Linnaeus, 1758), red mullet Mullus barba-
tus Linnaeus, 1758, and horse mackerel Trachurus mediterraneus (Steindachner, 1868). As established,
the dynamics of the ichthyofauna in the area is determined by at least four processes related to water
warming: improvement of reproduction conditions and increased survival of eggs and juveniles of ther-
mophilic species; change in the intraspecific structure; invasion and naturalization of Mediterranean
species with the subsequent change in the food relationships within the ecosystem; and concentration
of psychrophilic species at greater depths. The need for a thorough study of this issue is concluded,
aimed at long-term forecasting of the raw material base state of the fishing industry in the Russian
Black Sea.

Keywords: global warming, fishery, Black Sea, European anchovy, Engraulis encrasicolus, European
sprat, Sprattus sprattus, red mullet, Mullus barbatus, horse mackerel, Trachurus mediterraneus

The territory of the Russian Federation is washed by 13 seas; out of them, the Arctic ones only,
except for the Barents and White seas, are not fishing areas. The Black Sea is not highly productive:
benthic organisms inhabit only 20 % of its bottom area due to the hydrogen sulfide zone. The Black Sea
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biological productivity is low: about 300 kg-km™ (Kuranova & Moiseev, 1973). However, fishing
in the Black Sea area has been known since ancient times (Zaika, 2008) and has experienced ups
and downs in its history. In the second half of the XX century, the total catch of all the Black Sea
countries reached 600 thousand tons; out of that, the USSR accounted for 200-250 thousand tons
(State of Biological Resources of the Black and Azov Seas, 1995).

In the Black Sea, the catch of aquatic biological resources peaked in the 1980s: during that period,
the total annual catch exceeded 850 thousand tons (Fig. 1). Then, there was a steady decline in catches:
by 1996, those amounted to 396 thousand tons. Thus, over a decade, the catch in the Black Sea decreased
by more than 2 times.
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Fig. 1. Total catch of aquatic biological resources in the Black Sea in 1970-2010 (Shlyakhov et al., 2018)

The species composition of the catches changed as well. Until the 1950s—1960s, catches mostly con-
sisted of nutritionally valuable species: Atlantic mackerel Scomber scombrus Linnaeus, 1758, Atlantic
bonito Sarda sarda (Bloch, 1793), mullets of the family Mugilidae, horse mackerel Trachurus mediterra-
neus (Steindachner, 1868), Black Sea turbot Scophthalmus maeoticus (Pallas, 1814), herrings Alosa spp.,
and sturgeons of the family Acipenseridae. Later (until the 1990s and up to the present), catches consisted
mostly of European anchovy Engraulis encrasicolus (Linnaeus, 1758) and European sprat Sprattus sprat-
tus (Linnaeus, 1758). The catch of the Black Sea fish in the USSR was maximum in the 1970s—1980s,
averaging 57 thousand tons; it included mostly European anchovy and European sprat, with their ratios
in the total catch reaching 81 and 12 %, respectively (Balykin, 2014).

Over the entire history of observations in the Black Sea, 180 fish species have been recorded;
out of them, 110 are of Atlantic origin, 2 are of Indo-Pacific origin, 2 are of Pacific origin,
33 are the Black Sea endemics, 21 are endemics of the Mediterranean basin, 11 are cosmopoli-
tans, and 1 species (sterlet Acipenser ruthenus Linnaeus, 1758) is common in European freshwater
and brackish water (Black Sea Fish Check List, 2020). Among the invaders currently actively spreading
in the Black Sea area, Lithognathus mormyrus (Linnaeus, 1758), Sarpa salpa (Linnaeus, 1758), and Go-
bius xanthocephalus Heymer & Zander, 1992 are to be noted (Yankova et al., 2013). Out of the total

Mopckoii 6uosorrueckuii xypHan Marine Biological Journal 2021 vol. 6 no. 3



Fishing under climate change: Dynamics of composition and structure of catches... 5

number of species, about 20 % are fishing objects (State of Biological Resources of the Black
and Azov Seas, 1995). At present, the fishing species are as follows: European sprat, European anchovy,
whiting Merlangius merlangus (Linnaeus, 1758), Black Sea turbot, flathead grey mullet Mugil cephalus
Linnaeus, 1758, golden grey mullet Chelon auratus (Risso, 1810), red mullet, horse mackerel, spiny dog-
fish Squalus acanthias Linnaeus, 1758, thornback ray Raja clavata Linnaeus, 1758, common stingray
Dasyatis pastinaca (Linnaeus, 1758), garfish Belone belone (Linnaeus, 1758), bluefish Pomatomus salta-
trix (Linnaeus, 1758), Atlantic bonito, blotched picarel Spicara maena (Linnaeus, 1758), Atlantic mack-
erel, and Atherina spp. In recent decades, the commercial part of the Black Sea ichthyocene was re-
plenished by the Far Eastern so-iuy mullet Planiliza haematocheila (Temminck & Schlegel, 1845),
which successfully acclimatized in the Sea of Azov — Black Sea basin (Balykin & Startsev, 2017).

The Mediterranean and Black seas are the areas where, according to the United Nations Convention
on the Law of the Sea (Konventsiya OON, 2020), coastal countries are to cooperate on aquatic biological
resources management and scientific research. In the Mediterranean basin, regional fishery management
is carried out by the General Fisheries Commission for the Mediterranean (GFCM). Its activities extend
to the Black Sea. However, in this water area, there is no regional fishery regulation, since only three
coastal countries — Bulgaria, Romania, and Turkey — have GFCM membership, and there is no agreement
on fishery between all the Black Sea countries. The leading position in terms of the annual catch volume
of aquatic biological resources is held by Turkey: it accounts for more than 75 % of the catch. The second
and third places are occupied by Russia (Shlyakhov et al., 2018) and Ukraine, respectively. Ratio of each
of the other countries in the area is about 1 % (Drozdov, 2011).

The main reasons for the change in the Black Sea ichthyofauna are considered to be as follows: fish-
ing, invasion of new species, anthropogenic pollution, and the effect of large-scale climatic and related
oceanological and hydrological processes on the productivity characteristics of commercial Black Sea
fish (Drozdov, 2011 ; Tsikliras et al., 2015 ; Zaitsev et al., 2002). One of the best known and most
widely discussed global climatic processes is warming; according to instrumental observations, it is most
pronounced in the last 35 years (Toropov et al., 2018 ; Sakalli & Sakalli, 2018). Global warming is ev-
ident in the Black Sea area as well (Rybak & Rybak, 2013). As established, warming of the Black Sea
surface in 1982—2009 averaged 0.06 °C-year™! (Ginsburg et al., 2011). Climate change in the Black Sea
area is manifested mainly in the summer season, during which a statistically significant positive tem-
perature trend is recorded throughout its territory, reaching 1 °C in 10 years (Toropov et al., 2018).
Thus, in the Sukhumi area, the mean temperature of the Black Sea water in July increased by 2.2 °C
in the period 1994 to 2016 (Dbar et al., 2018).

The work was aimed on studying possible effect of climate warming on the species composition
and structure of catches in the Russian Black Sea in the XXI century.

MATERIAL AND METHODS

The data published on the composition of the Black Sea catches (Kozhurin et al., 2018 ; Kumantsov
et al., 2012 ; Luts et al., 2004 ; Cardinale et al., 2017) was used, as well as the information available
on the official websites of the Ministry of Agriculture of the Russian Federation (2020), the Federal
Agency for Fishery (2020), and its Sea of Azov — Black Sea Territorial Administration (2020).

The obtained results of studying possible changes in the ichthyofauna components based on the ex-
ample of catches do not claim to be completely reliable, primarily due to the inaccuracy of fishing
reports (Balykin & Boltnev, 2014). Therefore, the authors additionally used for the analysis the results

Mopckoii buosnornueckuii kypHan Marine Biological Journal 2021 vol. 6 no. 3



6 P. A. Balykin, D. N. Kutsyn, and A. V. Startsev

of ichthyological observations carried out by IBSS researchers. Fish were caught April to October in 2012
and 2018, with BS-3 trap nets with a 12-mm mesh; the trap nets were installed on sand sediments both
in the Karantinnaya Bay mouth at a depth of 10-12 m and in the Sevastopol Bay water area.

RESULTS

The state authorities of Russia — the Ministry of Agriculture and the Federal Agency for Fish-
ery — summarize the data on the catch of aquatic biological resources for the fishery basins (Makoe-
dov, 2014). In 2001-2018, the catch in the Sea of Azov — Black Sea basin was of 25-103.4 thou-
sand tons (Fig. 2). In 2018, the total Russian catch exceeded 5 million tons; so, this area does not play a sig-
nificant role in domestic fishery. Nevertheless, fishing in the Sea of Azov — Black Sea basin significantly
contributes to the development of the regional economy.

120 ¢
100

30

Landings, thous. t

0

Fig. 2. Russian catches in the Sea of Azov — Black Sea basin

The water area studied can be divided into two parts: the waters of the Caucasian coast (northeastern
area) and the waters of the Crimean Peninsula.

In the northeastern Black Sea, 102 fish species were recorded in the catches of commercial fishing
gear in 1993-2002 (Nadolinskii, 2004). The state of commercial fish stocks is characterized as unstable.
In this area, fishing with all fishing gear is multi-species; however, statistics takes into account the main
species alone, whereas by-catch goes under the main species name at best or, at worst, is thrown over-
board. The use of blocked and balanced quotas can contribute to a more complete development of marine
biological resources and a balance in fishing efforts (Kumantsov et al., 2012 ; Nadolinskii, 2004).

In the northeastern Black Sea, the main fishing objects are two species accounting for about 90 %
in the total catch: European anchovy (> 60 %) and European sprat (> 30 %). Other species account
for less than 10 % (Balykin, 2014). In the total stock of explored biological resources (about 300 thou-
sand tons), a significant part (about 42 % of all stock and more than 53 % of the volume of possible
catch) consists of the objects, which are not currently used due to the lack of the technological base
required for processing: small crustaceans, molluscs, algae, and seagrass (Dudkin et al., 2011).

Mopckoii buosnorrueckuii xypHain Marine Biological Journal 2021 vol. 6 no. 3



Fishing under climate change: Dynamics of composition and structure of catches. .. 7

Significant variations in the catch can result from the dynamics of its composition. To confirm
this assumption, the authors used the data published on the composition of the Black Sea catches
in 2001-2003 (Luts et al., 2004) and 2009-2011 (Kumantsov et al., 2012), as well as the material
for recent years, 2016-2018, available on the official websites of the Federal Agency for Fishery and its
Sea of Azov — Black Sea Territorial Administration. The species composition of catches, averaged over
the periods indicated, is shown in Fig. 3.

Whiting 00105 Red mullet

2% 1%

So-uy
mullet

2009-11  py

So-uy
mullet

1% 1%
2016-18 Native
Horse mullets
mackerel 1% Red

1%

mullet

2%

Fig. 3. Contribution of the most common fish species to the structure of Russian catches in the northeastern
Black Sea in different periods of the XXI century

The main phenomenon to focus on is the change of dominant species in the composition
of catches (Fig. 3). During the study period, the ratio of European sprat decreased by more than
2.5 times, and the contribution of European anchovy increased by the same value. Among other impor-
tant processes, it is worth noting a twofold increase in red mullet catches (up to 300-560 tons per year),
an almost complete disappearance of whiting and so-iuy mullet (less than 1 ton), and a significant in-
crease in horse mackerel catches (130-330 tons per year) and Black Sea mullet catches (90-270 tons)
in 2016-2018 (Fig. 3).

Mopckoii buosnornueckuii xkypHan Marine Biological Journal 2021 vol. 6 no. 3



8 P. A. Balykin, D. N. Kutsyn, and A. V. Startsev

The dynamics of catches in the waters of Crimea (Crimean — Black Sea fishing area) is given
according to data published (Kozhurin et al., 2018) and is supplemented by the information for 2018
from the website of the Federal Agency for Fishery. In this water area in 2001-2018, from 18.9 thou-
sand tons (2007) to 72.9 thousand tons of fish (2016) were caught. To study possible variations
in the species composition, the authors chose the same time intervals as for the northeastern Black Sea:
2001-2003, 2009-2011, and 20162018 (Fig. 4).

2001-2003 2009-2011
Spiny Spj Whiti
. iting: in ing;
dogﬁjh, Rays; vr)hégsf’ Mullets; o d ogﬁ 53;1 0.05
Horse 026% (9300 0.05% o 07 Ravs:
mackerel; I Black and mpckerel, = 0.09 Mullets;
) | ack an 0.6 0.1
0.70% | Caspian
Sea sprat;

0.01%

Black and
20162018 Caspian
Sea sprat;
Rays; 0.07 0.01
H(;(rse ;. Garfish; Spiny
mackerel;_ 0.01. Mullets; dogfish;
34 0.5

0.06

Fig. 4. Contribution of the most common fish species to the structure of Russian catches in Crimean —
Black Sea area in different periods of the XXI century

The species composition of catches in the waters of Crimea changed similar to that in the waters
of the Caucasian coast. During the study period, the ratio of European sprat decreased by 4 times
(80 to 20 %), while the ratio of European anchovy increased approximately in the same proportion
(16.5 to 75 %). Other changes include the complete disappearance of so-iuy mullet (< 0.3 tons),
more than 10-fold increase of red mullet catches (7 to 300-571 tons per year), 10-fold increase
of Black Sea mullet catches (270-275 tons in 2016-2018), 4-fold increase in herring catches
(20-34 tons in 2016-2018), and almost 4-fold increase in horse mackerel catches (about 2 thousand tons
in 2016-2018) (Fig. 4).

Mopckoii buosnorrueckuii xypHain Marine Biological Journal 2021 vol. 6 no. 3



Fishing under climate change: Dynamics of composition and structure of catches... 9

The data published, which are presented above, are in good agreement with the results of our own
ichthyological observations carried out in the coastal water of the southwestern Crimea using trap nets.
In 2012, 1,258 specimens of different fish species were examined; in 2018, 861 specimens were exam-
ined. The ratio of thermophilic species in the catches increased. Thus, during the study period, the ratio
of greater weever increased more than 3 times, and horse mackerel — almost twice; at the same time,
whiting almost disappeared from coastal catches (Fig. 5).

Fig. 5. Fish species composition in Sevastopol coastal waters in April — October 2012 and 2018

DISCUSSION

To date, it has been established that climate warming has a profound effect on the dynamics of ichthy-
ofauna and fishing on a global scale (Cheung et al., 2013).

The most noticeable trend is the increase in the thermophilic species catch, which is clearly seen
on the example of Crimean — Black Sea fishing area. For catches of European anchovy (Fig. 6a),
horse mackerel (Fig. 6b), and red mullet (Fig. 6¢), a pronounced correlation was revealed between

Mopckoii buosnornueckuii kypHain Marine Biological Journal 2021 vol. 6 no. 3



10 P. A. Balykin, D. N. Kutsyn, and A. V. Startsev

the logarithm of catch values and the sea surface temperature shifted by two years (approximate age
at maturity). Thus, European anchovy had a linear correlation coefficient r = 0.52 at p = 0.027; horse
mackerel had r = 0.46 at p = 0.057; and red mullet had r = 0.57 at p = 0.013. An increase in the ratio
of thermophilic species in catches amid global climate warming may be related to the improvement of re-
production conditions and an increase in the duration of spawning and feeding periods. Thus, at present,
a change is recorded in the species composition and abundance of ichthyoplankton, which is character-
ized by an increase in the ratio of early stages of summer-spawning thermophilic fish: red mullet, horse
mackerel, and European anchovy (Nadolinskii & Nadolinskii, 2018). An increase in the European an-
chovy productivity in the Russian Black Sea is registered by other researchers as well (Dudkin et al.,
2011 ; Zuyev, 2019).
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Fig. 6. Correlation between the logarithm of catch values of European anchovy (a), horse mackerel (b),
and red mullet (c) and sea surface temperature (SST) (Federal’noe agentstvo po rybolovstvu, 2020) shifted
by two years

Along with an increase in the abundance of various fish species, one can observe a change in the in-
traspecific structure of the ichthyofauna, namely an increase in the ratio of the Azov form of European
anchovy (Kozhurin et al., 2018). This may be due to the expansion of its range under increasing salinity
of the Sea of Azov, which results from climate changes as well.
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Another manifestation of water warming effect is the expansion and displacement of the ranges
of the tropical species to high latitudes. Within the Black Sea, those processes result in the intensive
invasion of species from the Mediterranean Sea. To date, the number of invasive species and subspecies
of the ichthyofauna is 21 (Yankova et al., 2013); taking into account climatic trends, we can conclude
that the list will expand.

Climate changes are bound to affect all the ecosystem components, which naturally affects
the ichthyofauna composition and structure. A good example is the invasion of the predatory
ctenophore Beroe ovata Bruguiere, 1789 in the Black Sea. As a result of its invasion, the abundance
of the ctenophore Mnemiopsis leidyi A. Agassiz, 1865 decreased significantly, and this led to the restora-
tion of the zooplankton and pelagophilic fish abundance (Shiganova et al., 2003). Other changes,
less noticeable ones, in the peculiarities of food relationships are likely as well, inter alia among
native species.

Climate warming effect on the dynamics of the abundance and distribution of psychrophilic species
can also be observed on the example of whiting. With a decrease in catches in coastal water area,
its commercial catch with trawls at a depth of 50 m and deeper increases (Kozhurin et al., 2018),
which may indicate a vertical redistribution of its population. This is most likely related to global
climate changes as well, which is confirmed by hydrological observations. Thus, a long-term in-
crease in the depth of the upper quasi-homogeneous layer in the warm season was established. Until
the 2000s, its thickness in the summer period was of 6—8 m; after 2010, the values on average exceeded
10 m (Kubryakov et al., 2019).

Conclusion. The dynamics of ichthyofauna and commercial catch in the Russian Black Sea
in the XXI century are determined by at least four processes directly or indirectly related to water
warming:

1) an improvement of reproduction conditions and increased survival of eggs and juveniles
of thermophilic species, such as European anchovy, horse mackerel, and red mullet;

2) a change in the intraspecific structure observed on the example of European anchovy;

3) an invasion and naturalization of Mediterranean species with the subsequent change in the food
relationships within the ecosystem;

4) a concentration of psychrophilic species at greater depths.

In order to assess consequences of climatic processes for the resource base of the Black Sea
and ichthyofauna in total, the entire available dataset of scientific observations should be analyzed:
hydrological, hydrobiological, and ichthyological ones.

This work was carried out within the framework of state research assignments of SSC RAS “Assessment of the cur-
rent state, analysis of the processes of aquatic biological resources formation in the southern seas of Russia under an-
thropogenic stress, and development of scientific foundations of the technology for ichthyofauna restoration, as well
as for conservation and restoration of valuable fish species” (No. 01201354245) and IBSS “Regularities of forma-
tion and anthropogenic transformation of biodiversity and biological resources of the Sea of Azov — Black Sea basin
and other areas of the World Ocean” (No. 121030100028-0).
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PBIBOJIOBCTBO B YCJIOBUAX KJIMMATUYECKHUX U3MEHEHUM:
MTMHAMMKA COCTABA U CTPYKTYPBI VJIOBOB
B POCCUMCKOM YACTHU YiEPHOI'O MOPS B XXI BEKE

IL. A. Baapikun!, I, H. Kynpin?, A. B. Crapues'

Ok mbrit HayuHbIH 1IeHTp Poccuiickoii akanemrn Hayk, PoctoB-Ha-/lony, Poccuiickas ®eneparms
2OI'BYH ®ULL «MHCTUTYT GHONOTMH 105KHBIX Mopeil umenn A. O. Kosanesckoro PAH»,
CesacrormnoJb, Poccuiickas ®enepanus
3 ToHcKoii rocy1apCTBEHHbIA TEXHIUECKUIA YHUBEpCUTET, PocToB-Ha-{oHy,
Poccuiickas ®enepauus
E-mail: balykin.pa@rambler.ru

B nHacrosmee Bpems 3kocrctema YEpHOro Mopsl MpeTepreBaeT CyIleCTBEHHbIE N3MEHEHHs, UTO 3a-
KOHOMEPHO OTpakaeTcsl Ha AWHAMUKE JIEMEHTOB YJIOBOB phIO. [JTaBHBIMM NTpUYMHAMH U3MEHEHUS
nxtruodayHsl YEPHOTO MOPSI CUUTAIOTCS: PHIOOJIOBCTBO, aHTPOIIOTEHHOE 3arpsi3HEHNE BOJI, BCEJIeHHe
HOBBIX BWJIOB, BJIMSIHUE KPYITHOMACINTAOHBIX KJIMMATHUYECKMX U CBSI3aHHBIX C HUMM OKEaHOJIOTHye-
CKUX U THJIPOJIOTMUYECKUX TMPOIECCOB HA MOKa3aTed YPOKANHOCTH MPOMBICJIOBBIX phiO. be3 moHu-
MaHHs1 3aKOHOMEPHOCTE!N BO3/IEHCTBHUS STHX (DAKTOPOB HA MXTHO(AYHY HEBO3MOXKHBI palluOHATIbHOE
KCIIOJIb30BaHUE OMOPECYPCOB U OXpaHa Hpupojsl. 1lenpio paboThl ObLIO U3YyUYUTh BIAMSHUE MOTEILIe-
HUS KJIFIMaTa Ha COCTaB U CTPYKTYPY YJIOBOB B poccuiickoi yactu Y€pHoro mopst B X XI Beke. ABTO-
PBI UCTIOJIB30BAJIN: PE3YJIbTaThl COOCTBEHHBIX MXTUOJIOTMIECKUX HAOIIOAEHHIT; OITyOJIMKOBaHHBIE JaH-
HBIE O COCTaBe YePHOMOPCKHX YJIOBOB; HH(OPMAIIUIO, TOCTYITHYIO Ha O(DUIMATBHBIX caliTax MUHCeb-
x03a P®, PocpribonioBeTBa 1 ero A30B0-UepHOMOPCKOTO TepPUTOPUATIBHOTO yITpaBJieHus. BoinoiHeH
aHaJIM3 BJIUSTHUS MPOIECCOB MIOOATBHOIO MOTEIUICHHUSI HA PE3yJIbTaThl PHIOOJIOBCTBA B POCCHICKOMN
yactu Yéproro mops. [TokaszaHo, yro B XXI Beke BO3pociia 10151 TEILIONIOOUBBIX PhIO, HEPECT KOTO-
PHIX TPOUCXOIMT JIETOM: XaMchl Engraulis encrasicolus (Linnaeus, 1758), 6apabynu Mullus barbatus
Linnaeus, 1758 u craBpunsl Trachurus mediterraneus (Steindachner, 1868). YcraHOB/IEHO, UTO AMHA-
MUKa UXTHO(ayHHI B PETMOHE OTpe/eNisieTcs] KAK MUHUMYM YeThIPbMsI TIPOIIECCAMHU, CONPSIKEHHBIMU
C MOTETUICHUEM BOJI: YJTyUIIIEHHEM YCJIOBUI BOCIIPOM3BOJICTBA M POCTA BRKUBAEMOCTH VK PhI U MOJIOJTU
TEIJIOMIOOUBBIX BUIOB; N3MEHEHUEM BHYTPHUBUIOBON CTPYKTYphI; BCEJICHUEM U HATypaiu3alluel BU-
JoB 13 Cpeaqu3eMHOro MOpsI € MOCTeYIONIM U3MEHEHUEM XapaKkTepa MUIIEBhIX B3aMMOOTHOIIICHUI
BHYTPH 9KOCHCEMBbI; KOHLICHTPALIMeH XO0JIOJOMOOMBBIX BUIOB Ha O0JbIUX rmyOuHax. ChesaH BBIBOJ
0 HEOOXOMMOCTH THIATEILHOTO U3YYEHHUs BIUSHUS MOTEeIUIeHUs BoJ, YEpHOro MOpsI B IIEJISIX JIONTO-
CPOYHOTO MPOTHO3UPOBAHUSI COCTOSTHUS CBIPbeBOM 0a3bl pPHIOHON MPOMBIIIIIEHHOCTA Y€PHOMOPCKOTO
GacceiiHa Poccun.

KuroueBbie cioBa: r106anbHOE MOTEIUICHUE, PHIOOTIOBCTBO, UE€pHOoe Mope, xamca, Engraulis
encrasicolus, mmnpor, Sprattus sprattus, 6apadyns, Mullus barbatus, craBpuna, Trachurus mediterraneus
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The Lena River in the Laptev Sea forms a vast delta, one of the largest in the world. The Ust-Lensky
State Nature Reserve saves biodiversity on the Lena Delta territory beyond the Arctic Circle, in the zone
of continuous permafrost. In recent years, large-scale plans for the development of extractive industries
are implemented in this Russian Arctic sector. In this regard, the study of biodiversity and bioindication
properties of aquatic organisms in the Lena River estuary area is becoming more and more relevant.
This study aims to identify the species composition of microalgae in lotic and lentic water bodies
of the Lena River Delta and use their indicator property for water salinity. It was a trace indicator
of species distribution over the delta and their dynamics along the delta main watercourses to assess
the impact of river waters on the Laptev Sea coastal areas. For this, all previously published materi-
als on algae and chemical composition of the region waters as well as data obtained in recent years
for the waters of the lower Lena reach were involved. In total, 700 species considered to 10 phyla
were analyzed: Cyanobacteria (83), Euglenozoa (13), Ochrophyta (Chrysophyta, Xanthophyta) (41),
Eustigmatophyta (4), Bacillariophyta (297), Miozoa (20), Cryptophyta (3), Rhodophyta (1), Chloro-
phyta (125), and Charophyta (111). The available materials of the field and reference observations
were analyzed using several statistical methods. The study results indicate that hydrological conditions
are the main factor regulating the spatial structure of the species composition of the microalgae com-
munities in the Lena River Delta. The distribution of groups of salinity indicators across flowing water
bodies reflects the effect of water salinity, and this allows suggesting possible sources of this effect.
The mechanism of tracking the distribution of environmental indicators itself is a sensitive method, that
reveals even their subtle changes in them; therefore, as an integral method, it can be helpful for further
monitoring.

Keywords: large river, delta, algae, bioindication, statistical mapping, Lena River, Russian Arctic

In terms of their role as natural “recorders” of global environmental changes (Bianchi & Allison,
2009), the ecosystems of the deltas of large rivers, such as the Lena, are recognized important for study.
In the estuary, the Lena River forms a delta with an area of 30 thousand km?, the third among the most sig-
nificant river deltas globally and the first on the territory of Russia (Bol’shiyanov et al., 2013). The Lena
River lower reaches and the Laptev Sea coastal areas are protected by the Ust-Lensky State Nature Re-
serve and the most significant Russian biosphere reserve Lena Delta with more than 60 thousand km?.
The regional water bodies are located beyond the Arctic Circle, north of 71°N, in the zone of con-
tinuous occurrence of permafrost soils, where ephemeral water bodies are widespread in the absence
of drainage: streams and hollows. The region is rich in marshes and lakes typical of the Arctic tundra.
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In the Lena River lower reaches, as in the lower reaches of other large Arctic rivers, large mixing of fresh-
water and salt water occurs, where so-called marginal zones can form. Recently, an increase in the ac-
tivity of industrial development of the region has been noted. In 2017, “Rosneft” oil company started
seismic exploration on the Laptev Sea shelf. Therefore, the anthropogenic load here increased. Under
these conditions, the urgency of maintaining the biodiversity of aquatic ecosystems in the region rises,
especially in the marginal zone, where the role of ecotones is very significant, as proven by several re-
searchers (Schilthuizen, 2000 ; Smith et al., 1977). Large rivers, such as the Lena, flowing in the merid-
ional direction, are natural channels for advancing southern species to the North. Such invasive species
can thus replenish the flora of the Lena River Delta and coastal areas. Besides, estuarine areas of large
rivers are not only biodiversity reserves but also areas of speciation processes (Popa et al., 2016).

Data on algae in water bodies in the Lena River estuary were published in several works. The de-
posited manuscript of I. Vasil’eva and P. Remigailo contains the first species list for the Lena River
lower reaches, comparative floristic analysis of algae, and information on saprobiological state of water
bodies in the region (Vasil’eva & Remigailo, 1986). Some data on the species composition of the re-
gion algae are presented in the reports of the Tiksin Territorial Administration for Hydrometeorol-
ogy and Environmental Monitoring (Pavlyukova, 1993a, b), as well as in the references on algae
of the Laptev Sea (Druzhkova & Makarevich, 2013 ; Gogorev, 1994 ; Okolodkov, 1998, 1992 ;
Sukhanova et al., 2017 ; Timofeev, 1998 ; Zernova et al., 2000). The information available concerns
mainly plankton and to a small extent moss pomace. Despite a long history of algological studies,
there is no generalization and analysis of the material accumulated. The available data were sum-
marized to analyze the taxonomic composition and spatial structure for the microalgae communities
in the lower Lena (Gabyshev et al., 2019a). A species list of algae was published (Gabyshev et al.,
2019b) as part of a regional analysis of the climatic gradient effect on algae communities (Barinova
et al., 2015, 2014). Data on the physicochemical characteristics of the lakes in the Lena River lower
reaches are given in the works of T. Trofimova (2013a ; 2013b).

The work is aimed at assessing the impact of river waters on the coastal sea areas of the Laptev
Sea. For this, the species composition of the microalgae communities in lotic and lentic water bodies
of the Lena River Delta was identified, in order to determine the species — indicators of water salinity,
as well as to trace their spatial distribution over the delta flowing and standing waters and their dynamics
along the delta main waterways.

MATERIAL AND METHODS

The material comes from phytoplankton samples collected in September 2009 in the Lena River
(area of Tit-Ary Island) and in August — September 2014 in the Tiksi Bay and Neelova Gulf
of the Laptev Sea, as well as in the lakes of the Tiksi Bay and Neelova Gulf and in the Olenyokskaya delta
channel, at 41 stations in total. We also included floristic study data from recent references, where species
of algae and cyanobacteria were revealed in the delta as mentioned above. Phytoplankton samples were
taken using the Apstein plankton net (SEFAR NITEX gas, mesh size 30 um) in the littoral and pelagic
zones of water bodies from the surface water horizon (0-0.3 m). A total of 100 planktonic and 3 hydro-
chemical samples were collected; their processing was carried out at the Institute for Biological Problems
of Cryolithozone of the Siberian Branch of the Russian Academy of Sciences. For the identification of di-
atoms, 70 permanent preparations were made by calcining the valves and placing them in a Bio Mount
synthetic resin. Microscopic examination of preparations was carried out under microscopes “Laboval”
and “Olympus BH-2” according to standard methods. Water chemical analyses followed the methods
set out in (Alekin et al., 1973 ; Rukovodstvo po khimicheskomu analizu, 1977).
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Ionic constituents. Sulfate anions were determined by turbidimetry; chlorides, by mercurometry;
hydrocarbonates, by back titration; water hardness, by complexometric titration using eriochrome black;
calcium, titrometrically with trilon B; and potassium and sodium cations, by flame photometry.

Other chemicals. Water pH was evaluated electrometrically using a Multitest IPL-101 titrator;
phenols, by fluorimetric method using a Flyuorat-02 fluorimeter.

The investigated territory was conditionally divided into five hydrologically homogeneous areas in ac-
cordance with their position on the land and hydrological and morphometric features of water bod-
ies (Fig. 1). The Lena River lower reach (st. 1-6) (LowLenaRiv) included a stretch of the Lena River
from Chekurovka settlement to Stolb Island. The Lena River Delta (st. 7-14) (LenaDelta) united
the main distributary channels (Olenyokskaya, Bol’'shaya Trofimovskaya, Saardakhskaya, Arangas-
takhskaya, Bykovskaya, and Gusinka), as well as the Lena River near the Tyllakh River estuary
and near Chay-Tumus location. The near-shore zone (st. 15-23) represented the Laptev Sea coastal
areas (Neelova Gulf, Tiksi Bay, and Buor-Khaya Gulf) and the freshened part adjacent to the delta.
A separate group (Lakes, st. 24—-32) included nine lakes of glacial, water-erosion, erosion-thermokarst,
and river origin, located along the shores of the Tiksi Bay, Neelova Gulf, and Olenyokskaya distributary
channel. Samples from moss pomace, tundra swamps, mountain streams, and hollows of the shores
of the Tiksi Bay, Kosistyy Cape, Bykov Peninsula, spurs of the Kharaulakh Range, Tit-Ary Island,
Danube (Danube Island), and Erga-Muora-Sise (Erge-Muora-Sise) were united in the swampy area group
(st. 33—41) (SwampAreas). Five waterways were identified for the passage of the river along the Lena
Delta, indicated by colored lines in Fig. 1.
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Fig. 1. Location of sampling stations on the Lena River Delta. Waterways are marked with colored lines.
Sampling points are shown on the statistical map below in coordinates
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The ecological preferences of the identified species based on the indication of water salinity (Bari-
nova, 2017a) were determined using a database of algae indicators compiled at the Institute of Evolution,
University of Haifa (Barinova et al., 2019, 2006).

Environmental mapping was carried out in the Statistica 12.0 program according to each site pa-
rameter values and geographic coordinates. Calculation of similarity was made as the network analysis
in JASP (significant only) on the botnet package in R Statistica package of (Love et al., 2019).
A similarity tree was constructed with the help of BioDiversity Pro 9.0 program.

RESULTS

According to the results of our research for the period 2009-2014 at 41 stations and the refer-
ence data, 700 species and varieties of microalgae belonging to 10 taxonomic divisions were identi-
fied: Cyanobacteria (83), Euglenozoa (13), Ochrophyta (Chrysophyta, Xanthophyta) (41), Eustigmato-
phyta (4), Bacillariophyta (297), Miozoa (20), Cryptophyta (3), Rhodophyta (1), Chlorophyta (125),
and Charophyta (111). All of them turned out to be salinity indicators belonging to five ecological
groups (Table 1).

Table 1. Sampling stations on the Lena River Delta with their numbers, GPS coordinates, and the numbers
of salinity indicators in ecological groups. Abbreviations: hb — halophobes; i — oligohalobes-indifferents;
hl — oligohalobes-halophiles; mh — mesohalobes; eh — euhalobes (marine)

Station No. North East hb i hl | mh | eh
Left bank of a river near Tit-Ary Island 1 71°588.2305” 127°8’8.0607” 0|39 |7 010
Right bank of a river across Tit-Ary Island | 2 | 71°58'27.8234” | 127°11'23.6213” | 2 | 41 5 2 0
E:i léﬁiﬁfoig:;ﬂemem 3| 71°022036” | 127°274128” | 0 | 10 | 2 [ 0 | 0
Near Stolb Island 4 72°24730.19” 126°51'15.45” 1 37 5 0 0
Near Khokhochu location 5 72°22'22.23" 126°40°09.45” 0 9 1 0|0
Near Stolb Station 6 72°23'6.1677” | 126°4230.0957” | 9 | 128 | 20 | 3 0
Gusinka distributary channel 7 72°29'32.30” 125°18743.96” 0 9 0] 0|0
Olenyokskaya distributary channel 8 72°28"26.80” 125°17°44.05” 0|2 | 6] 0|0
?i‘irsil;iytz;r;’hﬁ;;gﬁkaya 9 | 7293051217 | 126°43'03.84” | 1 | 42 | 9| 0 |0
Saardakhskaya distributary channel 10 72°37'56.57” 127°27°12.84” 1|37 |9 1 0
Arangastakhskaya distributary channel 11 73°28’30.07” 123°49°30.61” 0|19 |5 010
Bykovskaya distributary channel 12 72°12733.89” 128°04°05.64” 2 146 |11 ] O | O
Near Tyllakh River estuary 13 72°11'45.26" 128°04'32.04” 1 16 2 1 0
Chay-Tumus location 14 72°19’53.36” 125°45725.84” 0 5 1 010
Neelova Gulf. Area of the abandoned ossr ” orar ”
water intake, 16—17 km from Tiksi-1 15 717445751 128°49°6.89 > >8 7 ! 0
Ef)io;fkguif Oil depotarea, 16=17km | 0| 510404807547 | 128°52/12.15127 | 2 | 47 | 5| 1 | 0
Tiksi Bay. River port area 17 71°39°06.92” 128°53"34.82" 0 26 8 1 0
Ifﬂ:‘ivlzzo?t“m“ 400 m southwest 18 | 71°38°15.23” | 128°542021” | 2 | 22| 5| 0 | 0
Littoral part of Buor-Khaya Gulf 19 71°16’49.03” 129°49°13.20” 0| 11 1 1 0
Seaward part of Buor-Khaya Gulf 20 71°28’40.08” 130°20°59.69” 1|20 | 4 1 0
Neelova Gulf 21 71°47"26.36” 128°58"25.53” 0 31 5 1 0

Continue on the next page...
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Station No. North East hb i hl | mh | eh
Tiksi Bay 22 71°39°56.63” 129°11°01.62” 11 | 145 | 20| 13 | 2
Fresh part of the Laptev Sea 23 71°54°27.78” 129°32'51.89” 0 2 1 010
Melkoye (in the vicinity of Tiksi Bay) 24 71°39’4.46” 128°4827.57” 2 | 21 5 01]0
Dirin-Kyuyel (vicinity of Tiksi Bay) 25 71°36"23.43” 128°472.29” 0| 15 | 5 010
Vtoroye (vicinity of Tiksi Bay) 26 71°37°10.75” 128°4824.48” 0 9 2 1 0
Sevastyan (vicinity of Tiksi Bay) 27 71°3173.03” 128°49’37.40” 1 8 1 010
Ladannakh (vicinity of Neelova Gulf) 28 71°4721.09” 128°36"28.86” 2 128 |0 0 0
l‘iﬁi‘:ﬂg&:ﬁ;’ﬁ:ﬁya 29 | 72°1520.97” 126°15173” | 1 | 15 0| 0 | 0
Lyglay (Olenyokskaya distributary channel) | 30 72°4150.23” 124°50°18.33” 1 15 1 0 0
Elslfﬁiz?? ig;iﬁg’)kmya 31| 7203757757 | 124°5349.93” | 3 [ 11 | 1| 0 | 0
dBizg iyballl?:fyhc(h(;fr?eyl‘)’ksmy a 32 | 72°3842.93” | 124°58'15.08” | 3 | 14 | 2| 0 | 0
Tit-Ary Island 33 71°59°00.76” 127°03’43.15” 0 0 0 0 0
Bykov Peninsula 34 71°53’53.59” 129°13’06.90” 11 | 32 3 0 0
Kharaulakh Range 35 71°37°18.61” 128°4533.75” 1 8 0 1 0
bD;Er;zscll‘:: d(’i;}}l‘; f;mdra surface 36 | 71°354639”7 | 128°4934.14” | 1| 6 | 0| 0 | 0
Kosistyy Cape 37 71°34'57.56” 129°08’06.93” 3 13 0 0 0
Flarks 38 72°47°14.33” 123°5238.34” 3 17 1 3 0
Water from mosses 39 72°47°25.77” 123°55'04.31” 0 13 |0 0 0
Erge-Muora-Sise Island 40 73°24°05.74” 124°34’53.14” 0 1 1 2 0
Danube Island 41 73°51°55.51” 124°26’50.24” 1 6 0 0 0

In order to reveal the internal connections in the microalgae communities studied, we applied a sta-
tistical approach to calculating the correlation in the analysis of JASP at a similarity level of more
than 50 %. The network graph, for which we divided the communities by hydrological similarity into
five groups, showed that the most similar were the communities of flowing waters in the river itself
and its delta (Fig. 2). This group also included the community of the near-shore zone. The communities
of lakes and swamps, on the other hand, formed two separate clusters, which had little resemblance both
to flowing waters and to each other.

LowLenaRiv
LenaDelta
Near-shore
Lakes
SwampAreas

® @ @ O @

Fig. 2. Correlation graph of JASP
for the species composition of commu-
nities at the stations of the Lena River
Delta. Hydrologically homogeneous sta-
tions of five groups are marked with dif-
ferent colors in the legend
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The similarity tree of the composition of salinity indicators, according to Bray — Curtis (Fig. 3),
showed a high percentage of similarity for the entire dataset. However, the analysis made it possi-
ble to identify the communities of st. 40, where mesohalobes made up 50 %, as well as st. 6 and 22,
where the species richness in general and, respectively, the number of indicator species were the highest
since the communities of these stations were the most well studied. This result requires further expansion
of the analysis of the indicator species composition.

Bray-Curtis Cluster Analysis (Single Link)

0, & Similarity 50 100

Fig. 3. Similarity tree of the composition of salinity indicators according to Bray — Curtis at the stations
of the Lena River Delta

Statistical maps were constructed to clarify the distribution of indicator species and environmen-
tal variables (Figs 4 and 5). Fig. 4a shows that the distribution of stations located in the flowing area
of the delta only, which have a specific gradient in their altitude above the sea level, turned out to be
adequate to the river relief in the investigated area and its delta. Statistical maps reflect the accurate
distribution of variables on our material and can be used for further analysis. The distribution of pH
values (Fig. 4b) shows increasing, when the stations are located near the coast or on the desalinated sea
area in the Tiksi Bay vicinity. This distribution indicates a significant effect of the river water on the sea
since seawater is always alkaline.

The distribution of total dissolved solids reveals increased concentrations in the delta lakes in the east
and west, while the central part of the delta appears fresher on the map (Fig. 4c). Phenols are a natural
component of freshwaters, and they are usually associated with the least saline waters (Barinova, 2017b).
The distribution map of phenol concentrations turns out to be similar to the distribution map of the total
mineralization, only in the opposite sense. The most phenol-saturated waters are located at the extension
of the main river channel (Fig. 4d).

The distribution of taxonomic richness in the communities of the stations of lotic (Fig. 4e) and lentic
waters (Fig. 4f) of the study area shows a significant homogeneity of distribution with protruding points
of the most accessible and, accordingly, the most well studied st. 6 and 22.
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Fig. 4. Statistical maps of the distribution of variables of the environment and microalgae communities
over the area of the Lena River Delta: a — distribution of stations altitude only for watercourses in the delta;
b — distribution of water pH; c — distribution of total dissolved solids; d — distribution of phenols; e — distri-
bution of the number of algal species in the communities of lotic stations; f — distribution of the number

The distribution of the percentage composition of salinity indicators over the delta area is shown
in Fig. 5. Since the importance of hydrology for the distribution of the microalgae communities
in the study area was previously revealed, we divided the data on the composition of salinity indicators
for 41 sites into groups related to rivers and channels (st. 1-22) and to lakes and swamps (st. 23—41).
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Fig. 5. Statistical maps of the distribution of the number of salinity indicator species over the Lena River

Delta area: a, ¢, e — for lotic waters; b, d, f — for lentic waters

Fig. 5 shows the pairwise distribution of the same groups of indicators in lotic and lentic waters.
Thus, oligohalobes-indifferents in lotic waters were better represented in the river itself and its western
channels (Fig. 5a). Simultaneously, this indicator taxa group was more noticeable in lakes and swamps
along the delta margins but not near flowing waters (Fig. 5b). Halophiles in river waters were con-
centrated on the east coast (Fig. 5c¢). In contrast, two different points were noted for lentic waters
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in the west and east, where this group of salt-tolerant species predominated in the communities (Fig. Se).
Mesohalobes were concentrated in flowing waters in the Tiksi area (Fig. 5f). The distribution of these
indicators of increased salinity for lentic waters coincided with the distribution of halophiles west
of the delta (Fig. 51).

The distribution of groups of salinity indicators along waterways in the Lena River Delta
was studied in the dynamics of indicator species of various ecological groups, as was done earlier
for the Nile Delta (Salem et al., 2017). Thus, stations were located in the order of water flow, starting
from st. 3 on the river itself, the southern point, then, on each of the paths along their channel, and further,
continuing along the desalinated sea area as the stations move away if any (Fig. 6). The scale of salinity
indicators on each graph is located as the indicated variable (salinity) increases. It includes all groups,
regardless of whether indicators are present in waterway communities or not.
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Fig. 6. Histograms of the distribution of salinity indicator species along waterways of the Lena River Delta
(see explanation in the text)
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The waterway through the Bykovskaya channel is the most saturated with stations (17) and the most
well studied (Fig. 6a). The number of species has two peaks — at st. 6 (Near Stolb Station) and st. 22
(Tiksi Bay) — where the microalgae communities are most explored due to sampling stations availability.
The trend line shows first an increase in species richness along the river and then a decrease in the num-
ber of species as it approaches the coast and at sea. The trend in the number of species is maximum
where the percentage of halophiles + mesohalobes decreases: at st. 15 and 16 in the Neelova Gulf.
There is a poorly expressed participation of euhalobes and a noticeable increase in mesohalobes closer
to the coast and in the desalinated sea area. The sum of the percentages of halophiles + mesohalobes
in the community has a noticeable rise towards the coast reflecting the sea effect.

In the communities of waters flowing through the Bol’shaya Trofimovskaya channel, euhalobes,
marine species, are not identified (Fig. 6b). Mesohalobes are weakly involved. There is a notice-
able increase in the percentage of oligohalobes-halophiles towards the coast. The number of species
has the same peak at st. 6, and the trend in the number of species shows a rise in species richness
towards the coast.

In the communities of waters flowing through the Olenyokskaya channel, euhalobes do not partic-
ipate, mesohalobes are weakly involved, and an increase in the percentage of oligohalobes-halophiles
is also weakly expressed (Fig. 6¢). The number of species is the same as at Bykovskaya, the maximum
is at st. 6, but it significantly decreases towards the coast and the sea. In the communities of waters flow-
ing through the Saardakhskaya channel, euhalobes also do not participate, mesohalobes are weakly in-
volved, and there is a noticeably stable increase in the percentage of oligohalobes-halophiles on approach-
ing the coast (Fig. 6d). The number of species follows the distribution along the riverbed. The trend
in the number of species shows an increase when approaching the coast.

There are no euhalobes in the waters flowing through the Arangastakhskaya channel, meso-
halobes are weakly involved, and a noticeable increase in the percentage of oligohalobes-halophiles
is recorded (Fig. 6e). In other waterways, most of which are represented by the riverbed, st. 6 has max-
imum species richness. However, the trend in the number of species indicates its increasing towards
the coast.

DISCUSSION

A statistical analysis of the similarities revealed hydrology as a regulating factor for the composition
of the microalgae communities in the Lena River Delta habitats studied. The species composition of algae
in the main channel of the Lena River has a high degree of similarity with the composition of the com-
munities of the lower river delta and the coastal area of the sea into which the river flows. This result
is understandable since, along with the river runoff, the river microflora is also carried to the coastal
sea area, which significantly affects the formation of the microalgae communities in the Neelova Gulf,
Tiksi Bay, and Buor-Khaya Gulf.

The identified low-mineralized area of the delta (see Fig. 4c) is a continuation of the river main
channel. It can be assumed that the freshwater outflow shows the paleochannel of the river since the sea
level fluctuation in this area reaches 1.5 meters, and the elevation gradient on the delta is 0—4 m. Simul-
taneously, salinity is higher in the west and northwest (10-14 and 8—10 %o, respectively) (Bol’shiyanov
et al., 2013).

Even though the concentrations of natural phenols in the delta waters have a gradient at the lowest
level, practically at the boundary of determination, this gradient does exist (Fig. 4d). It can be suggested
that, along with the distribution of total dissolved solids gradient, it may indicate the direction of river
water outflow.

Mopckoii buosnorrueckuii xypHain Marine Biological Journal 2021 vol. 6 no. 3



Bioindication of the water salinity dynamics by the microalgae communities. .. 25

The statistical map, as a method tested on communities of continental and coastal marine ecosys-
tems (Barinova, 2017¢) and recommended for use in EU countries (Dedi¢ et al., 2020), allows re-
vealing hidden trends by the dynamics of the mapped indicators. Maps can reveal otherwise unde-
tectable connections in ecosystems. Thus, statistical maps of the distribution of salinity indicator groups
in the Lena River Delta allowed us to identify two trends. The communities of flowing waters react
to approaching the coast by increasing the proportion of indicators of chloride increased concentra-
tions (Barinova, 2017b). Salinity indicators in lakes and swamps show that they have local natural sources
of chlorides in the west of the delta, on the one hand, and one can assume the effect of salt mists,
on the other (Barinova & Stenina, 2013).

We identified waterways through the channels, which begin from the Lena River main channel,
to trace salinity effect on the flowing water communities.

The different degree of floristic study, which reveals the maximum number of species on the sites
most accessible for research, was the problem for calculation. There, severe climatic conditions, undevel-
oped landscape, and the lack of infrastructure affect the number of indicator taxa. We tried to remove
this effect by calculating the percentage of participation of different group indicators for each com-
munity. It turned out that, despite the differences in the total number of species, the indicators show
a rise in the proportion of groups of increased salinity as the river approaches the coast in each water-
way, as it was revealed for the Nile River Delta waterways (Salem et al., 2017). The most well studied
Bykovskaya channel and its surroundings have marine species in their communities since we continued
the line of stations towards the sea.

Nevertheless, communities even in the desalinated coastal area contain most freshwater indicators
found higher in this waterway. This result indicates the real effect of the channel water on the desali-
nated sea area. However, other waterways did not have marine species in the communities but showed
an increase in the percentage of halophilic species, although their terminal stations (st. 9, 10, and 11)
were at some distance from the seacoast. It can be attributed to both the effect of tides, which reach
1.5 meters in this area of the Laptev Sea (Bol’shiyanov et al., 2013), and extremely low delta eleva-
tion gradient. Possible influence of salt mists was revealed in another Arctic coastal reserve (Barinova
& Stenina, 2013) by indicator species of algae.

Conclusion. The study shows that hydrology is a factor regulating the species composition of the mi-
croalgae communities in the Lena Delta. The distribution of groups of salinity indicators along flowing
streams shows the effect of water salinity and suggests possible sources of this effect. The mechanism
of tracking the dynamics of salinity by distributing algae-indicators became a sensitive method that re-
veals even subtle changes in environmental variables. Therefore, as an integral method, it can be helpful
in further monitoring.

Highlights:

1. Correlations revealed hydrology as the primary regulator factor for the microalgae communities
in the Lena River Delta area.

2. Indicators of water quality in the Lena Delta communities are represented by 700 taxa.

3. Gradient of salinity in the delta is revealed by statistical mapping and dynamics of salinity indicators
across the main river flows.

The study was performed within the framework of state assignment “Vegetation of the permafrost taiga zone

of Yakutia: Biodiversity, environment-forming functions, protection, and rational use” (theme No. 0297-2021-0023,
reg. No. AAAA-A21-121012190038-0).
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BUOUHIUKAIINSA TMHAMUKHA COJIEHOCTH BOJT
10 COOBIIECTBAM BOJIOPOCJIEN
B IEJIbTE PEKH JIEHA, MOPE JIAIITEBBIX, POCCUNCKASI APKTUKA

C. C. Bapunosal, B. A. I'a6simes?, A. I1. UBanosa?, O. 1. T'aébimesa>

"Mucturyt 3somoruu Yausepcutera Xaiidpr, Xaiida, M3paunn
>WnctutyT 6uonormyeckux npodiem kpuonurosonsl CO PAH, Sxytek, Poccniickas ®epeparms
E-mail: sophia@evo.haifa.ac.il

Peka Jlena, Bnagass B Mope JlanteBbiX, 0OpazyeT OOIIMPHYIO NEJIbTY, OJHY W3 KPYIMHEHIINX B MU-
pe. Bech actyapwmii, BKTIOYask IPUMOPCKUIA YYACTOK, BXOAUT B COCTaB YCTh-JIeHCKOro rocyiapcTBeH-
HOTO MPHUPOAHOTO 3aloBeHNKa. TeppuTtopus pacnonoxkeHa 3a [logspHEIM KpyroM, B 30HE CILIOII-
HOW BEYHOW Mep3JIOTH. B 1ebTe ecTh MHOTOUYHNCIIEHHbBIE PyC/ia 1 MHOKECTBO MEJIKHX BOJOEMOB —
03€p, py4bEB, KOTIOBUH, OOJIOT. M3yueHre IKOCUCTEM JIENIbT KPYIHBIX PeK UMeeT 0co00e 3HAUCHUE
M3-32 UX POJIM B KAYECTBE ECTECTBEHHBIX «PErMCTPATOPOB» ITI00ATBHBIX M3MEHEHHI OKpYXKaromen
cpenbl. Korma Gosbliive peku BaJaloT B MOpE, B 30HE CMEIIeHUs] MOPCKOW U TPECHOW BOJbI 00pa-
3YI0TCSI 0COOBIE SKOTOHHUYECKME COOOIECTBA BOJHBIX OPraHU3MOB, KOTOPbIE MOTYT MI'paTh BaKHYIO
POJIb B TIOJIEPXKAHUN OUOPa3HOOOPa3usl perOHOB. HeckoNbKO JIeT Ha3aJ B 3TOM POCCHICKOM CEK-
TOpe APKTHKHM Hayajlach peaju3allisl MaCIITaOHbIX TUIAHOB IO Pa3BUTHIO JOOBIBAIOIIMX OTPACIICH.
B cBs13u ¢ 3TUM BcE Gonlee aKTyabHBIMU CTAHOBSITCS UCCIIEIOBAaHUE OUOPAa3HOOOPA3Usl U U3yUCHHUE
OMOWMH/IMKAIIIOHHBIX CBOWCTB BOJHBIX OPraHM3MOB B paiioHe ycThs peku JleHa. Llenbio manHOM pa-
GOTHI OBLJIO OMPE/IEIUTh BUIOBOM COCTaB BOJIOPOCIIEH MPOTOYHBIX M HEMPOTOYHBIX BOJOEMOB JIEib-
TH peku JleHa U MCIONb30BaTh MX CBOMCTBA KaK MHAMKATOPOB COJIEHOCTH BOABL UTOOBI OIEHUTH
BJIMSTHAE PEYHBIX BOJ| Ha MPHOPEKHBIE YIacTKU Mopsl JlanTeBbiX, HEOOXOIUMO MPOCIECIUTh PacIpo-
CTpPaHEHHUE BUJIOB-MHIMUKATOPOB IO JIeJbTEe U UX JUHAMMKY MO OCHOBHBIM €€ BOAOTOKam. [ljis 3TOro
OBbLIM UCIIOJIL30BAHHI BCE paHee ONMyOJIMKOBAaHHBIE CBEJICHUS 10 BOJOPOCIISIM U XUMHYECKOMY COCTa-
BY BOJ] PETHOHA, a TaKXke JaHHbIe, MOydeHHbIe 71 BOJ HIDKHEro TedeHus JIeHsl 3a mocnienHue ro-
1pl. ViMerormyecs: MaTepuaiibl HATYPHBIX HAOJMOIEHU! TPOaHAIM3UPOBAHHI C IPUMEHEHUeM HEeCKOJIb-
KX CTaTUCTUYECKUX METOOB. Pe3ysbTaThl UCCIIEIOBaHUS CBUIETEILCTBYIOT O TOM, YTO TMPOJIOTHU-
YECKHE YCIIOBUS ABJAIOTCS OCHOBHBIM (DAaKTOPOM, PEryJIUPYIOLIMM MPOCTPAHCTBEHHYIO CTPYKTYpPY BHU-
JIOBOTO COCTaBa BOJIOPOCTIEBBIX COOOIIECTB JIeNbTh peku JleHa. Pacripenenenue rpynn WHIMKATOPOB
COJIEHOCTH TIO MTPOTOYHBIM BOJOEMAM OTPaXKaeT BIMSHUE COJEHOCTH BOABI, YTO MO3BOJISAET MPEaIo-
JIOKUTh, KAKOBB BO3MOXHBIE UCTOUYHHKH 3TOrO BiusiHUAS. CaM MeXaHM3M OTCJIeKHUBaHUS pacipese-
JIeHUs TIOKa3aTeJiel cpelibl — 3TO YYBCTBUTENBHBIA METO]], KOTOPHIA BBISBISAET Jake HEe3HAUUTEb-
HBIE UX U3MEHEHUsI, [I03TOMY OH, KaK MHTETPaIbHBIA METO]], MOKET OBITh TIOJIe3eH ISl JabHEHNIIero
MOHUTOPUHTIA.

KiroueBble cioBa: Gosblias peka, JejbTa, BOJOPOCIH, OMOMHIUKAIINS, CTATUCTHIECKOe KapTorpa-
¢puposanue, peka Jlena, Poccuiickast Apktuka
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Two specimens of round sardinella, Sardinella aurita Valenciennes, 1847, with a total length of 39.1
and 36.6 cm and a weight of 359.01 and 293.48 g, respectively, were caught by a purse seine net
in Bouzedjar Bay, Algeria, on 8 August, 2019. These sizes of both specimens are the maximum
recorded for this species in the Mediterranean Sea.

Keywords: round sardinella, Sardinella aurita, maximum size, measurements, Bouzedjar Bay, Algeria,
Mediterranean Sea

Sardinella aurita Valenciennes, 1847 is a coastal, pelagic species preferring clear saline water
with a maximum temperature below +24 °C (Bianchi et al., 1999). The species is distributed from in-
shore and near surface to the shelf edge and down to 350 m in the Eastern Atlantic along African coast
from Gibraltar to South Africa; in the Mediterranean Sea, but is rare in the Black Sea; and in West-
ern Atlantic (Cape Cod to Argentina) including Bahamas, Antilles, Gulf of Mexico, and the Caribbean
coast (Whitehead, 1985). It mainly feeds on zooplankton, especially copepods. Juveniles feed on phy-
toplankton (Bianchi et al., 1999). Gregarious; forms schools that migrate seasonally related to water
temperature and richness in plankton. Growth is rapid, and young individuals can reach about 11 cm
during their first year of life (Dahel et al., 2016). It breeds perhaps all year round; the breeding pattern
is extremely complex, with two principal spawning periods in some areas linked to upwelling regimes
off West Africa (Whitehead, 1985), while in Algerian waters one single period was noted June to Octo-
ber (Bouaziz, 2007). In the Black Sea, there is no spawning (Whitehead, 1984). Maturity occurs during
the second year; batch fecundity is estimated at 9,397-176,712 eggs in Eastern Atlantic (Baali et al.,
2021) and 11,680-40,348 eggs in central Algerian waters (Bouaziz, 2007). Maximum age of S. aurita
is estimated in the range from 4.5 years in Congolese waters (Ghéno, 1975) to 8 years on Brazilian
coast (Richardson et al., 1960). It can be caught with purse and beach seines, lamparos, bottom gillnets,
and bottom and pelagic trawls.

Herrings, sardines, and anchovies make up a major part of the total fish species landed in the Mediter-
ranean Sea (44.3 %) and Black Sea (73.2 %) fisheries (FAO, 2020). For Algerian waters, S. pilchardus
accounts for 59 %, and S. aurita accounts for 22 % of the total Algerian catch (DPRH, 2019).
We have to mention that the third species, Sadinella maderensis, occurs in the fishing area and can
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easily be confused with two other sardines. Tous et al. (2015) noticed that landing statistics are not
comprehensive due to inconsistent reporting of landings, and S. aurita catches are often mixed
with S. maderensis ones.

MATERIAL AND METHODS

On 8 August, 2019, two large Clupeidae specimens were caught by a seiner at 100-m depth in Bouzed-
jar Bay (35°34'24.0”N, 1°09’58.9”W) on the western Algerian coast. FAO identification sheets (White-
head, 1985) were used to identify the specimens as Sardinella aurita (Fig. 1). Counts and propor-
tional measurements were carried out using a caliper to the nearest 0.01 mm. Twelve morphometric
characteristics were measured (Table 1).

Photo L Bensahla-Talet 2019

Fig. 1. General view of two Sardinella aurita specimens, total length of 39.10 cm and 36.57 cm, caught
in Bouzedjar Bay (the Mediterranean Sea)

RESULTS AND DISCUSSION

Data on morphometric measurements of the specimens studied are shown in Table 1.

The maximal length ever recorded for S. aurita was 41 cm for fish caught on the Mauritanian shelf
of the Eastern Atlantic (Thuoc & Szypula, 1973) (Table 2). For the Mediterranean basin, it was stated
as follows: this Clupeidae could attain 33 cm, with a common length between 15 and 25 cm (Fischer et al.,
1987). The largest known S. aurita specimen in the Mediterranean Sea, measuring 36 cm, was caught
in Greek waters (Moutopoulos et al., 2013). We found two S. aurita specimens in purse seine catches
from Algerian waters, making this observation a new record for both Algerian and Mediterranean waters
and the second one after reported from Eastern Atlantic.

Maximal length of S. aurita varied 19.7 to 27.0 cm in the Western Atlantic, 30 to 41 cm in the East-
ern Atlantic, and 25.5 to 39.1 cm in the Mediterranean basin. The differences in the maximum length
observed can be attributed to environmental conditions and fishing pressure. Helfman et al. (2009) stated
that individuals from populations exposed to high fisheries mortality/pressure will respond by reproduc-
ing at reduced average sizes and ages. Our specimens demonstrated that this species can grow beyond
maximum length data available in literature despite the fact that the specimens were caught in such
an important fishing activity area as Bouzedjar Bay (Bensahla-Talet et al., 2019).
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Table 1. Morphometric measurements of Sardinella aurita caught in Bouzedjar Bay (the Mediter-
ranean Sea)

Morphometric characteristic, cm Specimen 1 % of TL Specimen 2 % of TL
Total length (TL) 39.10 100.00 36.57 100.00
Fork length 34.51 88.27 31.88 87.18
Standard length 33.68 86.13 31.13 85.12
Pre-orbital length 1.67 4.26 1.62 4.43
Eye diameter 1.53 3.92 1.42 3.88
Post-orbital length 3.99 10.20 3.45 9.43
Head length 7.16 18.31 6.45 17.64
Dorsal fin length 4.92 12.58 4.24 11.59
Anal fin length 3.77 9.65 3.66 10.01
Pectoral fin length 5.09 13.02 4.78 13.07
Minimum body height 2.27 5.81 2.20 6.01
Maximum body height 6.81 17.42 6.72 18.38
Total weight, g 359.01 - 293.48 -

Table 2. Maximum length of Sardinella aurita in the Western and Eastern Atlantic and Mediterranean Sea
given by several authors

Location TL, cm References
USA Gulf of Mexico 19.7 Johnson & Johnson, 1986
Westem Northeastern 26.6 Barrios et al., 2010
Atlantic Venezuela ’
- 27 Fréon & Mendoza, 2003
Morocco Dakhla 35.5 Amenzoui & Baali, 2018
Eastern Mauritania Rio de Oro — Cap Verde 41 Thuoc & Szypula, 1973
Atlantic Senegal Port Kafoutine — St Louis 37 Baldé, 2019
Cote d’Ivoire Cote d’Ivoire shelf 30 Marchal, 1993
Mediterranean - 33 Fischer et al., 1987
Egypt Alexandria 26 Akel, 2009
. Turkey Izmir Bay 28.5 Bayhan & Kara, 2012
Medltse;anean Greece Corinthians Gulf 36 Moutopoulos et al., 2013
Bou Ismail Bay 31 Bouaziz, 2007
Algeria Eastern Algeria 25.5 Dahel et al., 2016
Bouzedjar Bay 39.1 Present study

Environmental factors, such as temperature, food availability, nutrient availability, light regime, oxy-
gen, salinity, pollutants, current speed, predator density, intraspecific social interactions, and genetics,
are also known to affect growth rates and maximum size (Helfman et al., 2009), but in our case two spec-
imens sampled are insufficient to link these environmental factors to the largest length observed. Never-
theless, it is to be added that producing large specimens is due to the richness of Algerian waters gener-
ated by Algerian current which is considered to be the most energetic in the Mediterranean basin (Salas
et al., 2001). The entrance of Atlantic waters through the Strait of Gibraltar generates important up-
wellings, enhancing the development of plankton first link of the aquatic food web (Bensahla-Talet et al.,
2017), and primary production reveals a west—east decreasing trend (Bosc et al., 2004 ; Siokou-Frangou
et al., 2010).
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Maximum length, weight, and age are the key indicators used in fisheries science. These data are ap-
plied in most models for stock assessment. Therefore, updating maximum length of an exploited species
is important, and our results could constitute a starting point for further studies on factors that affect
growth and/or longevity of other species.
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The contribution of macroalgae to the removal process of diesel fuel from the Kola Bay of the Barents
Sea was estimated. The calculations were based on the results of: 1) recent expeditionary observations
of the reserves, spreading, and biomass of algae macrophyte of the phyla Chlorophyta and Rhodophyta,
as well as the class Phaeophyceae of the phylum Ochrophyta, inhabiting three bay areas; 2) labora-
tory research of the ability of macroalgae Ascophyllum nodosum, Fucus vesiculosus, F. distichus, F.
serratus, Saccharina latissima, Palmaria palmata, and Ulvaria obscura to neutralize the toxic effect
of diesel fuel. As shown, the total contribution of the algae studied into bioremediation of diesel fuel
in the bay was of 312 kg-day!. The differences in the absorption capacity of algae macrophyte were re-
vealed. This process was most efficiently carried out by S. latissima; the minimum efficiency of par-
ticipation in bioremediation was determined for U. obscura. It was concluded that the existing littoral
and sublittoral thickets of marine macroalgae of the Kola Bay can be considered as the key element
in the implementation of the preventive, daily cleaning of coastal water from the petroleum products.
The inclusion in the calculations of data on the ability of other representatives of the bay phytobenthos
to neutralize diesel fuel may increase the role of algae macrophyte in cleaning the coastal marine areas
from the petroleum products. As concluded, the thickets of brown algae can be considered as the key
component of repair and homeostasis in coastal ecosystems. The destruction of even a part of algae
natural communities can change the ecosystem balance.

Keywords: macrophytes, ecosystem of the Kola Bay, sustainability, diesel fuel, bioremediation

The Kola Bay of the Barents Sea has a length of 57 km and occupies one of the leading places
in the Arctic for the transportation and transshipment of petroleum products (hereinafter PPs). The com-
plexes for the processing of hydrocarbon raw materials have already been built, and several ones are un-
der construction on the bay coast. The bay is considered one of the most contaminated sea water bodies
on the Kola Peninsula. The contamination problem is aggravated by the fact that most of the year the wa-
ter temperature in the bay is slightly above 0 °C; at a given temperature, the natural decomposition
of PPs is greatly slowed down. Microorganisms, inter alia microalgae, play an important role in water
purification from PPs (II'inskii, 1995 ; Peretrukhina et al., 2006 ; Semenova et al., 2009 ; Atlas, 1978 ;

Wrabel & Peckol, 2000), but their contribution to bioremediation decreases during the polar night.
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In the Kola Bay, the content of PPs in water (background concentration) varies from 0.04 mg-L™!
(about 1 threshold limit value, TLV) to 2.3 mg‘L_1 (46 TLV), with 1 TLV =0.05 mg'L_l. The background
content of PPs in the bays of the Murmansk coast in the summer-autumn period ranges 3 to 8 TLV.
There were no bays completely clean of PPs. In a number of bays in winter and spring, the content of PPs
decreased down to 1-2 TLV since the traffic of ships, mainly fishing, increases in spring and decreases
in late autumn (Voskoboinikov et al., 2017 ; Kola Bay and Oil, 2018). The highest concentration of PPs
in the bay was noted in its southern area (in the area of an oil terminal, a commercial port, and Atomflot
piers), as well as in the middle area (in the area of transshipment complexes). This is due to the exist-
ing sources of contamination: operating piers, shipping, refueling of ships, and refueling from tankers
on the roadstead. During oil spills, concentration of PPs in water reaches 25-50 mg-L™! (5001000 TLV)
and higher values.

In recent years, we have proposed to use algae macrophyte in the remediation of the Barents Sea
water from PPs. It has been shown that many species of macrophytes are resistant to the effect
of PPs. The tolerance range differs even in species with similar taxonomy and structure; however,
all macroalgae studied by us and other authors earlier (12 species) demonstrated the ability to ac-
cumulate PPs from seawater on the thallus surface, to destruct them using epiphytic hydrocarbon-
oxidizing bacteria, and to absorb and neutralize PPs subsequently in plant tissues. As revealed, a decrease
in the content of PPs in water goes parallel with its increase in algae thalli (Voskoboinikov et al.,
2017, 2018).

The studies carried out made it possible to form an evidence base confirming the ability of macroal-
gae, which differ in structure and taxonomy, to absorb and destruct PPs (Voskoboinikov et al.,
2017, 2018, 2020 ; Pilatti et al., 2016 ; Pugovkin et al., 2016 ; Ryzhik et al., 2019). On the ba-
sis of the symbiotic association of macroalgae and hydrocarbon-oxidizing bacteria, biotechnologies
of plantations-biofilters have been created for purifying coastal water areas from PPs. Assumptions
were repeatedly put forward about the role of coastal phytocenoses in the seawater bioremediation of var-
ious toxicants (Mironov, 1985 ; Patin, 2017b); however, neither specific data nor calculations based
on field or laboratory experiments were provided.

To a great extent, this can be explained by the lack of work on assessing macroalgae reserve
and species diversity in the water areas described. Thus, studies of algae reserves on the Murmansk
coast, which were carried out in 1980s—1990s (Makarov, 1998 ; Peltikhina, 2005), with attention paid
to the Kola Bay phytobenthos, concerned kelps only. The work presented is the first one, where cal-
culations of the participation of macrophytobenthos in bioremediation of PPs for the bay are car-
ried out. The calculations are based on the results of recent expeditionary observations of the distribution
and biomass of the dominant phytobenthos representatives — Fucus vesiculosus, F. distichus, F. serratus,
Ascophyllum nodosum, Saccharina latissima, Palmaria palmata, and Ulvaria obscura — in three Kola Bay
areas. Preliminary studies have shown that the species analyzed have a fairly wide tolerance range to PPs
and a relatively high coefficient of absorption of the toxicant (Voskoboinikov et al., 2017, 2018, 2020 ;
Ryzhik et al., 2019). In parallel with field observations, laboratory analysis of the neutralization capacity
of diesel fuel (hereinafter DF) in the above-mentioned algae species was carried out, and their total role
in bioremediation of DF for the Kola Bay was assessed.

The authors of the work presented hope that this research will contribute to understanding the role
of coastal phytocenoses in the seawater bioremediation of petroleum products not only in the Kola Bay
of the Barents Sea, but in other coastal areas of the World Ocean as well.
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MATERIAL AND METHODS

Laboratory experiments on the effect of PPs on algae. The objects of study were brown algae
(Phaeophyceae) (fucoids Ascophyllum nodosum, Fucus vesiculosus, F. distichus, and F. serratus, as well
as kelp Saccharina latissima), green alga (Chlorophyta) Ulvaria obscura, and red alga (Rhodophyta)
Palmaria palmata. Thalli approximately equal in size and mass were sampled in Zelenetskaya Bay
(69°07°09”N, 36°05"35”E) of the Barents Sea (Fig. 1a). S. latissima was sampled in the sublittoral zone
from a depth of approximately 3 m, and other species — in the littoral zone. Algae were cleared of foul-
ing and placed in 1.3-L glass containers with seawater, except for S. latissima: the experiments with
this species were carried out in 3-L vessels. Seawater with a salinity of 33 %o was taken from the spots
algae inhabit and filtered through a cotton-gauze filter; then, summer diesel fuel was added: 6.5 mg-L™",
which is 130 TLV for water in terms of the gross content of PPs. Seawater and DF were not ster-
ilized. The experiment was carried out in a temperature-controlled box at +7...+8 °C, irradiance
of 1618 W-m™2, and constant water aeration.

s ! The Rybachii Peninsula

AP

il i ~(The Kildin island
1 ' ; “.The Zelenetskaya bay
# % i

| The Kola bay

The Cape of Kanin nos

The Kanin
| Peninsula

The Kola Peninsula

\The
Cheshskaya bay

Kandalaksha

Fig. 1. Work area: a — the Kola Bay and Zelenetskaya Bay of the Barents Sea; b — sampling stations (1-15)
in the Kola Bay

The experiment with the determination of algae morphological and functional state lasted for 10 days.
The gross content of PPs in water and algae was detected by gas chromatography — mass spectrome-
try at the beginning and after 5 days of the experiment. Sample preparation and instrumental analysis
were carried out by the previously described method (Voskoboinikov et al., 2018). To assess the back-
ground content of PPs, samples of water and algae from Zelenetskaya Bay were analyzed. Calculations
of the content of DF in algae were carried out on a dry weight basis, taking into account the coeflicient
of the ratio of wet/dry mass: for Saccharina — 7/1; fucoids — 5/1; and Palmaria and Ulvaria — 4/1. Dur-
ing the experiment, changes in the state and morphology of the algae thallus were monitored visually
and by light-optical methods under a Mikmed-6 microscope.
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Assessment of algae biomass and reserves in the Kola Bay. Macrophyte reserves were accessed
by the traditional method (Peltikhina, 2005). The material was sampled during MMBI RAS expedi-
tions in 2009-2019 (with partial financial support of the Russian Geographical Society). Inspection
of a significant part of the bay coastline made it possible to describe macrophytobenthos distribution
and to determine the size of the fucoid zone for assessing the reserves.

To calculate the biomass of macrophytobenthos and separate algae species, quantitative samples
were taken by the method of sample plots’ layout along the transect perpendicular to the water edge.
In total, 15 transects were laid along the entire bay; in the southern and middle areas, work was car-
ried out every two years (Fig. 1b). The area of the frame during sampling in the littoral zone was 0.25 m?,
in the sublittoral zone — 1.0 m?. On each section, stations were performed on the upper, middle, and lower
horizons of the littoral zone (about 3.0, 1.5, and 0.5 m above sea level, respectively); in the sublittoral
zone — at depths of 5, 10, and 15 m. Three samples were taken at each station. The width of the species
zone was estimated on average for an area of relatively uniform vegetation of at least 500 m in length.
The dominant species and the projective bottom cover with algae were assessed visually. Sampling
in the sublittoral zone was carried out using scuba-diving equipment. The extent of littoral areas with cer-
tain types of communities was estimated using the MapViewer 8.0 software. The topographic base
was the contour of the coastline in the nautical charts for the Kola Bay, digitized by MMBI RAS
specialists.

RESULTS

Macrophyte distribution, reserves, and biomass in the Kola Bay. Four fucoid species investigated
are unevenly distributed in the Kola Bay littoral zone.

Fucus vesiculosus was found everywhere from the Tuloma River estuary to the bay mouth; the species
uses various substrates for attachment, infer alia hydraulic structures. The maximum reserves were
recorded in the littoral zone of the middle area. In most of the littoral zone, F. vesiculosus biomass
was about 1 keg-m™2, but due to the large area occupied by this species its reserves were very large (Table 1).
In a number of spots of the littoral zone of the middle area, the biomass reached (9.4 + 0.3) kg-m™.
The total reserves in the bay are 2315.0 tons of wet weight, which is 463.0 tons of dry weight.

Fucus distichus grows in the middle and lower horizons of the littoral zone of the entire Kola Bay.
The highest biomass — up to (6.9 + 3.4) kg-m™2 — was recorded on boulder beaches in the middle and north-
ern bay areas, but its reserves are concentrated in the southern area, where the species covers vast
sandy beaches. On steep cliffs, the biomass is not more than 1 kg-m™. The total reserves in the bay
are 2017.5 tons of wet weight, which is 403.5 tons in terms of dry weight.

Ascophyllum nodosum lives mainly on boulder beaches, which are protected or weakly protected
from wave effect; its thickets achieve significant development on the islands on the leeward side.
In the northern area, the biomass reaches (4.2 = 0.8) kg-m'z. The total reserves in the bay are 371.4 tons
of wet weight, which corresponds to 74 tons in terms of dry weight.

Fucus serratus is distributed mainly in the northern bay area; on Ekaterininsky Island, a high
biomass — (6.1 + 1.5) kg-m™ — was recorded. F. serratus total reserves are 114 tons of wet weight
only, which is 22.7 tons in terms of dry mass.

Saccharina latissima forms thickets in the sublittoral at a depth of 4-6 m in the northern area
and is found in small numbers in the middle area. The reserves are 450 tons of wet weight, which
corresponds to 64.3 tons of dry weight.
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Palmaria palmata is confined to a coarse substrate; it is recorded mainly in the middle and lower
horizons of the littoral in the middle and southern bay areas. The reserves are 155.3 tons of wet weight,
which is 38.8 tons of dry weight.

Ulvaria obscura is present fragmentarily in the littoral zone in three bay areas. The species oc-
cupies a variety of substrates: from stones to wooden structures, metal boards, and ships abandoned
on the littoral. The reserves amount to 5.38 tons of wet weight, which corresponds to 1.35 tons
of dry weight.

Table 1. Specific rate of diesel fuel absorption by algae macrophyte and estimated volumes of diesel fuel
absorption by algae in different areas of the Kola Bay

Specific rate Volume of diesel fuel absorption, kg-day™!
Species of diesel fuel absorption, Northern Middle Southern The bay

pg-g~!-day™! bay area bay area bay area
F. vesiculosus 202.0 12.4 64.2 17.2 93.8
F. distichus 169.0 13.8 22.8 31.6 68.2
A. nodosum 44.0 0.8 2.2 0.8 3.8
F. serratus 123.0 3.0 0 0 3.0
Fucoids in total 538.0 30.0 89.2 49.6 168.8
S. latissima 1752.0 138.0 138.0
P. palmata 146.4 4.4 4.4
U. obscura 25.4 0.17 0.17
In total 168.6 | 92 51.9 312.5

Potential contribution of macrophytes to the sorption of PPs: result of the experiments.
The content of PPs in macrophytes in the habitat (at a concentration of PPs in water of 0.2 mg-L™!,
which is 4 TLV) was as follows: F. vesiculosus — 25 ug-g\, F. distichus — 24, F. serratus — 28, A. no-
dosum — 18, S. latissima — 1980, P. palmata — 124, and U. obscura — 1.4 ug-g™!. Visual and light-optical
observations revealed no changes in Fucus thalli after 5 and 10 days in seawater with diesel fuel at a con-
centration of 6.5 mg-L™' (130 TLV). In the thallus color, there were no changes; in the cells, there
were no plasmolysis, changes in the plastid color, and vacuolization, which were described earlier when
studying the effect of other damaging factors on algae (Ryzhik et al., 2019).

After 5 days of the experiment, the content of DF in 4 fucoid species, Saccharina, Palmaria, and Ul-
varia was as follows: in F. vesiculosus — 1036 ug-g_l, F. distichus — 870, F. serratus — 641, A. no-
dosum — 236, S. latissima — 10,740, P. palmata — 856, and U. obscura — 128 ug-g”' of dry weight.
Table 1 shows the mean data on DF absorption by the algae species studied per 24 hours and the volume
of DF absorbed in different Kola Bay areas. The results of calculations of the total daily contribution
of the algae investigated to the bay remediation of PPs are shown as well, taking into account their total
reserves determined.

DISCUSSION

In the experiments carried out, all macrophytes showed resistance to DF at a concentration
of 6.5 mg-L™! (130 TLV). The algae had no signs of damage after 10 days under experimental conditions.
Analysis of the content of PPs in macrophytes sampled for experiments (at a concentration of PPs
in the water in the habitat of 0.2 mg-L™!, which is 4 TLV) showed that algae differ in their ability
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to absorb PPs. Among three Fucus species, these differences are insignificant: from 24 png-g”! in F. dis-
tichus to 28 ug-g”! in F. serratus; U. obscura absorbed PPs 6 times less (1.4 ug-g’!), and Palmaria,
on the contrary, 5 times more. Saccharina accumulated DF at a given concentration in water 80 times
more than fucoids. At higher concentration of PPs in water, the level of DF absorption by algae changes.
The maximum absorption level is shown by Saccharina: 1752 ug-g™'-day™; the species absorbs 3.3 times
more than all fucoids algae in total. At relatively high concentrations of DF in water, Palmaria is inferior
in terms of DF absorption not only to Saccharina, but also to two Fucus species (Table 1).

The main sources of contamination in the Kola Bay are concentrated in its southern and middle
areas. There, handling of hydrocarbon raw materials is carried out; partially, the works are carried out
in the middle area from large-capacity tankers on the roadstead. Moreover, ship-repair enterprises, docks,
and oil terminals operate. PPs, that got into the water because of spills, mainly end up in the littoral
zone (Kola Bay and Oil, 2018 ; Patin, 2017b), i. e. in the spots of Fucus and Palmaria growth, which
are a natural biofilter in this situation. Out of algae studied, Fucus is the most resistant to PPs. Pre-
viously, we noted the ability of F. vesiculosus to survive for a long time under conditions of constant
contamination: on the littoral zone on stones in a layer of fuel oil (“chocolate mousse”) and near oil ter-
minals and ports. The algae retained their vital functions, but the indicators of their functional activity
were at a lower level compared to those of F. vesiculosus specimens from clean habitats (Voskoboinikov
et al., 2017). Other Fucus species demonstrate a lower resistance to contamination; nevertheless, they
also survive for a long time when the surface is covered with a film of PPs and are involved in the detox-
ification (Stepanyan & Voskoboinikov, 2006). A significant ability to accumulate and neutralize PPs
was recorded in P. palmata as well.

Comparing the volumes of DF potentially absorbed by algae, it should be noted that the primary role
in bioremediation is played by fucoids. Out of species studied, Ulvaria obscura has the lowest values
in terms of reserves and absorption capacity: 5.38 tons of wet weight and 25.4 pg-g™!-day™, respectively.

Thus, the algae macrophyte studied are capable of neutralizing 312 kg of DF per 24 hours. Accord-
ing to the modern classification, this volume of PPs corresponds to the mean local oil spill in seawa-
ter (Patin, 2017a). The efficiency of algae participation in bioremediation is affected by several factors:
1) temperature, light, hydrodynamics, and salinity, determining algae physiological state, quantitative
and qualitative composition, and hydrocarbon-oxidizing activity of microorganisms — algae epiphytes;
2) the composition of PPs. In our work, we were unable to take into account the contribution of a large
group of algae — the bay inhabitants, representatives of various taxonomic groups — to the bioremedia-
tion of the Kola Bay due to the lack of data on their ability to neutralize PPs. The inclusion of this data
can significantly increase the importance of algae macrophyte in the bioremediation of coastal waters,
although it is undoubted even now.

Conclusion. The ecosystem of the Kola Bay has withstood chronic petroleum contamination for over
a hundred years due to a combination of several circumstances. In the bay, most of the coastline is oc-
cupied by boulder beaches, where communities of Fucus algae with a very high biomass have formed.
These communities provide constant water purification from petroleum products, take on the main bur-
den of neutralizing not only PPs dissolved in water, but also “film” forms of toxicants. In the sublit-
toral zone, kelps develop on separate boulders and purify water from dispersed PPs. The efficiency
of the kelp participation in bioremediation is largely ensured by the significant area of contact surface
with PPs and, possibly, by the high abundance of epiphytic hydrocarbon-oxidizing bacteria on the thallus
surface.
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In the Kola Bay water, hydrocarbon-oxidizing microorganisms are constantly present, which pro-
cess PPs. It can be considered established that there is a natural mechanism for the utilization
of petroleum and PPs in natural coastal ecosystems. Undoubtedly, there are lethal doses of PPs for macro-
phytes, which make this system sensitive to large oil spills or to the effect of its refined products. Taking
into account the long period of formation of petroleum hydrocarbons in the Earth’s crust, we can say
that the use by bacteria of such a high-calorie product as hydrocarbons as a source of energy was a very
likely event. The revealed ability of brown, red, and green algae to absorb hydrocarbons is surprising
since it is unusual for them, unlike for other autotrophs, to use carbon sources alternative to carbon diox-
ide in the metabolism. This is based on the ability of macrophytes and hydrocarbon-oxidizing bacteria
to form symbiotic associations.

The study presented has shown that the role of algae macrophyte is not limited to the creation of pri-
mary production and to regulation of the content of carbon dioxide and oxygen. The thickets of brown
algae can be considered as the key component of the repair and homeostasis system in coastal ecosys-
tems, the existence of which was not previously suspected. It should be understood that the destruction
of even a part of algae natural communities can change the ecosystem balance. In this regard, the design-
ers and builders of new enterprises on the Kola Bay coast should be warned against backfilling the littoral
zone with soil in order to expand the coastal area. The littoral zone is the main habitat of Fucus algae,
which are a natural biofilter largely ensuring the purity of the Kola Bay water.

The work was carried out with the financial support of the RFBR, project No. 18-05-80058 “New technolo-
gies of bioremediation and the role of phytocenoses in purification of coastal waters of the Arctic seas in case

of emergencies connected with storage and transportation of hydrocarbons”, program “Dangerous phenomena’.
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Chlorophyta u Rhodophyta 1 k1acca Phaeophyceae u3 otnena Ochrophyta, oburtaommx B TpEX 4acTax
3a7KBa; 2) 1ab0paTOPHBIX UCCIIEIOBAHMIM MO CIIOCOOHOCTY MakpoBojopocien Ascophyllum nodosum,
Fucus vesiculosus, F. distichus, F. serratus, Saccharina latissima, Palmaria palmata v Ulvaria obscura
K HEUTpaIM3alii TOKCUYECKOTO IEUCTBUS TU3eJIbHOTO TOIuMBa. [loka3zaHo, 4To OOIIWi BKJIaj y UC-
CJIENOBAHHBIX BOAOPOCIeH B OMOpeMeualvIo OT JU3eJbHOrO TOIUIMBA B 3aJIMBE COCTaBiseT 312 kr
B CYTKH. BBIsIBJIEHBI pa3inyusi B MOIJIOIIAIOIIEH CIIOCOOHOCTH Y Bopopociei-mMakpogdurtos. Tak, Hau-
6osiee 3(pPeKTUBHO MPOLECC OCYLIECTRISAET S. latissima, MUHUMaIbHAsA 3(PPEKTUBHOCTh y4aCTHsI
B Ouopemeuanmu onpenenera y U. obscura. CienaH BBIBOJ O TOM, UYTO UMEIOIIMECS JIUTOPATIbHBIE
U CyOJMTOpaJIbHBIE 3aPOCM MOPCKUX MaKpoBojopociei Kombckoro 3aimBa sIBISIOTCS BaKHBIM dJ1e-
MEHTOM B Tpoliecce MPOoUIaKTUIECKOH, MOBCEIHEBHOM OUMCTKU BOJ 3aJIMBa OT HEe(PTENpPOIyKTOB.
BritoueHue B pacy€Thl JaHHBIX O CIIOCOOHOCTU K HEWUTpAIM3alliK TU3eJIbHOTO TOILIMBA Y JAPYTUX
npeJicTaBuTeNeil (PUTOOEHTOCA 3ATMBA MOKET YBEJIMUHUTh POJIb BOJOPOCIEH-MaKpO(PHUTOB B OUMCTKE
pUOPEKHBIX MOPCKUX aKBaTOPUH OT HepTenpoayKToB. CiesiaH BBIBO/I, UTO 3apOC/IU OYPbIX BOAOPOC-
Jiell — BakHasl COCTABJISIIONIAS] CUCTEMBI periapaliiy ¥ TOMe0CTasa B MPUOPEKHBIX SKOCUCTEMAaX. YHU-
YTOXEHHUE [Jake YaCTH IMPUPOTHBIX COOOIIECTB BOJOPOCIIEH MOKET U3MEHHUTh OaIaHC, CYIIECTBYIONTANA
B 9KOCHUCTEME.

KaroueBbie ciaoBa: MakpoduThl, 3KocucTeMa KOJIbCKOTO 3anmBa, yCTOWYMBOCTDB, IU3EIbHOE
TOIUTMBO, OGMOpeMeualvst
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New data on the distribution of the bar-tailed godwit Limosa lapponica (Linnaeus, 1758) and red-
throated diver Gavia stellata (Pontoppidan, 1763) on the Crimean Peninsula are presented. Against
the backdrop of aquatic and coastal ecosystems’ transformation under natural and anthropogenic im-
pact, even single finds of hydrophilic avifauna representatives in atypical spatiotemporal conditions
are of interest for the analysis of emerging trends in migration phenology and abundance of both
separate species and taxonomic and ecological groups of birds. The aim of the study was to clar-
ify the distribution boundaries and terms of stay on the Crimean Peninsula of two hydrophilic bird
species: semiaquatic species, bar-tailed godwit, and true water bird, red-throated diver. Bird obser-
vations were carried out during scheduled accountings on the Isthmus of Ak-Monay (March 2012)
and in the Kruglaya Bay (Sevastopol) (July 2019). The bar-tailed godwit is registered in Crimea during
spring and autumn migration periods. For the first time, it was found in the north of the Crimean Penin-
sula in 1972; later, there were an increase in its abundance and expansion of a distribution area. Recent
records of this species in southern Crimea significantly expanded the known boundaries of its distribu-
tion on the peninsula during the migration period. The observation of the bar-tailed godwit in eastern
Crimea on 14 March, 2012, specified the date its spring migration begins; the observation in Sevasto-
pol (western foothill) on 27 July, 2019, was the first one in Mountain Crimea. Off the Crimean coast,
the red-throated diver is a rare overwintering and migratory bird. The find of the red-throated diver
individual in the Kruglaya Bay on 19 January, 2020, was the third reliable record of this species overwin-
tering in Crimea and the first one in Sevastopol area. The registration of the red-throated diver at a con-
siderable distance from its usual overwintering areas (off the southwestern coast of the Black Sea),
along with numerous facts of the expansion of nesting or winter ranges of different bird species north-
ward, confirms the ongoing climatic and ecological changes. Particular attention should be focused
on the problem, associated with low ecological culture of the use and disposal of fishing tackles, which
have a detrimental effect on hydrophilic birds. Measures have to be developed to regulate fishing
with nets, hooks, and line tackles in the areas of bird mass overwintering and seasonal migrations.

Keywords: bar-tailed godwit, red-throated diver, Crimea, distribution, migrations, terms of stay
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Fundamental changes in the hydrological regime related to the functioning of the North Crimean
Canal since the 1960s and its damming in 2014, as well as to changes in the natural resource man-
agement on a large territory of Crimea in recent decades (Sovga et al., 2018), significantly affected
the habitat conditions of hydrophilic birds. In this regard, the study of the abundance dynamics, distribu-
tion boundaries, and ecology peculiarities of these species is of particular relevance. The finds of even
single individuals in atypical areas are of interest for identifying trends in changes in the migration routes
and wintering areas of hydrophilic birds on the Crimean Peninsula and in its coastal water area.

The study is aimed at clarifying the distribution boundaries and terms of stay on the Crimean
Peninsula of two hydrophilic bird species: semiaquatic species, bar-tailed godwit Limosa lapponica
(Linnaeus, 1758), and true water bird, red-throated diver Gavia stellata (Pontoppidan, 1763).

MATERIAL AND METHODS

Bird observations were carried out during accountings on the Isthmus of Ak-Monay (March
2012) and in the Kruglaya Bay (July 2019) — the areas of the year-round ornithological re-
search, along with other bays of the Heracles Peninsula (Sevastopol). Observations were carried out
using binoculars with a magnification 10x. Photos were taken using Canon PowerShot SX60 HS
and Canon 400D cameras.

RESULTS AND DISCUSSION

Bar-tailed godwit Limosa lapponica (Linnaeus, 1758). The species is common for nesting
in the Palearctic tundra zone; in Crimea, it was first found during a migration in the north of the peninsula,
in the vicinity of the Portovoe village, in 1972 (Kostin, 1983). In subsequent years, a significant increase
in its abundance and expansion of a distribution area during migration periods occurred (ROM Bulletin,
2005 ; Chernichko, 2010 ; Chernichko et al., 2011).

During spring migration, the bar-tailed godwit was first registered in Crimea
on 21 May, 1974 (Kostin, 1983). The earliest spring observation date was 25 March, 1999 (Cher-
nichko, 2010). The abundance increases in April and reaches its maximum (up to 1500 ind.) in May.
The main area of migratory bird concentration is the Eastern Syvash (Chernichko, 2010). We recorded
a single bird on 14 March, 2012, on the central Isthmus of Ak-Monay — near the southern outskirts
of the Vladislavovka village (the Kirovsky district). The bird kept on a steppe area not far from a reser-
voir, in the flock of ruffs Philomachus pugnax (Linnaeus, 1758) (Fig. 1A). In the east of Crimea, this
spot is the southernmost, but it should be noted that forage biotopes suitable for this species are available
to the south as well — in the coastal zone of the Isthmus of Ak-Monay and Kerch Peninsula (Adzhigol,
Kuchuk-Adzhigol, and Koyashskoe salt lakes).

The earliest record date of the bar-tailed godwit during autumn migration is 27 July, 1979 (Kostin,
1983), and the latest date is 06 November, 1998 (Chernichko, 2010). The abundance peaks in Au-
gust; the main areas of bird concentration in autumn are Syvash, the Karkinitsky Bay coast, and salt
lakes of the Kerch Peninsula (Chernichko, 2010). We registered an autumn-migrating individual
on 27 July, 2019, at the Kruglaya Bay top (Sevastopol) (Fig. 1B). The bird fed on the coast and in shal-
low water, letting the observer at a distance of 10—-15 m. This is the southernmost spot of the species
registration on the Crimean Peninsula.
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Fig. 1. Bar-tailed godwit Limosa lapponica: A — steppe near the Vladislavovka village, in the flock
of ruffs, 14 March, 2012, photo by M. Beskaravayny; B — Sevastopol, the Kruglaya Bay, 27 July, 2019,
photo by V. Giragosov

Red-throated diver Gavia stellata (Pontoppidan, 1763). Off the Crimean coast, it is a rare, oc-
casionally wintering bird (Kostin, 1983). The earliest records of this species date back to the XIX cen-
tury (Nikol’skii, 1891 ; Blakiston, 1857 ; Nordmann, 1840). There are references to the registration
of the red-throated diver in Crimea [in winter, with no dates specified; the article was published in the first
third of the XX century (Pusanow, 1933)] and to the record of one individual in the Steppe Crimea
[on 03 January, 1907 (Kostin, 1983)]. In subsequent years, single red-throated divers were recorded:
near Alushta — on 09 April, 1959, and 25 October, 1961 (Kostin, 1983); near the Lebyazhy Islands —
on 04 October, 1964, and 16 November, 1966 (Kostin, 1983); in the interfluve of Kacha and Belbek
rivers, Sevastopol area, in the period of 1987-1994 — in March, with no year specified (Klestov & Tsve-
lykh, 1999); in the Feodosiya Gulf — on 26 January, 2008 (Beskaravayny, 2008); and off the coast
of Yalta — on 08 and 10 May, 2017 (Kuzikov, 2017).

Thus, most observations of the red-throated diver are in spring and autumn; winter finds are rare.
In Sevastopol area, there were no reliable records of this species at wintering earlier; the cited data
on registration “in large quantities” in the XIX century (Blakiston, 1857) most likely have to be attributed
to the common wintering black-throated diver Gavia arctica (Linnaeus, 1758). We found a red-throated
diver at the Kruglaya Bay top on 19 January, 2020 (Fig. 2).

The bird (total length — 59 cm, wing length — 28.7, wingspan — 105, tarsus length — 7.6, beak length —
5.8 cm; body weight — 1.1 kg) got entangled with its beak, wings, and legs in scraps of line fishing net.
Therefore, it behaved unusually: it soon got ashore, without fear of the presence of people. It was not pos-
sible to free the bird from the net on the shore. The red-throated diver was obviously too weakened,
and the attempt to shelter it at home (to treat the wounds on the wings inflicted by the fishing line)
and then to release it into the natural environment, was unsuccessful; the bird died.

Moreover, a young spring-migrating red-throated diver was registered on 13 May, 2021,
at the Kamyshovaya Bay top (Sevastopol).
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Fig. 2. Red-throated diver Gavia stellata in winter plumage, the Kruglaya Bay, 19 January, 2020,
photo by V. Giragosov

Conclusion. Observations of the bar-tailed godwit in southern Crimea, where it has not been
recorded before (on the Isthmus of Ak-Monay and in the Kruglaya Bay), indicate a significant expan-
sion of the known boundaries of the species distribution area on the peninsula and specify the terms
the spring migration begins. January find of the red-throated diver, previously known as an exceedingly
rare species on the Crimean Peninsula, is the third reliable record of this species overwintering in Crimea
and the first one in Sevastopol area.

Against the backdrop of aquatic and coastal ecosystems’ transformation under natural and anthro-
pogenic impact, even single finds of hydrophilic avifauna representatives in atypical spatiotemporal con-
ditions are of interest for the analysis of emerging trends in migration phenology and abundance of both
separate species and taxonomic and ecological groups of birds.

Particular attention should be focused on the problem, associated with low ecological culture
of the use and disposal of fishing tackles, which have a detrimental effect on hydrophilic birds. Our
observations show that fishing hooks have a significant traumatic (often fatal) effect on birds as well.
Measures have to be developed to regulate fishing with nets, hooks, and line tackles in the areas of bird
mass overwintering and seasonal migrations.

This work was carried out within the framework of state research assignments of IBSS “Regularities of for-
mation and anthropogenic transformation of biodiversity and biological resources of the Sea of Azov — Black
Sea basin and other areas of the World Ocean” (No. 121030100028-0) and KSS — Nature Reserve of RAS —

Branch of IBSS “Study of peculiarities of terrestrial ecosystems’ structure and dynamics in different climatic zones”
(No. 121032300023-7).
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HOBBIE CBEAEHUA
O MAJIOM BEPETEHHUKE LIMOSA LAPPONICA (LINNAEUS, 1758)
Y KPACHO30B0M I'ATAPE GAVIA STELLATA (PONTOPPIDAN, 1763)
HA KPBIMCKOM IIOJIYOCTPOBE (YEPHOE MOPE)

B. E. I'uparocos!, M. M. Beckapagaiinbiii?, 1. E. JIpanyn!

'®I'BYH PUII «MHcTUTYT GHosoriy I0KHBIX Mopeii nvenn A. O. Kopaneckoro PAH»,
Cesacronoss, Poccuiickas ®enepanns
?Kapapnarckas HayuHas cranius uvern T. V. BsaseMckoro — mpupousiii 3anoseguuk PAH —
duman UL MHBIOM, ®eonocus, Poccuiickas denepanys

E-mail: vitaly.giragosov@gmail.com

[IpuBeneHb! HOBBIE JaHHBIE O PACIIPOCTPAHEHUU MAJIOrO BepeTeHHUKa Limosa lapponica (Linnaeus,
1758) u kpacHo3000ii rarapel Gavia stellata (Pontoppidan, 1763) Ha KpbiMckOoM moyiyocTpoBe.
Ha ¢one TpaHchopmanvu BOJHBIX ¥ OESpPEeroBbiX KOCHCTEM IOJ BO3JIECUCTBUEM MPUPOJHBIX W aH-
TPOMOTeHHbIX (PaKTOPOB AaXe eANHIYHbIE HAXOIKHU MpeJcTaBuTeser rugpouiIibHON OpHUTO(DAYHBI
B HETUITMYHBIX JJIs1 HUX [IPOCTPAHCTBEHHO-BPEMEHHBIX YCJIOBUSX MHTEPECHBI 1JIs1 aHaI3a (popMupy-
IOLIUXCS TEHIEHLMI B (DEHOJIOTUM MUIPALlAi ¥ YHCJIEHHOCTH KaK OTAEJBHBIX BUIOB, TAK M TAKCOHO-
MUYECKUX M IKOJOTMYECKUX rpymnn nTul. Lleas naHHOro vccienoBaHusl — YTOYHUTh MPaHMIBI pac-
NPOCTPaHEHUs] U CPOKM MpeObIBaHUsI Ha KphIMCKOM MOJIyOCTpOBE IBYX BUIOB TUAPO(MUIbHBIX MTHLI:
OKOJIOBOJIHOTO BH/Ia — MAaJIOTO BEPETEHHUKA — U THUIWYHOTO BOJIOIIIABAIOIIETo BUJa — KPacHO30-
6oii rarappl. HaOmoaeHust 3a nTviaMy MpOBOAMIIM B XOJ€ IUIAHOBBIX YYETOB HA AKMOHAMCKOM Iie-
pemieiike (Mapt 2012 r.) u B 6yxte Kpyrion (r. CeBacronoss) (uiosib 2019 r.). Majiblii BEpeTeHHUK
BcTpevaeTcsi B KpeiMy B neprofipl BeCeHHEN 1 OceHHel Murpauuid. Bnepsble oH 0OHapyskeH B ceBep-
Ho# yactu KpbiMckoro nosyoctpoBa B 1972 r.; B JajibHEHIIIEM YUCIEHHOCTD €T0 BO3pacTaia 1 001acTh
pacnpocTpaHeHus paciupsiiack. [locneqHue HaxoqKu ocoOei STOro Brja B I0KHBIX pailoHax Kpeima
3HAYUTENILHO PACIIMPHIIN U3BECTHBIE IPAHHULIBI €70 PACIPOCTPaHEHUs Ha MOJYOCTPOBE B MEPUOA MU-
rpauuii. HaGmopenue manoro BepeteHHrKa Ha Boctoke Kpbiva 14.03.2012 yTounusio aaty Havasna
€ro BeCeHHero mpoJiéra; HaooaeHue B CeBacronosie (3anagHoe npearopse) 27.07.2019 sBumocs nep-
BoIM B ['opHOM Kpbimy. Kpacro3o0as rarapa y 6eperos Kpeima — penkasi 3uMylomasi 1 Npos€THast
nruna. OOHapysxeHre ocodr KpacHo3000# rarapsl B Oyxte Kpyrmoit 19.01.2020 craso Tpetbeit 10cTO-
BEPHOMW perucrpanyei 3Toro Buja Ha 3uMoBke B Kpeimy 1 nepBoit — B CeBacTONONIBCKOM PETHOHE.
Ha6mopenre kpacH03000i rarapsl Ha 3HAYUTEILHOM YAICHUH OT OOBIYHBIX [Tl 3TOTO BUIA PAHiOHOB
3UMOBKH (Y 10T0-3amaaHoro nodepexsss YEpHOro Mopsi) B COBOKYITHOCTH ¢ MHOTOUMCIIEHHBIMH (haK-
TaMU PacUIMPEHHsI THE3/IOBBIX WJIM 3UMHHX apeasloB pa3HbIX BUIOB NTHUI] B CEBEPHOM HAIPaBIECHUN
SIBJISIETCS TTOATBEP:KACHUEM MPOUCXOIAIMNX KIMMATHUYECKUX M KOJIOTMUYECKNX M3MeHeHnid. Otaens-
HO CJle[lyeT 3a0CTpUTh BHUMaHUE Ha MIpodsieMe, KOTOpasl CBsA3aHa C HU3KOW KOJOTMYECKOM KYJIbTY-
POI1 UCTIONB30BAHMS U YTUIM3ALMU PHIOOJIOBHBIX CHACTEN, OKa3bIBAIOIIMX I'yOUTEIbHOE BO3/EICTBUE
Ha rugpoduibHbIX ntul. Heo6xoanma pa3zpaboTka Mep, periaMeHTHPYIOIIMX PHIOHYIO JIOBJIIO CETSMU
U KPIOYKOBOM CHACTBIO B palOHAX MACCOBOM 3MMOBKU U CE30HHBIX MUTPAIMA TITHII.

KitoueBble ci1oBa: Maiblil BEPETEHHUK, KpacHo300as rarapa, KpbiM, pacnpocTpaHenue, MUTpaLiuy,
CPOKHM NpeObIBaHUS
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Brief information is summarized on the genetically modified organisms (GMOs), methods of their
construction, spheres of usage, potential risks of GMOs propagation, necessity, and ranges of control
of their usage, infer alia their application to aquatic organisms. The data available allow concluding that
the expert community currently has no exact answer concerning the scale of GMOs usage in the country,
as well as about the degree of genetic safety of their usage in several fields of industry, especially
in semi-closed systems for growing plants and rearing of animals and other living beings in the Russian
Federation and other countries. Application of molecular genetic markers and new law regulations will
help in monitoring GMOs usage in agriculture and other industries in Russia and responding to requests
from the Russian Government and social institutions, as well as many challenges on genetic safety.

Keywords: genetically modified organism, GMO, construction, usage, potential risks, aquaculture,
agriculture

A genetically modified organism is an organism whose genotype has been artificially altered using
genetic engineering techniques (Geneticheski modifitsirovannyi organizm, 2021). Hereinafter, “GMO”
and “GM-organism” are used in the meaning defined above. Similarly, the abbreviation “GMO” is used
as “genetically modified object” (Ganzha et al., 2011).

This brief overview provides general understanding of GMOs and some of the latest developments
in this area. Detailed information can be found in the references cited. To date, GMOs are found in al-
most all food products offered in stores (Zakharova et al., 2015). The methods for GMOs producing
are diverse; they are based on the procedures of transfection and transduction, which add to the normal
genome of organisms a set of DNA fragments of other organisms modifying its genotype and pheno-
type (properties) in the desired way and constructing a new transgenic organism. GMO receives new
genetic components through special molecular constructions: vectors. Transfection uses a bacterial plas-
mid as a vector to transfer new genes (gene), that are specially adapted for this transferring. During trans-
duction, modified retroviruses or their special fragments, capable of enzymatic integration into the DNA
of the selected organism, usually are the vector. Both processes have the disadvantage of random inser-
tion into alien DNA. This results in the loss of functionality of the inserted genes themselves or in the ac-
tivation/deactivation of neighboring genes of the cells in the host organism, loading them with harmful
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effects, inter alia their malignant transformation. In recent years, the technique of genetic material
transfer has received significant improvement, which allows more accurate inserting of vectors through
the CRISPR/Cas gene editing (Mojica et al., 2005).

GM-organisms can be more efficient and secure in cultivation, breeding, and rearing in closed sys-
tems, as well as applicable for the usage in food and medical industries with proper control. As a rule,
genetic changes are carried out in accordance with the techniques mentioned above for commercial pur-
poses, but they may be carried out for purely scientific purposes as well. In this overview, only a range
of issues related to GMOs usage in human commercial activity is considered. In agriculture and food
industry, GMOs mean only organisms modified by the introduction of one or more transgenes into their
genome (Kuznetsov, 2005a). The same applies to other living beings, for example, to hydrobionts bred
in closed and semi-closed systems; therefore, this is applied to aquaculture farms with full or partial
control of reproduction by humans.

The main concerns of GMOs usage relate to their legal, environmental, agrotechnical, and food
safety (Kuznetsov, 2005b ; Ganzha & Bannikova, 2010 ; Ganzha et al., 2011 ; Chuyko, 2011), as well
as guarantees of the human genome protection under molecular therapy with the CRISPR/Cas gene
editing (see https://en.wikipedia.org/wiki/CRISPR), which is already included in the medical practice
in several countries.

The Food and Agriculture Organization of the United Nations (FAO) considers the usage of ge-
netic engineering techniques to create transgenic plants or other organisms an integral part of agri-
cultural biotechnology. The transfer of genes responsible for useful traits is a natural consequence
of the development of a practice on breeding animals and plants. New techniques expanded the abil-
ities of breeders in terms of controllability and efficacy of the process of creating new strains of broods,
in particular being able to transmit useful traits between non-breeding naturally species (FAO, 2004 ;
Zhuravleva, 2016). Actual agricultural practice has many examples of the successful usage of trans-
genic plants, that significantly increase crops. In the early 1980s, the first GMO strains were pro-
duced in the United States for commercial use. These strains were extensively tested by govern-
ment agencies: National Institutes of Health (NIH) and Food and Drug Administration (FDA). Af-
ter evaluating the evidence for the safety of their usage, these strains of organisms were granted
market approval.

In a number of countries, including Russia, construction, production, and usage of GMO products
is a subject to government regulation; more than 150 regulatory and legislative acts were passed (Ver-
shkova et al., 2008). In the Russian Federation, several types of transgenic objects have been investi-
gated and approved for usage. Out of them, the most known are: soybean — strains 40-3-2, A 2704-12,
and A 5547-127; potato — sorts Russet Burbank Newleaf, Superior Newleaf, Elizabeth 2904/1 kgs,
and Lugovskoy 1210 amk; corn — strains GA 21, T-25, NK-603, MON 863, MON 88017, MIR 604,
and Bt 11; rice — strain LL 62; and sugar beet — strain H7-1 (Genetically Engineered Mice, 2012 ; Lidder
& Sonnino, 2011).

According to the International Service for the Acquisition of Agri-biotech Applications (ISAAA)
data, 14 countries were producing crops with biotechnological changes by 2004, and 25 coun-
tries — by 2009 (James, 2009). The USA, Brazil, Argentina, India, Canada, and China are leading
in terms of GMO producing in crop production. Meanwhile, many countries — Austria, France, Luxem-
bourg, Greece, Switzerland, and New Zealand — have banned the cultivation of GM-plants. Currently,
GMOs usage is restricted in a small number of countries (Fig. 1). The distribution of GMOs of plant
origin for 25 countries with the specification of breeding objects is presented in a review (Ganzha et al.,
2011). Importantly, the introduction of GMOs in growing plants is highly likely to mean their inclusion
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in the human diet: either directly or through the food chains when used in the form of food and feed
additives in animal husbandry. At the same time, there is no control of their effect on the consumer,
or this control is insignificant.

Since 01 January, 2011, fish and other products, which are produced from harvested biological re-
sources, including those obtained from the cultivation and rearing of fish and other aquaculture and mar-
iculture objects, are equated to agricultural ones in Russia. By the Order of the Government of Russia
dated 30 November, 2010, No. 953 the corresponding amendments were made to the existing norm
“On the classification of types of products as agricultural products and primary processing products
made from agricultural raw materials of own production”.

In the fishery, GMOs are tested both on model organisms and on objects of commercial cultiva-
tion (Isaeva & Morozov-Leonov, 2005 ; Mikodina, 2008). Specifically, GMOs are described for At-
lantic salmon Salmo salar, coho salmon Oncorhynchus kisutch, Chinook salmon O. tshawytscha, coastal
cutthroat trout O. clarkii clarkii, Nile tilapia Oreochromis niloticus, Mozambique tilapia O. mossambi-
cus, Japanese rice fish Oryzias latipes, common carp Cyprinus carpio, channel catfish Ictalurus puncta-
tus, African sharptooth catfish Clarias gariepinus, fossil cat Heteropneustes fossilis, nigorobuna Carassius
auratus grandoculis, crucian carp C. carassius, yellow pike Sander vitreus, northern pike Esox lucius,
Amur catfish Parasilurus asotus, weatherfish Misgurnus fossilis, pond loach M. anguillicaudatus, gilt-
head bream Sparus aurata, red seabream Pagrus major, Wuchang bream Megalobrama amblycephala,
and zebrafish Brachydanio rerio (Ganzha et al., 2011). In the Russian Federation, research on GMOs
in aquaculture is carried out on representatives of the most farmed species: rainbow trout, tilapia, carp, etc.
(Ganzha et al., 2011).

However, there are very contradictory positions regarding the applicability of genomic technologies,
inter alia widespread GMOs usage, which deserve serious attention of the expert community, special-
ized departments, and government agencies. Supporters of the applying GMO-technologies argue that
only they, with the current world population, can save the planet from the threat of hunger. Opponents
of this approach believe that with the actual level of agricultural technology and mechanization of agri-
cultural production, existing plant varieties and animal breeds obtained in the classical way are capable
of providing the world population with high-quality food (Obzor pervogo dnya konferentsii, 2019 ; Ob-
zor dokladov za 23 iyunya, 2019) (materials of the Congress of the All-Union Society of Geneticists
and Breeders, 2019).

At the International Genetic Congress in 2019 (The VII Congress of the All-Union Society of Geneti-
cists and Breeders), a complex of ethical, social, legal, and scientific norms was considered in the usage
of genetic technologies, inter alia construction of GMOs and control of their applying (Obzor dokladov
za 20 iyunya, 2019). Despite the multitude of documents, both mentioned and new (Ganzha & Ban-
nikova, 2010 ; Chuyko, 2011 ; Agapov & Ganyuhina, 2016), a single set of legislative acts on this issue
has not been taken in the Russian Federation. In this regard, the request of the Government of Rus-
sia dated 17 March, 2020, No. MN-7/435-AM is extremely timely; its topic is as follows: “Improv-
ing the mechanism for controlling the release of genetically engineered organisms and products ob-
tained with the usage of such organisms or obtained from such organisms, as well as monitoring their
effect on humans and the environment using modern technologies”. The literature sources on these
issues are partially annotated; those include 42 articles under the section “Methods for determining
GMOs and quality control of organic products” alone (Geneticheski modifitsirovannye organizmy, 2017).
In the next section, the author offers his vision of the issues — for their consideration by the expert
community, as well as in government departments and other government agencies.
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Identification of GMOs, biodiversity monitoring, and molecular markers. Genetic safety prob-
lems. The identification of GMOs is an essential component of controlling the prevalence of their prac-
tical application. However, among the most important tasks of biology, there is not only monitoring
of GMOs and the safety of the usage of genetic technologies, but also the study of ecological aspects
in their contact with natural communities, as it is possible in semi-closed reproduction systems. In this
regard, the closest attention should be paid not to full-cycle agricultural and other farms where the repro-
duction of organisms is fully controlled by humans, but to semi-closed breeding systems, e. g. ranching,
which is carried out at most salmon marine hatcheries, with partial control of the life cycle by the per-
sonnel. During rearing, GMO vectors are capable of entering the natural environment due to horizontal
transfer; there, they can convey to species undesirable and even harmful in nature properties of transgenic
organisms: instability of localization in the genome and provoking alterations of cellular functions during
translocations with unpredictable consequences. The key task is to monitor all the biological diversity
and take measures aimed at its preserving in order to maintain a comfortable living environment for cur-
rent and future generations of Russian citizens. The problems of the society accelerated technologization
and food trade globalization entail the need for control the quality of food products, sources for drugs,
and their composition as well. All this is impossible without a well-functioning system for identifying
organisms based on biological molecular markers.

The origins of the application of the variability of biological macromolecules, e. g. in biology, have
long roots. In general, biological molecular markers have found application in numerous fields depend-
ing on the needs of modern society. Let us define what a biological molecular marker is. A biological
molecular marker (hereinafter MM) is any macromolecule of a living organism, that can be an iden-
tifier of a certain function, results of a biochemical, population, or evolutionary process (Kartavtsev
& Redin, 2019). The study and usage of MMs have already become a new branch of biomedical science,
as evidenced by the presence of special journals: Biomarkers, Current Biomarker Findings, Biomarker
Insights, Barcode Bulletin, etc. MMs are used in many fields of biology and medicine.

There are three most significant areas:

1. DNA barcoding. Molecular markers are applied in the global program for redescribing biolog-
ical diversity on a modern molecular and bioinformatics basis: iBOL (see https://ibol.org/). As a stan-
dard marker, or DNA barcode, for most invertebrates and vertebrates, the nucleotide sequence of Co-1
gene encoding cytochrome ¢ oxidase subunit I of mitochondrial DNA (mtDNA) is used. For ease
of usage, the first half of the gene is used as a barcode, about 650 base pairs (bp). For plants, other
MMs, or barcodes, are more suitable, such as matK (maturase), rbcL (large subunit of the enzyme
ribulose-bisphosphate carboxylase), and fragments of internal transcribed spacers of rRNA, ITSI,
ITS2, etc. (Zhokhova et al., 2018 ; Shneyer & Rodionov, 2018). At this level, the basis for successful
identification is low intraspecific variability (weak nucleotide sequence differences between individu-
als of the same species), but an order of magnitude greater interspecific divergence of samples (be-
tween individuals of different species): on average, about 0.5-1.0 % and 10 % divergence for animals,
respectively (Kartavtsev, 2011).

One of the applications of MMs is the identification of hybrids and invasive species. Due to glob-
alization and the intensification of international food trade, identification of samples in export-import
operations is of great importance. Falsification of brands, e. g. trade marks, under which fish fillets, caviar,
and other products are sold, can be accurately identified by MMs, and this helps state-owned and private
enterprises to avoid significant economic and reputational losses (Nedunoori et al., 2017).
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2. Molecular markers for the identification of stocks, strains, and breeds of animals. For this
level, Co-1 and other mtDNA molecular markers are not quite suitable, since they are relatively
little variable within the species (although there are exceptions). Usually more conservative in ani-
mals, nuclear DNA (nDNA) molecular markers are even less applicable at this level. However, mi-
crosatellite nDNA loci and single nucleotide polymorphisms are the most effective in identifying dif-
ferences between animal populations, breeds, and stocks, as well as in their certification in higher
organisms.

3. Molecular markers in the field of medicine have acquired the greatest importance, especially
in the diagnosis of diseases (specifically, breast, prostate, and colon cancer, etc.). They are applied
in a forensic science as well: aimed at excluding certain individuals from suspects. The scope of MMs also
includes monitoring of genetic safety to assess the risks of usage of recombinant DNA and genetically
modified products/objects in food and medical industries. There is a special review on the biomedical
problems of DNA barcoding (Zhokhova et al., 2018).

In addition to the obvious applied value in medicine and in the biodiversity description, the ar-
eas listed above are useful for the paradigms of general biology and evolutionary genetics, as well
as for the scientific component of the iBOL program, being of a decisive importance in identifying
species by DNA barcoding. As of 07 August, 2020, the iBOL database accumulates the research results
as follows: samples of living organisms — 11,429,832; samples with barcodes — 8,466,913; and species
identified by barcodes — 314,777 (The Barcode of Life Data System, 2021, see Taxonomy Browser).
All this data is accompanied by documentation unified by the iBOL standards and is available to any user
via the Internet. The contribution of the Russian Federation and RUS-BOL (Shtrikhkodirovanie zhivykh
organizmov na osnove DNK, 2021) to research on DNA barcoding is reflected in the Barcode of Life
Data System (BOLD) database: these are 42,174 records published, which form 7,972 barcode clusters
represented by 263 organizations (laboratories and creative groups). The records made in BOLD refer
to 27,320 species names, representing a total of 6,099 species. In terms of activity, Russia is in the middle
of the list of program participants, at the level of Brazil and France.

Thus, on the merits of the above-mentioned request of the Government of Russia, it can be stated
as follows: up to date, the expert community does not have an exact answer to the question
of the scale of GMOs usage in the country and the degree of genetic safety of their usage in sev-
eral fields of industry, especially in semi-closed systems for growing plants and rearing of animals
and other living beings in the Russian Federation, as well as in other countries. The usage of MMs
and a new regulatory framework will allow carrying out a more accurate monitoring of GMOs apply-
ing in agriculture and other industries in the Russian Federation and answering the questions raised
by the government, as well as other important public requests regarding genetic safety.

List of genetic safety measures

* Genetic safety of food products. Carrying out large-scale research aimed at development of guide-
lines for the control of export-import food flows. Development of specialized MMs for monitoring
genetic and environmental safety of GMOs usage. Development of recommendations for monitoring
the usage of GMO products as food items, food additives, and drugs.

* Monitoring of invasions and hybridization. Ecological and genetic monitoring.

* Monitoring of gene pools of major agricultural crops and commercially important animals and fish.
Monitoring of varietal (breed) diversity based on MMs.
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of the World Ocean: Taxonomy, barcoding, phylogenetics, reproductive and evolutionary biology, and biogeography

Monitoring of gene pools of human populations based on MMs and omics technologies, inter
alia the usage of the latest instrumental base for whole genome sequencing, genome editing,
transcriptome, proteomic, and other types of analysis to maintain the health of the nation.

Funding in the amount of 150 million rubles per year for 5 years of a targeted federal program
for the study and maintenance of biodiversity on the topic “DNA barcoding as the basis of the pro-
gram for molecular, genetic, and bioinformatic description of biological diversity of living organ-
isms in Russia. Genetic certification of especially valuable populations and species based on new
methods for describing biological diversity: biobanking, environmental DNA, transcriptome analysis,
and other approaches”.

Prolongation of funding of the relevant topics of the Russian Science Foundation on the assessment
of the biodiversity of living organisms and the elaboration of specific research and development
projects.

Organization of a system of monitoring by the Russian Federal Service for Surveillance on Consumer
Rights Protection and Human Wellbeing — of GMO products as food items, food additives, and drugs,
as well as food manufacturers and chain stores of the Russian Federation — based on molecular
markers.

This work was carried out within the framework of NSCMB state research assignment “Biodiversity

»

(FWFE-2021-0003; 1021051202207-7).
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N3YUYEHUA TEHETUYECKHA MO JUPUIIAPOBAHHBIX OPTAHN3MOB
U OIIEHKA IIOTEHIIUAJIBHBIX PUCKOB UX VICIIOJIb30BAHUS
JUIS IIPUPOIHBIX BUJ/IOB

0. ®. KaprasBiuesn

HanmonanpHbIA HAyYHBIN IIEHTP MOpCKo# Ononoruu nvenu A. B. JKupmynckoro IBO PAH,
BraguBoctok, Poccuiickas depepanust
E-mail: yuri.kartavtsev48@hotmail.com

IIpencraBieHsl KpaTKHE CBEJEHUA O TeHETUYECKH MOIU(UIIMPOBaHHBIX oprannsmax (I'MO), meTonax
UX CO3JaHMs], 00IACTSX UCTIONB30BaHMS], TOTEHIMAIBHBIX PUCKAX PUMEHEHHS], a TAKKe HEOOXO0IMMO-
CTU U cepax KOHTPOJIS UX UCHOJIb30BaHUsA, B TOM YMCJIE TPUMEHUTESBHO K BOJHBIM OpraHU3MaMm.
[puBenEHHbIe MaTEpUAIbl IO3BOJISIOT 3aKJTIOUUTh, YTO SKCHEPTHOE COOOIIECTBO B HACTOSIIIEE BpeMsI
He UMeeT TOYHOTO OTBETa Ha BOMPOC 0 Macitadax vcrnoib3oBanusi [ MO B cTpaHe, a TaKkxke O CTeleHH
TeHeTHUYECKOH Oe30MacHOCTH MX PUMEHEHHsI B HEKOTOPHIX c(hepax MpOU3BOCTBA, OCOOCHHO B IOy~
3aMKHYTBIX CHCTEMax BOCITPOM3BOJICTBA PACTEHHH, KMBOTHBIX U JPYrHX 00bekToB B Poccuiickoit Pe-
Jepauyu 1 3a pyoesxom. Vicronp3oBaHuE MOJEKYISIPHBIX MAapPKEPOB FEHOB M HOBasi HOpMAaTHBHas Oa3a
MO3BOJIAT OCYIIECTBUTH 00JIee TOUHbI MOHUTOPUHT NpuMeHeHus1 [ MO B cesIbckoM XO3SIACTBE U ApY-
TUX OTPAacisAX MPOMBIIUIEHHOCTH B P®, oTBeTuth Ha 3ampocsl [IpaButensctBa Poccun u obmecTsa,
a TakXe Ha psiJ JPYTMX BaXXHBIX BRI30OBOB OTHOCHTEIEHO FEHETUYECKOM OE30MacHOCTH.

KuaroueBbie caoBa: reHeTuuecku MoaudpuuMpoBaHHbiil opranusm, ' MO, coznanue, mpuMeHeHue,
MOTEHIUATbHBIE PUCKH, aKBAKYJIBTYPA, CEJIbCKOE XO3AUCTBO
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Understanding the patterns of microevolutionary processes involves a wide range of population ge-
netic studies on different species. However, the number of genetically studied species is limited due
to significant methodological difficulties in testing the genetic conditionality of various traits. De-
veloping population phenetics may become an alternative, which allows considering a large number
of new species subject to development of morphologically and genetically-based system to describe
the variability and classification of phenotypic traits. Gastropods are a classic object for carrying out
population genetic studies based on the analysis of polymorphism of shell coloration. The parametric
classification system proposed by S. Sergievsky ef al. (1995) for periwinkles of the genus Littorina
may serve as a basis for the developing of a universal system for classifying color traits for that tax-
onomic group. Since a large amount of new data has been published in recent years, this system re-
quires correction and revision. The study aims to revise the system, taking into account new material
on the pigment composition, as well as on the peculiarities of the formation and inheritance of color
traits, their joint occurrence, efc. A revised and modified classification system for shell coloration traits
is presented by the example of the White Sea gastropods L. obtusata; this system considers the idea
of the formation of a phenotype as a combination of several elementary traits. These are traits asso-
ciated with the formation of: 1) a shell background color (the ability to include different pigments
in the ostracum and the hypostracum color); 2) a pattern of spots (the presence of inclusions of white
and/or brown pigment); and 3) wide longitudinal bands (brown, white, and orange). Elementary traits
are highlighted taking into account the pigments involved, as well as the mechanisms of their forma-
tion and inheritance. When describing the shell coloration, elementary traits are first used to describe
relatively simple traits (groups of phenes “Shell background color”, “Hypostracum color”, “Pattern
of spots”, and “Wide longitudinal bands”), which are subsequently combined to describe the pheno-
type as a whole. Our study provides an overview of the available data on the qualitative composition
of shell pigments in periwinkles and patterns of formation and inheritance of color traits; their pos-
sible combinations are described. The phenes isolated by us are described together with their occur-
rence, color specification in the RGB system, and the peculiarities of the formation, taking into ac-
count the distribution of pigments in the shell. Visible traits, that may be used to assess the distribu-
tion of pigments in the shell, are indicated. The ontogenetic changes in traits are described. Despite
the fact that the proposed classification system is developed by the example of L. obtusata, it can
be used for same purposes for other periwinkle species and, with some modifications, for a wide range
of gastropod species.

Keywords: polymorphism, shell coloration, classification system, gastropods, Littorina
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Understanding the patterns of microevolutionary processes involves carrying out a wide range
of population genetic studies on different species. At the same time, the number of genetically stud-
ied species is limited due to significant difficulties in checking out the genetic conditionality of vari-
ous traits: problems in keeping and breeding animals, long generational change, efc. Therefore, the pat-
terns revealed may be insufficiently characteristic of all living nature. The way out lies in the develop-
ment of population phenetics, which allows extending population genetic methods to species, whose
direct genetic study is difficult or impossible (Yablokov, 1987 ; Yablokov & Larina, 1985). This ap-
proach should be based on the formation of reasonable systems for describing variability and classifying
phenotypic traits.

Gastropods serve as a classical object for carrying out population genetic studies associated with shell
coloration polymorphism (Ito & Konuma, 2020 ; Miura et al., 2007 ; Scheil et al., 2014). The emergence
of a sufficiently flexible and well-grounded system for classifying formation and inheritance of shell col-
oration traits will make it possible to include in consideration a large number of new species. Despite
the best knowledge of the genetics of pulmonates (Kozminsky, 2014 ; Backeljau et al., 2001), model
objects for the development of such a classification system should be sought among the prosobranchias:
more numerous and significantly more varied in color. Molluscs of the genus Litforina, which are charac-
terized by high polymorphism (Reid, 1996) in shell coloration, are a promising model object; on its basis,
an attempt can be made to create a classification system universal for gastropods.

Molluscs of the genus Liftorina are a popular subject for numerous studies related to the variabil-
ity of shell coloration (Estévez et al., 2020 ; Roldn-Alvarez et al., 2015 ; Sokolova & Berger, 2000).
So far, several systems have been proposed to describe it. The first one — formulated in the early XX cen-
tury — was a system for describing variability in Littorina obtusata, in which each stable combination
of coloration traits (morph) had its own name (Dautzenberg & Fischer, 1915, cited from: Reid, 1996).
With some modifications, this approach was used for a long time in population genetic studies of periwin-
kles (Reimchen, 1979 ; Sacchi, 1974). Its key disadvantage is the problems of studying the variability
of elementary traits, that are part of a morph. The attempt to solve those problems by isolating addi-
tional morphs leads to the unnecessary bulkiness of the system of variability description (Reid, 1996).
For this reason, Pettitt (1973) proposed the system of coloration trait classification in periwinkles, based
on the imaginary system of genetic control, with six “loci” for description of elementary coloration
traits: background, number and coloration of bands, pattern of spots, etc. A similar approach was used
to describe variability in L. obtusata and formed the basis of the parametric system of coloration trait
classification in L. saxatilis (Sergievsky et al., 1995). Since there were no data on the mechanisms of in-
heritance of the shell coloration traits in prosobranchias, Sergievsky et al. (1995) used the monogenic
polyallelic inheritance pattern characteristic of pulmonates. Unfortunately, later studies (Kozminsky,
2014) showed that this assumption is not true. Among the advantages of this approach, due to which
it can serve as a basis for the development of a universal classification system for gastropods, are the de-
scription of coloration variants as a combination of independent elementary traits and an attempt to con-
sider the mechanisms of their inheritance. Moreover, the peculiarities of coloration traits formation
were partly taken into account (Sergievsky et al., 1995).

Considerable time has passed since the emergence of the parametric system for describing variability
in periwinkles, and a lot of new data has appeared. By the example of L. obtusata, it was shown that
the background coloration in periwinkles is a result of the joint activity of several genetic systems, each
of which is responsible for the incorporation of a certain pigment into the shell (Kozminsky, 2014).
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The inheritance of bands and a pattern of spots on the periwinkle shell was studied (Kozminsky,
2011, 2016 ; Kozminskii et al., 2010). The concepts of the distribution of pigments in the shell
and the formation of elementary coloration traits in periwinkles were substantially supplemented,
and the composition of the pigments involved was clarified (Kozminskii & Lezin, 2007). Finally, the effi-
ciency of using shell coloration traits when identifying periwinkle phenotypes was assessed; it was shown
that for accurate identification, the peculiarities of the distribution of pigments in the shell thickness
have to be considered (Lezin & Kozminskii, 2008).

The aim of this work is to revise the previously proposed classification system for shell col-
oration traits (Sergievsky et al., 1995) for molluscs of the genus Litforina, taking into account
new data on the composition of pigments, peculiarities of their distribution in the shell, and inheritance
of coloration traits.

RESULTS AND DISCUSSION

The work is based on the data obtained in the study of the White Sea molluscs Littorina obtusata
(Linnaeus, 1758) and, in some cases, Littorina saxatilis (Olivi, 1792). The methods used and results
obtained are described in detail in the publications of E. Kozminsky et al. (Kozminsky, 2011,2014,2016;
Kozminskii & Lezin, 2006, 2007 ; Kozminsky et al., 2008 ; Kozminskii et al., 2010 ; Lezin & Kozminskii,
2008).

Pigments and coloration of shell areas. The coloration of the gastropod shell consists
of a background coloration and a pattern of bands or spots (Sergievsky et al., 1995).

The shell areas of L. obtusata can be purple', orange, yellow, white, and depigmented. Various pig-
ments are responsible for purple, orange, and yellow coloration. Purple pigment is insoluble in water
and organic solvents; it remains in the sediment in the form of brownish flakes when the shell is dis-
solved by weak acids. Chemical stability and color allow suggesting that purple pigment is melanin.
This pigment is widespread in animals (Britton, 1986) and is found in mollusc shells (Lucas, 1974 ;
Williams, 2017 ; Williams et al., 2016). Yellow and orange colors are caused by pigments insoluble in wa-
ter, but extractable with organic solvents: ethanol, chloroform, hexane, and toluene, as well as diethyl
and petroleum ethers (Kozminskii & Lezin, 2007 ; Sergievsky et al., 1995). When carrying out paper
chromatography, these pigments behave similarly to carotenoids (Zabelensky, Kozminsky, unpublished
data). By their visible color, they can belong to both carotenoids and polyenes also found in mollusc
shells (Délé-Dubois & Merlin, 1981 ; Hedegaard et al., 2006 ; Williams, 2017). Apparently, guanine
is responsible for white coloration, which, strictly speaking, is not a pigment. White color caused by its
presence is structural and associated with the reflection of light by ordered guanine microcrystals (Brit-
ton, 1986). As known, guanine is responsible for the formation of white coloration in many animals,
inter alia molluscs (Britton, 1986 ; Lucas, 1974). The incorporation of guanine into the periwinkle shell
can explain the formation of a denser than usual microstructure of white areas as well (Kozminskii
& Lezin, 2007 ; Sergievsky et al., 1995). Discolored areas of the shell with normal microstructure result
from true depigmentation.

Formation of the shell coloration. The major contributor to the formation of the periwinkle shell
coloration is the irregular-prismatic layer (ostracum) (Kozminskii & Lezin, 2007). The background
shell color can be formed due to the incorporation of one, two, and three pigments into the shell.

'Tt would be more correct to speak of brown. The latter, with a high pigmentation intensity, looks red-brown and even
almost black and was designated by Sergievsky et al. (1995) as purple. In this work, the original designation is used.
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Elementary traits associated with the formation of a background coloration are the ability to incor-
porate various pigments into the shell (melanin, two carotenoids) and the ability to incorporate gua-
nine into the shell. Depending on which pigments are incorporated into the shell, different variants
of the background color are formed (Fig. 1A—M): monochromatic (pure yellow, orange, and purple),
dichromatic (two-layer yellow-purple, yellow-orange, orange-purple, and white-purple), and trichro-
matic ones (three-layer yellow-orange-purple, yellow-white-purple, and orange-white-purple). In yellow-
purple molluscs, the coloration of the shell background depends on the ratio of yellow and purple pig-
ments in the outer ostracum area (Fig. 1H-J). With a higher concentration of yellow pigment, the visible
shell color is almost yellow; with its lower concentration, the shell looks brown. With an intermedi-
ate concentration of pigment, the shell is olive (greenish). It should be noted that the proper (layer-
by-layer) distribution of pigments, which is characteristic of L. obtusata, is not necessary. In L. sax-
atilis, in the presence of the same elementary traits, the distribution of pigments in the shell is often
chaotic. The pattern of spots is formed on the basis of white or purple pigments (Fig. 10-R). Sep-
arate pattern elements are lenticular incorporations of pigment located in the upper ostracum area.
The relative location of the pattern elements varies, as well as the degree of their fusion. The ele-
mentary trait highlighted at this stage is the presence of a pattern of white or purple spots or their
absence. Considering high variability of the pattern of spots, further studies are required of the forma-
tion of this color trait and a highlight of additional elementary traits, e. g. the ability to form a zigzag
pattern. Bands form as interlayers of brown, white, and orange pigments (Fig. 1S-U). As in the pre-
vious case, the elementary trait is the presence of bands of different colors or their absence. The hy-
postracum of the periwinkle shell can be purple or depigmented (Fig. 1N); elementary trait is colored
or depigmented hypostracum.

No one has studied the formation of mollusc shell coloration at histological and biochemical levels.
As known, dorsal and ventral glands, as well as the cells of the dorsal epithelium of the mantle mar-
gin, are involved in the formation of the periwinkle shell (Bevelander & Nakahara, 1970). The ventral
and dorsal glands are responsible for the periostracum formation. The ostracum and hypostracum for-
mation involves the cells of the dorsal epithelium, which are formed in the proliferation zone located
at the mantle margin and are gradually displaced in the dorsal direction. It stands to reason that dur-
ing this displacement, the cells of the dorsal epithelium at certain points in time ensure the synthesis
of different pigments and their incorporation into the shell. Moments of switching modes of functional
activity of pigment-forming cells are obviously genetically determined. As a result, there are an ordered
incorporation of pigments into the shell and a formation of various coloration elements.

When a monochromatic background color is formed, the cells of the dorsal epithelium of the mantle
margin synthesize the same pigment. As these cells are displaced from the proliferation zone, their func-
tional activity may decrease. In this case, a pigmentation gradient is formed, with a decrease in intensity
from the outer to the inner ostracum area. If this does not occur, the prismatic layer is colored evenly.
With the formation of di- and trichromatic variants of the background color, the cells of the dorsal epithe-
lium synthesize one kind of pigment. Then, a synchronous switching of their functional activity occurs
from the formation of one pigment to the formation of another. Since the boundaries between areas of dif-
ferent pigmentation are blurred, it can be concluded that functional activity of pigment-forming cells
changes smoothly. Apparently, we can talk about a certain pattern in the change in the modes of func-
tional activity of pigment-forming cells: first, yellow and orange pigments and guanine are synthesized;
only then, purple pigment is synthesized.
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Fig. 1. Variants of the shell background color and the pattern of spots and bands in Littorina obtusata. Shell
background color: A — depigmented; B — purple; C — yellow; D — orange; E — yellow-orange; F — orange-
purple; G — white-purple; H-J — variants of yellow-purple shell background color; K — yellow-white-purple;
L — yellow-orange-purple; M — orange-white-purple (by the example of L. saxatilis). Hypostracum: N — pur-
ple and depigmented. Pattern: of white (O-Q) and purple (R) spots. Wide longitudinal bands: S — white;
T —orange; U — brown. The general view of the shells (top panel) and the distribution of pigments in the shell
(bottom panel) are presented. This illustrative material is freely available on the website of the Zoological
Institute RAS, Saint Petersburg: http://www.zin.ru/projects/litphen/index.html

With the formation of brown (= purple), white, and orange bands, the cells of the dorsal epithelium,
located in certain areas of the mantle margin, switch at the appropriate time to the formation of the pig-
ment of the bands. Interestingly, the system sometimes fails: the formation of the background coloration
stops, but the synthesis of the pigment of the bands does not occur. In this case, depigmented bands
are formed, which we noted in yellow L. obtusata; these are homologous to the hyalozonata phenotype
of other molluscs (Cook, 1967 ; Cook & King, 1966). When a pattern of spots is formed, a change
in functional activity of pigment-forming cells in certain areas of the mantle margin occurs periodically.
The linear dimensions of such areas are much smaller, and their number is much larger than in the case
of bands. As a result, a pattern of pigment spots is formed, the shape and relative position of which
vary (Fig. 10-R).

Switching of the mantle margin cells from the formation of an irregular-prismatic layer to the for-
mation of a lamellar layer is associated, apparently, with a decrease in the number of possible variants
of functional activity of pigment-forming cells. In the ostracum formation zone, cells can synthesize
purple, orange, and yellow pigments and guanine; in the hypostracum formation zone, purple pigment
alone (Fig. 1N).
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Possible variants and combinations of color traits. In the series of our research, most of the the-
oretically possible variants of the background coloration were revealed, which can be formed on the ba-
sis of three pigments and guanine. Individuals with depigmented shell were obtained under experi-
mental conditions. In vivo, three out of four possible monochromatic color variants (purple, yellow,
and orange) were found; all the possible dichromatic color variants involving purple, yellow, and or-
ange pigments and guanine; and three out of four possible trichromatic color variants. At the same time,
no molluscs were revealed with monochromatic white, dichromatic yellow- or orange-white, and trichro-
matic yellow-white-orange background coloration; obviously, white pigment is found only in conjunction
with purple one.

White bands were registered in periwinkles with the most varied background colors. Brown bands
are characteristic of molluscs, which have a background coloration with orange pigment. Less commonly,
they can be found in periwinkles with a background color formed with yellow pigment (yellow and yellow-
purple molluscs) or — only under experimental conditions — in depigmented individuals. In L. saxatilis,
brown bands are found in white-purple individuals alone. Orange bands are recorded mainly in molluscs
with yellow-purple background color; occasionally, with pure purple one. Bands of different types can oc-
cur simultaneously. Individuals with brown and white bands on the shell are quite common. Periwinkles
bearing both white and orange bands were found as well; however, this color variant is very rare. This
is probably due to the fact that white and orange bands are formed on the same shell area and “interfere”
with each other.

A pattern of white spots blends freely with all the background colors and bands. At the same time,
a pattern of purple spots is associated with the presence of orange pigment in the background coloration
and often with the presence of brown bands. Both pattern variants can occur at the same time.

Inheritance of shell coloration traits. The information on the inheritance of shell coloration traits
in periwinkles is limited. The data of Reimchen (Reimchen, 1974, cited from: Reid, 1996) testify
to the hereditary nature of some color variants. In the work (Kozminsky et al., 1995), an attempt
was made to explain the inheritance of the background shell coloration in periwinkles based on a single-
locus polyallelic inheritance pattern, which is characteristic of pulmonates (Murray, 1975). Unfortu-
nately, in the publication mentioned, little attention was paid to the fact that several different pigments
are involved in the formation of the periwinkle shell coloration, and the possibility of multiple paternity
was not considered, which doubts the conclusions drawn. In later works (Kozminsky, 2011, 2014, 2016 ;
Kozminskii et al., 2010), those shortcomings were eliminated; the results obtained form the basis
of the following scheme of inheritance of shell coloration traits in periwinkles (Table 1).

With the formation of the background color in L. obtusata, three different groups of genes are re-
sponsible for the incorporation of purple, yellow, and orange pigments into the shell (Kozminsky, 2014).
The incorporation of pigments into the shell is dominant. In the case of purple and yellow pigments, each
group incorporates at least two complementary interacting genes. We have not studied the inheritance
of white coloration in L. obtusata due to the rarity of the corresponding phenotypes in the White Sea
populations’. By analogy with pigments, it stands to reason that a separate genetic system is responsible
for the incorporation of guanine into the shell as well (it is shown in the table as a separate biallelic gene).
In general, the background color of the periwinkle shell is formed as a result of the interaction of several
groups of genes, with each being responsible for a certain pigment (synthesis, transport, and incorporation
into the shell).

The corresponding study was carried out by the example of L. saxatilis.
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One gene with two alleles is responsible for the formation of brown bands in periwinkles (Kozmin-
sky, 2011). The inheritance of white (Kozminsky, 2016) and orange (Kozminsky, unpublished
data) bands is also consistent with the hypothesis of a monogenic inheritance pattern. While
the presence of brown and white bands is dominant, the presence of orange bands is most likely
a recessive trait.

At least two complementary genes are responsible for the presence of a pattern of white pigment
spots on the shell (Kozminskii et al., 2010). The high variability of the shape, relative position, and de-
gree of fusion of the pattern elements (Fig. 10-Q) suggests that the number of genes associated with
its formation can be much larger. It is also possible that the manifestation of this trait may depend
on environmental factors.

Analysis of the available data indicates a linkage of the loci responsible for the incorporation of or-
ange pigment (O) into the shell and the formation of brown bands (BP). Within the framework of the cor-
responding hypothesis, the formation of four types of gametes (OB”*, OB”", 0B, 0oB”") is possible,
on the basis of which 10 unique genotypes can be formed. The corresponding phenotypes of individuals
can be combined into four groups (“orange banded”, “non-orange banded”, “orange bandless”, and “non-
orange bandless”), and each of them should be characterized by its own peculiarities of joint inheritance
of background color and bands. In the experiment, in the offspring of orange banded females, banded in-
dividuals with orange background color alone split off. In the offspring of yellow banded females, banded
individuals had yellow background coloration as well. In the offspring of orange bandless females, only
orange bandless individuals were recorded. In the offspring of females of the fourth group, banded
individuals (if present) always had orange background color; the corresponding alleles were obtained,
apparently, from fathers.

It should be noted as follows: in the cases studied by us, in the offspring of yellow banded females,
individuals with bands had yellow background color alone. At first glance, this indicates the emergence
of a new linkage pair resulting from a crossing over and the fact that alleles of one gene are respon-
sible for the formation of yellow and orange coloration, which contradicts the data on the inheritance
of the background color. However, this is not the case. Let the genes, responsible for the inheritance
of orange pigment and bands, and the genes, responsible for the formation of yellow and purple back-
ground colors, be in different chromosomes. Then, the crossover gametes 0oBP* can freely combine
with all kinds of gametes, that give different variants of the background color with the participation of yel-
low and purple pigments (yellow, purple, yellow-purple, and depigmented; we can neglect gametes giving
white-purple background color, since this variant is rare in L. obtusata). In purple molluscs, the bands
will be invisible. We recorded depigmented individuals with brown bands in the experiment (under natu-
ral conditions, depigmented individuals most likely do not survive). In reality, only combinations of oB"*
gametes with variants of yellow background color (yellow-purple and yellow) will be observed, since
they are the most abundant in the population, giving rise to the sensation of apparent linkage of yellow
color with brown bands.

There are no data on the inheritance of the pattern of purple pigment spots and hypostracum col-
oration. A pattern of purple pigment spots is found only in individuals with a background color with
the participation of orange pigment, both banded and bandless. It can be both a result of the activ-
ity of a separate gene, closely linked to the gene for brown bands, and a by-product of the activity
of a “banded” gene. The formation of hypostracum is associated with a change in the mode of func-
tional activity of the mantle margin cells; at the same time, a change in the programs of synthesis
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and incorporation of pigments into the shell can occur (Fig. IN). Therefore, it stands to reason that
a separate gene (or a group of genes) is responsible for the hypostracum color. It has to be noted that
a separate genetic system is probably also responsible for the embryonic coloration of the shell, since
the embryonic shell in periwinkles is always purple, even in depigmented individuals.

System for describing variability of shell coloration traits in Littorina obtusata

Group of phenes “Shell background coloration” — C.

CP — “Depigmented” (Fig. 1A). A rare coloration variant: two individuals studied were obtained
under laboratory conditions when analyzing the inheritance of shell coloration traits. The shell is depig-
mented, partially translucent, dull white, and horny in color (RGB’: 19713: 180%,: 146+4). Border
and underside are not expressed; shell microstructure is common. The hypostracum is depigmented.
The embryonic shell contains a small amount of purple pigment. This phenotype can be confused
with very old yellow periwinkles, in which the incorporation of pigment into the shell may have stopped.

CP — “Purple” (Fig. 1B). One of the most common phenotypes in the White Sea populations (about
40 %). The visible shell color is dark brown, almost black (77+;4: 62+;5: 56%;5); border and underside
are not expressed. The coloration intensity varies slightly. The prismatic layer is colored with purple pig-
ment. In one part of individuals, the ostracum color is even; in other part, a gradient is observed, with a de-
crease in the pigmentation intensity from the outer to inner shell area (in some cases, the inner ostracum
area is practically depigmented). Shell microstructure is common. The hypostracum may be purple
or depigmented.

CY —“Yellow” (Fig. 1C). Quite a rare phenotype (0.3 %). The visible color is yellow (1953, 155+3;:
22+)3); the intensity varies relatively little. Border and underside are not expressed. The ostracum is col-
ored with yellow pigment; microstructure is common. The coloration of the prismatic layer can be even,
or there can be a gradient, with a decrease in the pigmentation intensity from the outer to inner shell
area. The hypostracum is usually depigmented, occasionally purple.

CY — “Orange” (Fig. 1D). Common phenotype (2 %). Visible color is orange, with varying intensity
(179%,7: 96%1,: 2143); border and underside are not expressed. The irregular-prismatic layer is colored
with orange pigment; microstructure is common. A gradient is possible, with a decrease in the pigmen-
tation intensity from the outer to inner shell area. The hypostracum can be depigmented or colored
with purple pigment (the latter variant is common in L. saxatilis). The shell may have a pattern of pur-
ple spots, which makes the visible coloration darker. On the contrary, a pattern of white spots makes
the coloration lighter.

CY0 — “Yellow-orange” (Fig. 1E). Quite a rare phenotype (0.3 %). The visible shell color is yellow-
orange (176x31: 119+,5: 917). There is no expressed border; underside has the same color as other shell
areas. Shell microstructure is common. In some individuals, the outer area of the prismatic layer is col-
ored predominantly with yellow pigment, and the inner area is predominantly orange; in most individuals,
the pigments are blended. The color of yellow-orange molluscs varies from almost orange to almost yel-
low, and this can cause problems in identifying the phenotype (Lezin & Kozminskii, 2008). The presence
of a white checker lightens the coloration and can also cause identification problems. The hypostracum
is usually colorless.

3Color coordinates characterizing the shell coloration elements according to the RGB color model (Kozminskii & Lezin,
2006).

Mopckoii buosnorrueckuii xypHain Marine Biological Journal 2021 vol. 6 no. 3



Specification of polymorphism and classification of shell coloration in gastropods... 69

CO” — “Orange-purple” (Fig. 1F). Quite a rare phenotype (0.5 %). The visible shell color is orange
(176%16: 93+%6: 38%1g); it seems darker due to purple coloration of the inner ostracum area and often
incorporation of purple pigment in the form of spots. There is an orange border along the mouth edge.
Shell underside is darker and may have a distinct purple tint. The outer area of the prismatic layer is col-
ored with orange pigment, and the inner one is purple. Typically, purple sublayer is very thin. Pheno-
type identification is difficult, since the incorporation of orange pigment into the shell seems to inhibit
the incorporation of purple one, and only a thin, inconspicuous purple sublayer retains at the border
with the hypostracum. The latter is colorless or colored with purple pigment.

CWP _— “White-purple” (Fig. 1G). A relatively rare coloration variant in the White Sea L. obtusata
(0.5 %). Unlike the color of depigmented individuals, white color is saturated, shiny (206%7: 181%4:
1114y,). The shell is dense, opaque. Border along the mouth edge is white; shell underside is purple.
The outer area of the prismatic layer is colored white, and the inner area is purple. The thickness
of a white sublayer varies; accordingly, several variants of white-purple background color, with dif-
ferent intensity, can be distinguished. On thin sections and chips, the shell in the white sublayer area
has a denser than usual microstructure with a bluish tint. The hypostracum is always colored with purple
pigment.

C'" — “Yellow-purple” (Fig. 1H-J). The most common variant of the background coloration
in the White Sea populations (55 %). The visible coloration varies from brown (116tg: 88+9: 60+g)
to deep yellow (21945: 18147: 611;), but most individuals have olive shell coloration (123155: 1014p3:
514,3), with yellow border along the mouth edge and purple underside. The outer ostracum area is col-
ored with yellow pigment, the inner one is purple. Shell microstructure is common. Coloration depends
on the thickness of yellow pigment sublayer and its pigmentation intensity. In brown individuals, trace
amounts of yellow pigment are incorporated into the shell; the outer ostracum area contains traces of pur-
ple pigment and appears to be discolored’. Olive individuals have a relatively high amount of yellow pig-
ment; when overlaid with traces of purple pigment, a visible greenish coloration is formed in the outer
ostracum area. In individuals with deep yellow color, the yellow sublayer is very thick, and the pigmen-
tation intensity is very high; purple pigment is noticeable only in the lower area of the prismatic layer
and in the hypostracum. Brown molluscs have a colorless border along the mouth edge; olive and yellow
molluscs have a yellow one. The hypostracum is usually purple.

CYWP _ “Yellow-white-purple” (Fig. 1K). A very rare variant of the background coloration (0.01 %).
The visible color varies from white-purple with a slight admixture of yellow pigment to lemon one
(209134: 179154: 33114). Border along the mouth edge is white or yellowish; underside is purple. The dis-
tribution of white and purple pigments corresponds to that of white-purple individuals. White sublayer
has a denser microstructure. In the outer ostracum area, a distinct admixture of yellow pigment is no-
ticeable. The hypostracum is purple.

CYOP _ “Yellow-orange-purple” (Fig. 1L). Apparently, a rather rare phenotype (0.5 %), but its iden-
tification is difficult, since purple sublayer is usually very poorly expressed. The visible color of the shell
(173%30: 116%,9: 1614) corresponds to that of yellow-orange molluscs (if the purple sublayer is weakly
expressed) or is slightly darker (if the purple sublayer is expressed enough). In the latter case, a yellow-
orange border along the mouth edge and dark shell underside become noticeable. Shell microstructure
is common. This variant of the background coloration is characteristic of periwinkles with brown bands.

4 Apparently, this is due to the fact that the activity of the gene (or genes) providing the incorporation of yellow pigment
into the shell simultaneously inhibits the incorporation of purple pigment into the shell.
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Interestingly, in this case, a fairly clear separation of yellow and orange pigments is observed as well:
the outer area of the prismatic layer is distinctly yellow outside the brown bands, and the middle area
of the prismatic layer is orange; at the border with the hypostracum, the area is purple. The hypostracum
can be colorless or colored with purple pigment.

CO"P _ “Orange-white-purple” (Fig. IM). This variant of the background color was found in L. sax-
atilis alone (0.01 %). The detection of similar L. obtusata is possible as well, but their occurrence should
be very low, since white-purple L. obtusata are extremely rare. The visible coloration (2201,;: 148%)s:
40+36) varies from white-purple with streaks of orange pigment to reddish-cream. Border is white;
shell underside is purple. The distribution of guanine and purple pigment corresponds to that of white-
purple individuals; in the outer ostracum area, there is an admixture of orange pigment. The pris-
matic layer at the location of a white sublayer has a denser than usual microstructure with a bluish tint.

The hypostracum is purple.

Group of phenes “Hypostracum coloration” — H.

The hypostracum of the periwinkle shell (Fig. 1N) can be purple (H”; 66 %) or colorless (H?;
34 %). The hypostracum discoloration is not associated with the formation of a denser microstructure,
which is characteristic of white-colored shell areas. The visible coloration of the hypostracum is af-
fected by the color of the irregular-prismatic layer: for example, in molluscs with yellow and orange
ostracum coloration, the colorless hypostracum seems yellowish and orangey. The effect of the hypos-
tracum color on the shell background color is small: in yellow and orange periwinkles, it makes the visible
shell coloration darker. No unambiguous relationship was found between the colors of the hypostracum
and ostracum. If the color of the prismatic layer is yellow or orange, the hypostracum is usually colorless;
if it is purple, the hypostracum is colored purple.

Group of phenes “Pattern of spots” —S.

SW — “Pattern of white spots” (Fig. 10—Q). Most periwinkles (55 %) are characterized by the pres-
ence of a pattern of white spots on the shell (198+3;: 158+3,: 90+3;). Separate elements of the spot-
ted pattern are lenticular incorporations of white pigment interconnected by thin layers-anastomoses.
The pattern elements are located in the upper area of the prismatic layer. At the location of the pattern el-
ements, the shell has a denser microstructure than in other areas. The shape, relative location, and degree
of fusion of the spotted pattern elements are very variable. The traits are found in molluscs with a wide
variety of phenotypes. No relationship was found between the presence of a pattern of white spots, bands,
and shell background coloration. In periwinkles with yellow and orange shell background color, spots
are yellowish. A pattern of white spots is not formed at the location of brown bands, but may be formed
at the location of an orange band.

SP — “Pattern of purple spots” (Fig. 1R). As in the case of a pattern of white spots, separate
elements are lenticular incorporations of purple pigment interconnected by thin layers-anastomoses
(125%43: 661,7: 22+,9). The pattern elements are located at the top of the ostracum. Microstruc-
ture of the irregular-prismatic layer at the location of the pattern elements is common. The trait
is typical for periwinkles, which have a background color with the participation of orange pig-
ment and brown bands on the shell. It is found in orange and orange-purple bandless molluscs
as well (0.4 %). It appears much later than brown bands and is noticeable only on the last whorls
of the shell.

S, — “No pattern of spots”.
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Group of phenes “Bands” — B.

BY — “White bands” (Fig. 1S). A common color variant (2 %). The shell has one or two wide
white bands (232+)): 2031;;: 110+4;). The main band is located along the whorl periphery; the nar-
rower one, in the suture area of the shell. The bands are layers of additional pigment located in the outer
area of the irregular-prismatic layer. At the location of the bands, the shell has a denser microstructure
than in other areas. The trait is found in periwinkles with yellow, orange, purple, and yellow-purple back-
ground coloration. Since the bands are immersed in the ostracum, their visible color may differ from pure
white: in periwinkles with yellow-purple and yellow ostracum, it is yellowish; in orange and orange-purple
molluscs, it is orangish. The variability of the trait manifests itself in a change in the pigmentation in-
tensity of the bands (down to complete depigmentation) and in narrowing or complete disappearance
of the additional band. In the case of complete depigmentation, in molluscs with a yellow background
coloration of the shell, band silhouettes are visible in the lumen in the spots of their usual location.

B? — “Orange bands” (Fig. 1T). A relatively rare color variant (0.8 %). The shell has one wide or-
ange band (155+44: 9513: 291,4) at the whorl periphery. The bands are interlayers of orange pigment
with well-defined edges. The location of the bands in the shell thickness is characterized by expressed
ontogenetic variability. At the time of their appearance (in the first year of life of a mollusc), those are lo-
cated in the inner ostracum area; subsequently, they spread to almost the entire ostracum and disappear
in the fourth-fifth year shifting to the hypostracum. At the location of the bands, shell microstructure
is common. Orange bands are characteristic of molluscs with a yellow-purple shell; sometimes, the trait
was observed in individuals with a purple background coloration.

BP — “Brown (purple) bands” (Fig. 1U). A rare color variant (0.2 %). The shell has two wide
bands of different shades of brown, sometimes almost black (81+35: 501,3: 2315), located in the upper
and lower whorl areas. The bands can either be organized as interlayers of purple pigment in the upper
ostracum area, below which a more or less expressed pigment “trail” extends, or occupy the entire shell
thickness. At the location of the bands, shell microstructure is common. Brown bands are usually found
in L. obtusata with a background coloration with orange pigment. Less commonly, this trait is observed
in yellow and yellow-purple molluscs; in rare cases, in periwinkles with a depigmented shell’. The vari-
ability of the trait manifests itself in a change in the coloration intensity of the bands (down to complete
depigmentation) and their width, in reduction of separate bands, and in fusion and distribution of bands
over the entire shell surface or its part. In yellow-orange periwinkles, depigmentation of the bands re-
sults in a color variant when the individuals look like yellow molluscs with two bands. A pattern of spots
of white or purple pigment, if present, is always formed outside the area of the bands.

B, — “No bands”.

Differences between two classification systems. The main difference from the previous version
of the classification system for coloration traits (Sergievsky et al., 1995) is the correspondence between
selected phenotypes and actually existing groups of genes responsible for the formation of various ele-
mentary traits. The pre-existing groups of phenes “white color” and “pigment coloration of ostracum”
are combined into one group “background shell coloration”, since the background color arises as a result
of the interaction of a number of substances, some of which (melanin and carotenoids) are pigments,
and some (guanine) serve as the basis for the formation of structural color. Quantitative gradations
of traits — similar to the previously identified variants W;—W3 — are not specially highlighted in the clas-
sification system proposed by us. However, they can be useful; if necessary, the corresponding numeric
indices can be easily entered into the model.

In L. saxatilis, the trait is always associated with white-purple background coloration.
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In the group of phenes “bands”, several new phenes were identified, since the results of morphological
and genetic studies showed that brown, white, and orange bands are independent structures, which dif-
fer in terms of organization, ontogenesis, and inheritance. The “bandless” phenotype is now common
to all banded variants, meaning that the genetic systems responsible for the formation of three band types
are not active.

The group of phenes associated with the formation of a spotted pattern underwent relatively small
changes. However, the data on genetics (Kozminskii et al., 2010) show that the mechanism of inheritance
of the trait is more complicated than previously assumed: at least two genes are responsible for the pres-
ence/absence of a pattern of white spots. The extremely high variability of the trait allows suggesting
that its formation is affected by a much larger number of genes. The emergence of new data on genet-
ics will require clarification or even a significant revision of this group of phenes, with the involvement
of new elementary traits. Moreover, this group includes now the previously undescribed “purple-spotted”
phenotype. It should be emphasized as follows: although the mechanisms of formation of two variants
of the pattern are similar, different genes are most likely responsible for their inheritance.

Conclusion. Despite the widespread use of molecular biological methods, the studies on population
and phenetics are still relevant: in particular, when it comes to the investigation of microevolutionary pro-
cesses directly related to coloration, e. g. when the latter performs a protective or thermoregulatory func-
tion. A prerequisite for such studies is knowledge of the mechanisms of formation and inheritance of col-
oration traits. The involvement into the analysis of new species, the genetic study of which is difficult
for some reasons, is possible only on the basis of generalization of the available information on the species
investigated morphologically and genetically, i. e. by methods of population phenetics. In carrying out
that kind of research, molecular biological markers rather perform an auxiliary function, since our ideas
about the molecular genetic mechanisms underlying the formation and inheritance of complex traits
(such as color) are still insufficient to fully replace population-genetic and phenetic methods with molec-
ular biological ones. Moreover, given the high diversity of pigments involved in the formation of shell
coloration (Comfort, 1950, 1951 ; Hedegaard et al., 2006 ; Lucas, 1974 ; Williams, 2017), it is hardly
possible to speak of the existence of a single “model” of its formation and inheritance. To identify com-
mon patterns, it is necessary to use methods of population phenetics and to carry out their joint analysis
with molecular biological data as well.

A key prerequisite for the development of the population-phenetic direction of studies is the forma-
tion of reasonable systems for description and classification of coloration traits. The system of classifi-
cation of coloration traits in molluscs of the genus Litforina proposed by us can serve as a good basis
for the development of such systems.

As noted above, the variety of pigments involved in the formation of shell color in molluscs
is great (Comfort, 1950, 1951 ; Hedegaard et al., 2006 ; Lucas, 1974 ; Williams, 2017). Like in peri-
winkles, in many prosobranchias, the background shell color is formed with the participation of several
pigments. It is doubtful whether the incorporation of different pigments into the shell was controlled
by a single gene. The implementation of a polygenic inheritance scheme seems to be much more proba-
ble (Kozminsky, 2014), with a separate (and, possibly, polyallelic) gene responsible for the incorporation
of each pigment into the shell. The monogenic polyallelic inheritance pattern, which is characteristic
of pulmonates (Backeljau et al., 2001), is apparently a special case of this more general and universal
inheritance pattern. Therefore, any system of classification of coloration traits that claims to be universal
should be based on a polygenic scheme for the formation and inheritance of background coloration.
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The coloration of the shell of gastropods can be represented as a combination of a number of ele-
mentary traits. The elementary traits identified in periwinkles are common in molluscs. Each color trait
corresponds to a certain distribution of pigments in the shell, which is a consequence of a regular change
in functional activity of pigment-forming cells of the mantle margin (Sergievsky et al., 1995). The pecu-
liarities of the distribution of pigments found in periwinkles with the formation of the background color,
bands, and pattern of spots are quite common for molluscs.

Taking into account the variety of shell coloration of gastropods, it is obvious that the elementary
traits of coloration in periwinkles and corresponding variants of functional activity of chromatophores
do not exhaust all the possible diversity. Specifically, in order to describe a high variety of modes
of the pattern of spots on the shell, it is necessary to highlight additional elementary traits and corre-
sponding modes of functional activity of pigment-forming cells, as well as to study the mechanisms
of their inheritance. Other possible areas of research are the study of ontogenetic changes in coloration
traits and the analysis of the relationship between possible modes of functional activity of pigment-
forming cells and formation of different calcium layers of the shell. The introduction of new elemen-
tary color traits into consideration will significantly expand the capabilities of the classification system
proposed by us.

The above-described classification system for coloration traits has been successfully tested
in the study of the inheritance of shell coloration traits in periwinkles (Kozminsky, 2011, 2014, 2016 ;
Kozminskii et al., 2010) and the distribution of pigments in the mollusc shell (Kozminskii & Lezin, 2007 ;
Lezin & Kozminskii, 2008), as well as in carrying out population biological monitoring in the Kan-
dalaksha State Nature Reserve in 2005-2019 (Kozminsky, 2006, 2020). Due to the use of universal
principles of classification of coloration elements (analysis of the diversity of pigments, isolation of ele-
mentary traits, and study of the mechanisms of their formation and inheritance), the system developed
can be used to describe the shell color not only in periwinkles, but also in the widest range of gastropods.
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OIIMCAHUME NOJINMMOP®PU3MA N KIIACCUPUKRAIINA
IMPU3HAKOB OKPACKHN PAKOBHUHDbI
Y BPIOXOHOI'TX MOJIJIIOCKOB
HA IIPUMEPE LITTORINA OBTUSATA
(GASTROPODA: LITTORINIDAE)

E. B. Ko3smunckun
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[NoHnmaHue 3aKOHOMEPHOCTEW MUKPOIBOJIOIMOHHBIX ITPOIIECCOB MPeIoaraeT MpoBeieHue M1po-
KOTO CIIEKTpa TMOIMYJISIIMOHHO-TEeHETUIECKUX HUCCIeJOBAaHUI Ha pa3HbIX BUAaX. OIHAKO KOJIMYECTBO
BUJIOB, U3YYEHHBIX B TEHETHMUYECKOM OTHOIIEHWU, OTPAHMUYCHO BCJIE/ICTBUE 3HAUUTEJBHBIX METOIU-
YEeCKUX TPYAHOCTEN MpU NMPOBEpPKe TeHeTHUECKON 00YCIOBIEHHOCTH Pa3IMUHbIX MPU3HAKOB. Bhixo
U3 STOTO TIOJIOKEHHM 3aKJTI0YAETCS B pa3BUTHH (PEHETUKH TIOMYJIAINM, KOTOpast TIO3BOJISET BKIIIOYUTH
B PacCMOTpeHHe OOJIBIIOE KOJNMUYECTBO HOBBIX BHIOB MPH YCIOBHU Pa3padOTKH OOOCHOBAHHBIX CH-
CTEM OIMCAHUS I3MEHYNBOCTH U KJ1accupuKkanmy (peHOTUIIecKrx mpu3HakoB. Kinaccrmuecknm 00b-
€KTOM JUJIsI IIPOBE/ICHM S TIOMYJIIIIUOHHO-TEHETUIeCKUX UCCIIEIOBAHMI, CBA3aHHBIX C TOJTMMOP(U3MOM
0 OKpacKe PaKOBUHBI, CITyKaT OPIOXOHOTME MOJUTIOCKHU. B KauecTBe OCHOBBI 1151 pa3pabOTKH yHUBEP-
CaJIbHOM JJIsl STOM TPYIIIBI CUCTEMBbI OIUCAHUS U KJIACCU(DUKAIIUM TIPU3HAKOB OKPACKU MOXET ObITh
UCIIOJIb30BaHa MapaMeTpudeckas cucteMa kiaccudpukanuu, npenioxernas C. O. CeprueBcKuM ¢ co-
aBTOpaMM JIJIs1 MOJLTIOCKOB poja Liftorina. B ¢BsA3u C NOsIBJIEHUEM B MOCJIEAHUE TOJIBI OOJIBIIIOTO KOJIU-
YecTBa HOBBIX JaHHBIX, 9Ta CUCTEMa HYKJIaeTcsl B KoppeKuuH 1 nepecMotpe. Llenbio Hatero vccneno-
BaHUs1 ObLJIO IIPOBECTU PEBU3HUIO STOUM CUCTEMBI C YIETOM HOBBIX JIAHHBIX O COCTaBe MUTMEHTOB, OCOOEH-
HOCTSIX (DOPMHUPOBAHUS M HACJIEJOBAHKSI IPU3HAKOB OKPACKH, X COBMECTHOW BCTPEUAEMOCTH U T. JI.
B nHacrosiiieit pabote Ha ipuMepe OeJIOMOPCKUX MOJUTIOCKOB L. obtusata nipeficTaBlieHa repepadoTaH-
Has CUCTeMa KJIaCCU(PUKAIIK MPU3HAKOB OKPACKH PAKOBUHBI, B OCHOBY KOTOPOU MOJIOKEHO MPEICTaB-
nenre o popMupoBaHUY (PEHOTHUIA KaK COBOKYITHOCTH Psifia SIEMEHTApHBIX MpU3HaKoB. K ux umncmy
OTHECEHBI MIPU3HAKH, CBSI3aHHbIE ¢ (hopMupoBaHueM: 1) (pOHOBOM OKPACKK PaKOBHUHBI (CIIOCOOHOCTh
K BKJTIOYEHHIO B OCTPAKyM Pa3HBIX IUTMEHTOB M OKPACKa TUTIOCTPaKyMa); 2) pUCYHKA U3 MsITeH (Hau-
yKe BKJIIOUEHUH OeToro /WM KOPIYHEBOTO IMUTMEHTa); 3) MIMPOKUX MPOAOJIBHBIX MOJIOC (KOpUYHE-
BBIX, OEJIbIX U OPAHXKEBbIX). DIeMEHTapHbIC IPU3HAKY BBIICJICHBI C YYETOM 331eiCTBOBAHHBIX TUTMEH-
TOB, MEXaHMU3MOB UX (POPMUPOBAHUS U HaclienoBaHusl. [Ipu orrcaHnu OKpacKy paKOBUHBI SJIeMEHTap-
Hble MPU3HAKYA CHAYAJIA UCTIONB3YIOTCS ISl OMUCAHUS OTHOCUTEHHO MPOCTHIX MPU3HAKOB (TPYIIIHI
(peror «PoHOBasI OKpacKa pakOBHHBI», «OKpacka rrnocTpaKyMa», «PUCyHOK u3 nsTeH», «Ilnpokne
MPOJIOJILHBIE MTOJIOCKI» ), KOTOPbIE B TIOCIIEAYIONIEM KOMOUHUPYIOTCS JIs ONUCAHUs (PEHOTHIIA B LIEJIOM.
B pa6ote npuBengH 0630p TaHHBIX M0 KAYECTBEHHOMY COCTaBY TUTMEHTOB PAKOBHHBI Y JINTTOPHH U 3a-
KOHOMEPHOCTsIM (pOpMUPOBaHUSI U HACTIEJOBAaHUSI IPU3HAKOB OKPACKU, OIMCAHBI MX BO3MOXXHbIE Ba-
pyaHTHl U KoMOWHanuK. [IpuBe/ieHbl ONucaHus BhIIEJIeHHbIX (DeHOB C YKa3aHUEM UX BCTPEUaeMOCTH,
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KOJIMYECTBEHHOM Xapakrepuctuku nsera B cucreme MKO RGB, ocobenHocTeli ux (hopMUpOBaHHs
C y4€TOM pacripe/ieJIeHus] IMTMEHTOB B TOJIIE PAKOBUHBI. YKa3aHbl BUJVIMBIE TPU3HAKU, KOTOPBIE MO-
I'yT OBITh UCTIOJIb30BaHbI TP OIIEHKE pacIpejie/ieHus MIMTMEHTOB B pAKOBUHE; ONMCAaHbl OCOOEHHOCTU
M3MEHEeHUsl IPU3HAKOB B OHTOreHe3e. HecMoTpst Ha To, UTO Mpe/iokeHHast cCUCTeMa KilacCUbUKaIu
olMcaHa Ha mpuMepe L. obtusata, oHa MOXeT ObITh TaKXe MCIOJIb30BaHA MPH ONMUCAHUM M3MEHYH-
BOCTH y JPYIMX BUJOB JIMTTOPUH, a C HEKOTOPHIMU JOPaOOTKAMU — y CAMOT0O IIMPOKOTrO CIIEKTpa
OPIOXOHOTMX MOJUTIOCKOB.

KuroueBbie cioBa: nonmmmopdusM, OKpacka pakOBWHBI, cUCTeMa Kjaccuukaiuu, OpoXoHOrue
MOJUTIOCKH, Littorina
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Teleosts serve as experimental models for the physiological and pathophysiological processes investiga-
tion, in particular those related to the heart work. Methods allowing to analyze the frequency parameters
of the heart functioning over a long period of time require taking into account the peculiarities of fish
behavioral reactions, that can affect the results of the experiment. The aim of this study was to exam-
ine the effect of the simplest test loading (sound stimulus) on the frequency parameters of the heart
activity recorded by the fiber-optic method. The objects of the study were adults of Scorpaena por-
cus (12-15 cm long, 80-120 g in weight). In the course of experiments, each scorpionfish was kept
in a separate aquarium with seawater (400x400x350 mm), with constant temperature (21 = 0.5) °C
and given oxygen content (5.5-6.7 mg-L™!, normoxia). The heart rate (HR) recording was carried out
by an invasive fiber-optic method, the essence of which is to transmit the radiation of the infrared
semiconductor laser of the photoplethysmograph through a thin fiber-optic cable to the pericardial
membrane of the heart and then to fix the signal reflected from the contracting myocardium in the pho-
todetector. During implantation of the photoplethysmograph light guides, the fish were anesthetized
by placing them in an anesthetic solution (urethane, 2.4 g-L™! of seawater). In the fornix of the op-
ercular cavity above the area of the conditional heart projection, a minimal dissection of the lining
epithelium was performed, through which the underlying tissues were sequentially separated by a blunt
method until the pericardial membrane was reached without breaking it. Through the lumen formed
in the tissues, two optical light guide sensors were introduced to the surface of the pericardial mem-
brane. Further, free-swimming scorpionfish participated in the experiment after a day of rehabilitation
after the surgery. Additionally, we assessed the functional state of the animals by visual fixation of res-
piratory activity by the quantity of movements of the opercular covers per minute. During studying
the test loading effect on the correct registration of the scorpionfish HR, the phenomenon of tempo-
rary complete suppression of cardiac activity was revealed, which manifested itself upon presentation
of sound stimuli (alertness, “freezing” reaction). The duration of cardiac arrest was 31 to 50 seconds;
it was accompanied by the cessation of movement of the opercular covers (respiratory arrest, apnea).
During the restoration of cardiac activity, two types of physiological reactions were noted. The first
type of recovery reaction was characterized by a simultaneous 1.5-fold increase in the HR and a 2-fold
enhancement in the photoplethysmograph signal amplitude. The second type of reaction was accom-
panied by a rise in the HR by 22 % (p < 0.05) against the backdrop of a decrement in the signal
amplitude of the photoplethysmograph sensors by 28 % (p < 0.05); within ~ 120 seconds, the scor-
pionfish HR returned to baseline. It is assumed that the short-term delay in the scorpionfish cardiac
activity is based on the phenomenon of cardiorespiratory coupling and synchronization. The behavioral
reaction in the form of suppression for the cardiac and simultaneously respiratory activity generation
ensures the complete absence of acoustic and electrical signals, which unmask an ambush predator
location, and contributes to the scorpionfish survival.

Keywords: fish, Scorpaena porcus, heart, cardiorespiratory coupling, alertness reaction
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Teleosts largely retain the similarity of some anatomical and physiological features with mammals,
which makes them a convenient and reliable experimental model for studying fundamental / “conserved”
physiological and pathophysiological processes occurring in different classes of animals (Gut et al.,
2017). The two-chambered fish heart is similar to the human heart in the peculiarities of its develop-
ment, regeneration, electrical properties of the myocardium, and the presence of several pathological
syndromes, in particular long QT syndrome (Sun et al., 2009). There are various approaches to assess-
ing the cardiac activity of teleost fish, which imply the use of variety of instrumental “tools” ensuring
the solution of specific experimental problems. In any case, a method allowing to analyze the rate charac-
teristics of the heart rhythm over a long period of time (up to several days) requires taking into account
the features of fish behavioral reactions, that can affect the results of the experiment. As an object of re-
search, we chose the Black Sea scorpionfish (sea ruff) Scorpaena porcus, which is resistant to a number
of stress factors (Kolesnikova & Golovina, 2020 ; Soldatov et al., 2020).

The aim of this study is to examine the effect of the simplest test loading (sound stimulus) on the fre-
quency parameters of the scorpionfish heart activity recorded by the fiber-optic method. The task
of the work was to investigate the influence of random environmental factors on the results of recording
the scorpionfish heart rate.

MATERIAL AND METHODS

The object of the study was 7 adult specimens of Scorpaena porcus Linnaeus, 1758, 12-15 cm long,
80—120 g in weight. The fish were caught in August — September with a fixed seine in Sevastopol water
area and delivered to the laboratory in 60-L plastic tanks, with aeration. To relieve stress after trans-
portation, the fish were kept for 7 days in a flow-through aquarium; only actively moving and feeding
individuals were used. In the course of experiments, each scorpionfish was kept in a separate aquarium-
stand with seawater (400x400x350 mm) under controlled temperature (21 + 0.5) °C and oxygen content
of 5.5-6.7 mg-L™!, normoxia (Soldatov et al., 2020).

The recording of the heart rate (hereinafter HR) was performed by the invasive fiber-optic method
for the first time on a representative of teleost fish; previously, a similar method was used on crus-
taceans (Sladkova et al., 2016). The essence of the fiber-optic method is to transmit the radiation
of an infrared semiconductor laser of a photoplethysmograph (LVOF-3, manufactured by Research
Innovation Center “EcoContour”, Russia) through a thin fiber-optic cable to the pericardial mem-
brane of the heart (Fig. 1A) and then to fix the signal reflected from the contracting myocardium
in the photodetector.

After appropriate amplification, filtration, and digitalization, the cardiac signal was analyzed
on a computer and recorded in the form of a photoplethysmogram (Fig. 1B), which allows estimating
the dynamics of the HR. The fiber-optic method makes it possible to examine the functional state of fish
for a long time without affecting their behavior or causing stress. During implantation of photoplethys-
mograph light guides, the fish adapted to laboratory conditions were anesthetized by placing them in an
anesthetic solution (urethane, 2.4 g-L_1 of seawater) (Soldatov, 2005). Then, in the fornix of the oper-
cular cavity above the area of the heart conditional projection, a minimal dissection of the lining ep-
ithelium was performed, through which the underlying tissues were sequentially disunited so as to avoid
damaging them, until the pericardial membrane was reached without breaking it. Through the lumen
formed in the tissues, two optical sensors of light guides were introduced to the surface of the pericardial
membrane.
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Fig. 1. Scorpaena porcus with attached recording sensors (A): 1 and 2 — electrodes of a portable electro-
cardiograph; 3 and 4 — light guides of photoplethysmograph optical sensors. Steady state cardiac activity
of Scorpaena porcus: photoplethysmograph registration (B); portable electrocardiograph registration (C)

A stable position of the sensors was ensured by hemming the cables of light guides with silk thread
to the skin above the cleithrum and in the dorsal fin area, which made it possible to fix the cables
in the vertical position, perpendicular to the longitudinal axis of the scorpionfish body. Later, free-
swimming scorpionfish participated in the experiment after a day of rehabilitation after the surgery.
Fish reactions were taken into account only to the first two presentations of the stimulus because of par-
tial extinction of subsequent reactions to the stimulus in the form of shortening the time for the man-
ifestation of alertness not canceling the established physiological phenomenon. Photoplethysmograms
were compared with ECG (Fig. 1B) obtained using a portable electrocardiograph (EK1T-03M); during
ECG recording, modified electrodes were placed at the base of the dorsal and left pectoral fins of the scor-
pionfish (Fig. 1A). Additionally, the functional state of the animals was assessed by visual fixation of res-
piratory activity by the number of movements of the opercular covers per minute. To study the effect
of test loadings on cardiac activity, we chose the simplest sound stimulus: tapping on the aquarium glass,
which could affect the physiological reactions of the scorpionfish.

Statistical comparisons were made on the basis of a two-tailed Student’s z-test; the results
are presented as (M £ m).
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RESULTS AND DISCUSSION

The obtained photoplethysmograms allowed determining the mean values of the scorpionfish HR
at rest, (11.22 * 1.07) beats-min~!, which corresponded to a similar number of respiratory move-
ments (Fig. 2). When studying the effect of the test loading on the recorded parameters of the my-
ocardium, we revealed the phenomenon of complete suppression of cardiac activity. Thus, a simple tap-
ping on the aquarium glass, along with a hand wave, was accompanied by the emergence of an alertness re-
action (“freezing”) in the fish followed by almost complete disappearance of heart contractions (Fig. 2A).

It should be noted that the alertness reaction is related to the cessation of movement of the opercu-
lar covers (respiratory arrest, apnea) as well. Several tens of seconds (31 to 50 s; (39.0 £ 7.6) s) after
the action of the sound stimulus, the contraction of the scorpionfish heart resumed (Fig. 2B). During
the restoration of cardiac activity, two types of physiological reactions were revealed. The first type of re-
covery reaction (n = 2) was characterized by a simultaneous 1.5-fold increase in the HR (tachycardia)
and a 2-fold increase in the photoplethysmograph signal amplitude (Fig. 2C). The second type of recov-
ery reaction (n = 5) was accompanied by an increase in the HR by 22 % (p < 0.05) against the backdrop
of a decrease in the signal amplitude of the photoplethysmograph sensors by 28 % (p < 0.05) (Fig. 2D).
Within approximately 120 s, the scorpionfish HR returned to baseline. Such a reaction of the cardiac
muscle of teleost fish has not been previously described in the literature.
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Fig. 2. Photoplethysmograms of the scorpionfish Scorpaena porcus: A — delayed cardiac activity
of the scorpionfish during the alertness reaction under the tapping on the aquarium wall (the moment
of stimulus presentation is marked by an arrow); B — restoration of the scorpionfish cardiac activity af-
ter the stimulus and the cancellation of alertness reaction; C — an increase in the heart rate and its ampli-
tude in the period following the cancellation of the alertness reaction (first type of restorative physiolog-
ical reaction); D — an increase in the heart rate at low amplitude in the period following the cancellation
of the alertness reaction (second type of restorative physiological reaction)
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As known, the contractions of the heart of vertebrates are initiated by a built-in myogenic generator
of heart rhythm; in addition, the steady state cardiac activity values can be regulated by the mechanisms
of the central nervous system, which, using the efferent pathways of the autonomic nervous system,
have both inhibitory parasympathetic and excitatory sympathetic effects on the heart work (Taylor et al.,
2014).

There is a close temporal relationship between cardiac contractions and respiratory activity of fish
in the form of cardiorespiratory coupling (hereinafter CRC) and cardiorespiratory synchronization (here-
inafter CRS) reaching a ratio of 1:1 (Satchell, 1959 ; Taylor, 1992 ; Taylor et al., 2009); those are de-
termined by the specificity of water flow movement through the branchial apparatus and its perfusion
with circulating blood. This close coordination between ventilation and perfusion proportions helps in op-
timizing gas exchange related to circulatory counterflow in the branchial tissue (Taylor, 1992). CRS ap-
pears to depend on a combination of “direct” central and reflex, associated with different receptors, con-
trol mechanisms (Taylor, 1992 ; Taylor et al., 1999). The anatomical basis for the GRS manifestation
is the close proximity of cardio and respiratory centers in the brainstem, including elements of the motor
nuclei of trigeminal (V), facial (VII), glossopharyngeal (IX), and vagal (X) cranial nerves (hereinafter
CNs); motor nuclei of CNs are connected with each other and with the reticular formation.

Certain CRS elements are also present in mammals in the form of an HR increase during inspiration
defined as respiratory sinus arrhythmia (RSA) (Jordan & Spyer, 1987). The cause for RSA is consid-
ered to be respiratory-related fluctuations of the inhibitory action of the vagal nerve (n. vagus, X CN)
on myocardial contractile activity, which are formed under the depressor effect of the inspiratory neu-
rons of the ventral respiratory group localized in the double nucleus (nucleus ambiguus) on n. vagus
preganglionic neurons. In teleost fish, “varying” HR includes “respiratory components” as well. Activ-
ity of n. vagus can provide the predominant mode of regulation of the fish cardiac function (Taylor
etal., 1999), which is eliminated by vagotomy (n. vagus transection) (Cambell et al., 2004). As believed,
n. vagus inhibitory effect is realized through m-cholinergic receptors directly related to the myogenic
mechanism of the HR generation (Taylor et al., 1999).

In marine fish, the tonic activity of n. vagus cardiac branches is regulated relatively to the influx of af-
ferent impulses from the chemo- (Cambell et al., 2004) and mechanoreceptors of the branchial appara-
tus (Young et al., 1993). Thus, in an experiment with stimulation of n. vagus gill branches, the presence
of afferent feedback was established, which probably “originates” from the branchial mechanoreceptors
and controls the rhythmic activity of n. vagus cardiac branches (Young et al., 1993); moreover, individual
n. vagus preganglionic neurons show a distinct response to mechanical stimulation of the branchial septa
in the form of such a surge in their activity, as a result of which transient bradycardia may develop (Barrett
& Taylor, 1985). Pronounced suppression of the HR during stimulation of n. vagus is shown in Euro-
pean plaice Pleuronectes platessa (Cobb & Santer, 1972) and common carp Cyprinus carpio (Saito, 1973).
Moreover, it was established that an increase in the HR, that develops after vagotomy, was also accom-
panied by the cancellation of the so-called approach reflex with the characteristic periods of bradycardia
observed during alert in intact rainbow trout Oncorhynchus mykiss (Priede, 1974).

As mentioned above, in the scorpionfish, suppression of cardiac muscle contractions was observed
simultaneously with the cessation of movements of the opercular covers (respiratory arrest). Fish retain
the features of a more primitive metameric organization of the respiratory system compared to mam-
mals (Satchell, 1959), when numerous gill mechanoreceptors are provided with inhibitory afferent fibers
in the gill branches of VII, IX CNs, including n. vagus (Sutterlin & Saunders, 1969). The afferent im-
pulses input initiated during inspiration from the gill mechanoreceptors is carried by n. vagus fibers
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and is involved in the regulation of gill respiration in fish (Satchell, 1959); probably, the mentioned mech-
anism in a certain approximation is analogous to the Hering — Breuer reflex of mammals, since in fish,
in addition to episodes of bradycardia, stimulation of n. vagus is accompanied by breath holding (Satchell,
1959). At the same time, in mammals, breath holding in the form of transient apnea occurs during phar-
macological blockade of n. vagus (Harris & Milsom, 2001). The question of whether it is possible
in fish to situationally eliminate/modify afferent input of n. vagus before the development of apnea (Har-
ris & Milsom, 2001) or use the feedback between the reflex cessation of breathing and the activity
of n. vagus, which mediates cardiac suppression, requires further study.

The hindbrain containing pons and cerebellum is also involved in the formation of respiratory move-
ments in fish (Ballintijn & Roberts, 1982). This conclusion is based on the results of transection of the fish
rhomboid brain along the caudal and rostral borders, which was not accompanied by the cancellation
of the respiratory activity provided by the somatic muscles of the branchial apparatus. The partici-
pation of the coordinating motor center (inter alia as a universal regulator of somatic and autonomic
functions) in the mechanisms of respiratory activity generation of fish can facilitate the reflex cessation
of the branchial apparatus ventilatory movements, which are indirectly associated with the mechanisms
of the HR formation.

It can be assumed as follows: the main trigger of the “conservative” CRS mechanism is respiratory
modulation of heart contractions (Taylor et al., 2014), which involves n. vagus “pathways”. The com-
plete suppression of cardiac activity, that we established during the alertness reaction of the scorpionfish,
is a special case of CRS, since the cessation of rhythmic contractions of the heart muscle was noted simul-
taneously with the termination of movements of the opercular covers providing the respiratory process.
Obviously, in the scorpionfish body, CRS degree acquires such a level, at which the reflex cessation
of respiratory movements causes a complete suppression of the heart work.

It is known that fish life takes place in a variety of physical fields (light, acoustic, and electric ones)
(Barinova & Asylbekova, 2019). At the same time, the visibility range of objects in water is very small
and fluctuates within bounded limits (one to two tens of meters). In a dense aquatic environment, mechan-
ical, sound vibrations spread very quickly over considerable distances, which can either contribute to un-
masking the animals, or warn in advance about the approach of a potential danger (Protasov, 1965). In ad-
dition to acoustic signals (inter alia the sounds of working covers of the branchial apparatus, contractions
of the heart chambers, crunching of the skeletal joints, and hydrodynamic sounds), very weak electrical
discharges resulting from muscle contraction emanate from almost all marine animals (Protasov, 1972),
and this attracts predatory fish capable of detecting the electric fields of other living things. Scorpionfish
is a recognized ambush predator, for which it is important not to reveal its presence when a potential
prey approaches. Apparently, a similar behavioral reaction of the scorpionfish in the form of complete
“freezing” should also be manifested in the case when it itself is as a potential prey for larger predators.
In both situations, the interruption of generation and the complete absence of acoustic and electrical sig-
nals indicating the location of the disguised scorpionfish contribute to its survival as a species. Obviously,
the phenomenon we established corresponds to the maxim that physiological transformation presupposes
an emphasis on the role of the organism own activity in the evolutionary process, highlighting that “to live
means to react, and by no means to be a victim” (Chaikovskii, 1990).

This work was carried out within the framework of IBSS state research assignment “Functional, metabolic,
and toxicological aspects of hydrobionts and their populations existence in biotopes with different physical
and chemical regimes” (No. 121041400077-1) and with the support of the RFBR project No. 20-44-920001.
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®EHOMEH IIOJIHOI'O IIOJABJIEHUS CEPJAEYHOM TEATEJIBHOCTH
YEPHOMOPCKOM CKOPIIEHBI SCORPAENA PORCUS (SCORPAENIDAE)
IMPU PEAKIIMN HACTOPOZKEHHOCTHA

E. 9. KoaecuukoBa, M. II. Kupun, A. A. Coanaros, U. B. 'onoBuna

®I'BYH ®UIL «MHcTuTyT GUonioruu xHbix Mopeit umenu A. O. KoBaniesckoro PAH»,

Cesacromnosb, Poccuiickas ®enepanys

E-mail: dr-kolesnikova@mail.ru

Koctucrble pbIObl U3BECTHBI KK SKCIIEPUMEHTAIbHBIE MOAEIH AJIS1 N3y4YeHHs (PU3MOTIOTHYECKUX U ITa-
TO(PU3UONIOrMYECKUX POLIECCOB, B YACTHOCTH CBSA3aHHBIX ¢ pab0TOM cepaua. MeTopl, MO3BOJISIOIINE
MIPOU3BOIUTH AHAIN3 YaCTOTHBIX XapPaKTEPUCTUK CEPIEUHOrO PUTMa B TEUCHHUE JJIUTEJIBHOTO MEPUO-
J1a BpeMEHH, HYKAAI0TCA B y4ETe 0COOEHHOCTEH MOBEAEHUECKUX PEaKLUi PblO, CIOCOOHBIX MOBJHUATD
Ha pe3yJbTaThl 3KcnepuMenTa. Lienbio paboTsl ObUIO U3YUMTh BO3/EHCTBUE MPOCTEHINIEH TECTOBON Ha-
IPy3KH (3BYKOBOW pa3[pakuTeNb) HA YACTOTHBIE MapaMeTphbl CEpEYHON AeATETbHOCTH, (PUKCupye-
MbIe BOJIOKOHHO-ONITHYECKUM MeTosIoM. OOBEKT UCCIeJOBaHUSI — B3POCIbie 0COOU Scorpaena porcus
qHon 12-15 oM, maccoit 80—-120 r. B xoze 3KCEpUMEHTOB KaXAyl0 CKOPIEHY COIEpkKasld B OT-
JeJIbHOM akBapuyMe ¢ Mopckoil Bogoi paszmepoM 400x400x350 MM ¢ MOCTOSIHHOM TeMIlepaTypoi
(21 £0,5) °C u peryampyeMbiM cofepKaHAeM Kuciopoga (5,5-6,7 mr-n~!, Hopmokcus). Perucrparimio
qacToThl cepaeuHblx cokpaueHnid (YCC) npon3BoauiIM MHBA3UBHBIM BOJIOKOHHO-ONITHYECKUM METO-
JIOM, CYTb KOTOPOTO COCTOMT B Tepejaye U3ay4eHus1 NH(PPaKpacHOTo MOJIyMPOBOAHUKOBOIO Jlazepa
(otorueTnzMorpagda no TOHKOMY BOJIOKOHHO-ONTHUECKOMY KaOelTio K TepuKapauaibHOW MeMOpaHe
ceplra 1 B MOC/eAyoIIeid (PUKcaruy OTpak€HHOTO OT COKpAaIIAIIerocss MUOKap/aa curHaia B ¢o-
tonpuéMHuKe. [1py MMIUIaHTaIMK CBETOBOJOB (hoTOIUIeTH3MOrpada peidy HApKOTH3UPOBAIH ITYTEM
TNOMeIleHns B pacTBOp aHecTeThka (yperaH, 2,4 r-1~! Mopckoit Bojbl). B cBojie onepKyJisipHOiA T10J10-
CTHM Haj 00JIACTBIO YCJIIOBHOH NMPOEKLUH CEpALIA TPOU3BOAMIN MUHUMAIBHOE PACCEUSHUE BBICTHIIAIO-
LIEro SNUTENHs, Yepe3 KOTOpoe MOoAJIeKaIle TKaH! OCIeA0BaTeIbHO Pa3beJUHSIN TYIBIM METOAOM
10 JOCTHXKEHUs TIepUKapAUaibHON MeMOpaHsbl, He TpopbiBast e€. Yepe3 0Opa30oBaBIIMIACS B TKaHSX
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MPOCBET K TIOBEPXHOCTH MEepPUKAPIUATLHOM MeMOpaHbl BBOJIWIIM JIBA JIATYMKA CBETOBOJIOB. B jaib-
HeeM CBOOOHO TUIABAIOIINE CKOPIIEHBI MPUHUMAIN YYacTHe B SKCIIEPUMEHTE CITyCTS OJHU CYT-
KM TI0CJIe XUPYPrUYEeCKOro BMeIaTeIbcTBa. JJOTOHUTEIFHO HaMU OBbLIO OLIEHEHO (PYHKIMOHATBHOE
COCTOSTHME XUBOTHBIX MYTEM BU3YaJIbHOW (DUKCAITUM JIHIXATEIbHON aKTMBHOCTH IO KOJIMUYECTBY JIBU-
JKEHUI OTIEPKYJISIPHBIX KpPBIIIEK B MUHYTY. 1Ipy U3ydyeHnn BIMsHUSA TECTOBBIX HArpy30K Ha KOPPEKT-
HocTb peructparmu YCC y ckoprieHbl ObUT BIsIBIIEH (DEHOMEH KPAaTKOBPEMEHHOTO MOJTHOTO MO/IaBIIe-
HUS CepIEYHON AeSTebHOCTH, TIPOSBISBIIMICS TPH NPEAbSBICHIN 3BYKOBBIX CTUMYJIOB (peaKItus
HACTOPOKEHHOCTH, «3aMHpaHue»). JJTNTEeNbHOCTh OCTAHOBKY CEPIEYHBIX COKPAIIEHUI COCTABIIsIA
31-50 c., oHa cOnpoOBOXAATACH TIPEKPAIlIEeHUEeM [IBIKEHUS OTIEPKYJISIPHBIX KPHIIIEK (OCTAHOBKA JTbIXa-
HUs, artHO3). [Ipy BOCCTaHOBJIGHUH CEepICYHON JIeSITeJIbHOCTH OTMEUAIIU JIBa THIA (PU3UOJIOTUIECKUX
peakiuii. 11 BOCCTAaHOBUTENLHOM peakLMy MePBOro TUMA XapaKTePHO OJHOBPEMEHHOE YBeJIMUeHNe
YCC B 1,5 paza v ammimtyapl curaaia gotomietusmorpada B 2 pasa. Bropoii Tin BoccTaHOBUTEb-
HOU peakiuu compoBoxaaics ysenuaenuem YCC Ha 22 % (p < 0,05) Ha poHe CHMKEHUS aMIUIA-
TyJIbl CUTHaJIa TaTYMKOB poToruieTusmorpada Ha 28 % (p < 0,05); B npenenax ~ 120 c. YCC ckop-
TIeHbI BO3BpaIllaylach K UCXOJHBIM TOKa3artensM. [Ipennonaraercsi, YTo0 B OCHOBE KPaTKOBPEMEHHON
3aJIepKKH CEPIICUYHON AeSITEeIbHOCTU CKOPIICHBI JIEXKUT SIBJICHUE KapAUOPECITUPATOPHOTO CONPSIKEHUS
u cuHXpoHu3aimu. [loBeseHUecKas peakiys B BUJIE TIO/IaBJICHUs TeHepalluy CeplieuHON U OJJHOBpe-
MCEHHO IlbIX&TeHbHOﬁ AKTUBHOCTHU o6ecneq1/IBaeT OTCYTCTBHUE aKyCTUYECKUX U JICKTPUUYCCKUX CUTHA-
JIOB, IEMaCKHPYIOIMX MECTOTONOKEHNE XUIITHUKA-3aCaJUMKa, U CIIOCOOCTBYET BHKUBAHUIO CKOPIICH.

KiroueBble cjioBa: peiObl, Scorpaena porcus, cepaue, KapAUOpecupaToOpHOe COIPsKEHNE, Peakiyst
HACTOPOXKEHHOCTH
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Analysis of long-term data (1987-2019) was carried out on the morphology and autecology of the ben-
thic colonial large-cell species Striatella unipunctata (Lyngbye) C. A. Agardh, 1832 in the microphy-
tobenthos of the Black Sea and Sea of Japan, including water areas of specially protected natural
areas of Russia. The species is widely found on natural and artificial substrates in the Black Sea year-
round, and in the Sea of Japan, at a water temperature down to —1.5 °C. St. unipunctata quantitative
data were determined by direct cell counting in the Goryaev camera under light microscopes (LMs)
Biolam L-212, Axioskop 40, and Olympus BX41. Species morphology, phytogeography, and ecology
are described. The cell size range of populations is presented: for the Black Sea, valves 25-148 um long,
8—22 um wide, frustules 36.3-50.4 um wide, 18-24 fibulae in 10 um, and 7-8 girdle bands in 10 um;
for the Sea of Japan, valves 85—-125 pum long, 12-21 um wide, 7-8 girdle bands in 10 um, 20-25 fibulae
in 10 pum, frustules 32.0-34.3 ym long, 10-11 pm wide, and 25 fibulae in 10 um. For the first time,
St. unipunctata valves and frustules were studied in vivo under LMs, and frustule ultrastructure, un-
der a scanning electron microscope (SEM). For the first time, quantitative indicators of the species
populations from the Black Sea and Sea of Japan were compared. The morphology of the frus-
tule ultrastructure of St. unipunctata was studied under a Hitachi SEM, model SU3500 (Japan),
in Leica EM ACE200 gold-palladium-coated samples. In the Kazachya Bay of the Black Sea near
the Oceanarium, the absolute maximum abundance was recorded — 41.6-10> cells-cm™ with a biomass
of 1.73 mg-cm™ in January (t = +6.9 °C) in the epizoon of the cultured mussel Mytilus galloprovin-
cialis Lamarck, 1819 at a depth of 0.5 m at excessive organic pollution of water. The minimum values
were of 0.26-10% cells-cm™ and 0.011 mg-cm™2, respectively, in July (t = +23.5 °C) at a depth of 2.5 m.
In the Paris Bay (Russky Island) of the Sea of Japan in the water area of the Marine Mammal Research
Base of the Primorsky Oceanarium (Vladivostok), the abundance in the asbestos plates periphyton
was of 207-10° cells-cm™ in the summer. For the first time, unique micrographs of the species in vivo
were obtained under a LM, and of purified frustules — under a SEM.

Keywords: benthic diatom Striatella unipunctata, morphology, ecology, Black Sea, Sea of Japan

Large-cell diatoms, which have a high biomass, form large accumulations less often than small-cell
species, which, under certain environmental conditions, more often reach a high abundance. The first
ones include the benthic species Striatella unipunctata forming ribbon-like colonies, which are easily
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recognizable in a light microscope in vivo by the chloroplast rosettes resembling a flower. This work
is the second communication, after the article on Cylindrotheca closterium populations from the Black
Sea and Sea of Japan (Ryabushko et al., 2019b), devoted to the generalization of data on some pen-
nate diatom species playing a significant role in coastal ecosystems. Both works are based on the study
of morphological, ecological, and phytogeographical characteristics of the species composing micro-
phytobenthos communities and are important in the analysis of the seasonal dynamics of the structure
of their natural populations.

In publications on microphytobenthos, generalized data on the species composition, abundance,
and biomass of algal communities are usually used. There are practically no data on separate species
and their population indicators. Species peculiarities are often studied in cultures. Thus, in laboratory
conditions, St. unipunctata was found to be dioecious, and reproductive process and auxospore formation
were discovered; the latter is typical for diatoms alone (Davidovich & Chepurnov, 1993). So, the com-
bination of the study of the species both from nature and when cultivated in the laboratory expands
our understanding of its morphological and ecological peculiarities.

The aim of this study is to summarize long-term data on the morphology, autecology,
and phytogeography of the diatom Striatella unipunctata (Lyngbye) C. A. Agardh, 1832 inhabiting
the microphytobenthos of the Black Sea and Sea of Japan.

MATERIAL AND METHODS

Microphytobenthos was sampled in different ecotopes of the Black Sea and Sea of Japan
in 1987-2019 at depths of 0.5-12 m (Fig. 1). The material from great depth was sampled by divers.
St. unipunctata abundance and cell size were determined in a Goryaev’s camera with a volume of 0.9 mm?
in triplicates in a light microscope (hereinafter LM) Biolam L-212 at magnifications of 10x40x2.5
and 10x90x2.5, as well as in light microscopes C. Zeiss Axioskop 40 (with AxioVision Rel. 4.6 program)
and Olympus BX41 UPLanF1 at magnification of 10x40.

The morphology of the ultrastructure of St. unipunctata frustules was studied in a Hitachi scanning
electron microscope (hereinafter SEM), model SU. Diatom frustules were cleaned from organic mat-
ter by the “cold” method: processing with concentrated sulfuric acid followed by washing in distilled
water (Ryabushko, 2013 ; Ryabushko & Begun, 2015). Micrographs were taken in vivo in the SEM.

Diatom abundance (N, cells-cm™?) and biomass (B, mg-cm_2) were determined by the formulas
of V. 1. Ryabushko (Ryabushko, 2013):

N=n-V/S-V,

where n is the number of cells in the Goryaev’s camera;
V is the sample volume, mL;
S is the surface area of the substrate, cm?;
Vi, is the volume of the Goryaev’s camera equal to 0.9 mm?;

B=h-V-b/S-V,,

where h is algal specific gravity equal to 1.2-10° mg-um™ for benthic diatoms (Oksiyuk & Yurchenko,
1971);
b is the sum of cell biovolumes in the Goryaev’s camera.
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The surface area of the stones (y, cm?) was calculated by the formula of R. Calow (1972):

y=122240.26(d-n),

where d is the maximum length of the stone, cm;
n is the largest perimeter of the stone, cm.
The surface area of mussel shells (S, cm?) was determined by the formula (Mikhailova et al., 1987):

S =0.956 - L2085

where L is the distance from the shell anterior end to the posterior end, cm.

44°65’

45°25'

44°55' I ] SR
33°45' 33°50"

43°20'

42°46'-

41°72'
130°48’ 131°52' 132°56"

Fig. 1. Stations (@) of microphytobenthos sampling in the bays of the Crimean Peninsula, the Black Sea
(a), and in Peter the Great Bay, the Sea of Japan (b)
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The surface area of the macrophyte was calculated by the formula for the allometric dependence
of the specific surface area of the macrophyte-basiphyte on the diameter of its thallus (Minicheva, 1989):

S/W = 3334/d0-916 |

where S/W is the specific surface area of the macrophyte, cm?.g™!;
S is the surface area of the macrophyte, cm?;
W is the wet weight of the macrophyte, g;
d is the diameter of macrophyte thallus, cm.

RESULTS

Morphology, ecology, and phytogeography of the large-celled attached colonial araphid diatom
Striatella unipunctata (Lyngbye) C. A. Agardh, 1832 were investigated.

Taxonomy. According to the classification (Round et al., 1990), the species belongs to the class Frag-
ilariophyceae, the order Striatellales Round, 1990, the family Striatellaceae Kiitzing, 1844, and the genus
Striatella C. A. Agardh, 1832. The species has a broad synonymics, and its taxonomic formation dates
back to the XIX century (basionym: Fragilaria unipunctata Lyngbye, 1819; synonyms: Diatoma unipunc-
tata (Lyngbye) C. A. Agardh, 1824; Achnanthes unipunctata (Lyngbye) Carmichael ex Greville, 1827;
Achnanthes unipunctata Greville, 1828; Candollella unipunctata (Lyngbye) Gaillon, 1833; Tessella pedi-
cellata Dujardin, 1841; and Tabellaria unipunctata (Lyngbye) Schiitt, 1896) (Guiry & Guiry, 2020).

Morphology. The description is given according to (Proshkina-Lavrenko, 1955 ; Hendey, 1964)
with our additions. St. unipunctata cells are quadrangular-tabular (Figs 2 and 3) with cut corners; those
are connected in zigzag or linear chains hanging on a long and thick mucilage stalk, with the help of which
the species is attached to the substrate (Fig. 2b, c, e). Frustule is rather coarse, with numerous girdle
bands, about 8 in 10 um, with delicate cross fibulae along the edges. The septa are short, flat, about
4 in 10 um; their free edge is thickened. Valves are linear-lanceolate with widely rounded ends (Fig. 5a);
38—115 umin length; 8—18 um wide. The fibulae are very delicate, in sidelong mutually intersecting rows,
18-22 in 10 um (Fig. 5b). The axial field is linear, with an axial rib (Fig. 5c, d); at each its end, there
is one large mucilage pore with rimoportulas [tubes penetrating through the valve and opening inside
with the slit; those are indicated by arrows (Fig. 4)]. This allows maintaining the connection of the cell
with the environment and attaching to the substrate with the help of a mucilage stalk (rimoportula).
Chloroplasts are numerous, radially arranged in the form of a “flower” rosette (Fig. 2).

Micrographs (LM) of St. unipunctata cells and colonies found in the Black Sea and Sea of Japan
in vivo are shown below (Figs 2 and 3). The cells are presented with a mucilage stalk for attaching
to the substrate (Fig. 2b, d), which was previously noted by us in the glass plates periphyton in Karantin-
naya Bay for another benthic diatom species: Achnanthes armillaris (O. F. Miiller) Guiry, 2019
(= Achnanthes longipes C. Agardh) (Fig. 2e). SEM photographs of the frustule ultrastructure and valves
of the Black Sea population are given as well (Figs 4 and 5).

The size range of Striatella cells from two seas varies as follows. For the Black Sea, valves
are 25-148 um in length, 8-22 pm wide; frustules are 36.3-50.4 um wide, 18-24 fibulae
in 10 um (Proshkina-Lavrenko, 1955, 1963); 40—-80 pum in length, 10-20 um wide, 20-24 fibulae
in 10 pm (Cleve-Euler, 1953); 60-130 um in length, 20-36 um wide (Hendey, 1964); 70-81 um
in length, 18—19 pm wide, 20-22 fibulae in 10 um (Al-Yamani & Saburova, 2011). For the Sea of Japan,
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valves are 85—-125 pum in length, 12-21 um wide, 7-8 bands in 10 um, 20-25 fibulae in 10 pm; frustules
are 32-34.3 pm in length, 10-11 um wide, 25 fibulae in 10 um (Ryabushko & Begun, 2016). Many
details of the thin ultrastructure of St. unipunctata frustule are not visible even at high magnifica-

tion in the LM (Fig. 3a—f); however, these details are very clearly visible in the SEM. The frustules
from the Black Sea are 63-66.2 in length (Figs 4 and 5).

Fig. 2. Frustules of Striatella unipunctata with chloroplasts (a—g), cells on a mucilage stalk (b, d), diatom
colonies in fouling of macrophyte (c), Achnanthes armillaris cell on a mucilage stalk (e), and colonies (f, g).
Light microscope. The photos (b, c, e, f) by (Ryabushko, 2013)

Fig. 3. Striatella unipunctata cells in vivo (a—d) and in dying state (e, f) with chloroplasts, the Sea of Japan.
Light microscope (Ryabushko & Begun, 2016)
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Fig. 4. Fragments of Striatella unipunctata external valve view (a, b) with rimoportulas indicated by arrows.
SEM. Scale bar: 4 um

Fig. 5. Striatella unipunctata external frustules view with numerous girdle bands with a structure (a—f)
and longitudinal axial of rib in the central area (e, ). SEM. Scale bars: 40 um (a, b), 30 um (e), 5 um (c, d, f)
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Phytogeography. The species is cosmopolite. It is known in the European seas of both the North-
ern and Southern hemispheres. The species is found in the Baltic, Barents, and North seas; in the Sea
of Japan; in the Caribbean, Mediterranean, Marmara, Aegean, and Black seas; in the Sea of Azov;
in Sivash, Bosporus, Great Britain, Ireland, Mexico, Sweden, Finland, the Netherlands, Denmark, Ger-
many, Latvia, France, Kuwait, India, Australia, and New Zealand; and on the Atlantic coast of North
America and the Bahamas (Proshkina-Lavrenko, 1955, 1963 ; Ryabushko, 2013 ; Ryabushko & Begun,
2016 ; Al-Yamani & Saburova, 2011 ; Guiry & Guiry, 2020 ; Hendey, 1964).

Ecology. St. unipunctata is marine, benthic, eurythermal, euryhaline, and sublittoral species.
It is recorded at salinity above 10 %o in bays and near the shores of the open sea, rarely in the northwest-
ern Black Sea; in the Crimean coastal area, it is found all year round (Kucherova, 1957 ; Ryabushko,
1994, 2013). In the benthos of Vostok Gulf in the northwestern Sea of Japan, it was registered
in the epilithon of stones in winter and summer at a depth of 0.5 m, as well as in the anthro-
pogenic substrate periphyton (Begun, 2012 ; Ryabushko, 1984). In the coastal waters of Rhodes,
the Aegean Sea, the species was first found in the epiphyton of the green alga Bryopsis plumosa (Hudson)
C. Agardh, 1823 (Ryabushko et al., 2019a). It is recorded in plankton, epilithon of stones, and epiphyton
of macrophytes of Great Britain (Hendey, 1964), Sweden, and Kuwait (Al-Yamani & Saburova, 2011 ;
Kuylenstierna, 1989).

In the microphytobenthos of the coastal waters of the Crimean Black Sea, the study of St. unipunc-
tata started in 1987 and was episodic (Ryabushko, 2013). In August 1988, during an emergency dis-
charge of domestic wastewater in the Kalamitsky Bay near the city beach adjacent to Saki Lake, while
studying diatoms in the epiphyton of red, brown, and green macrophytic algae at depths of 1.5—-12 m
at a water temperature of +23 °C, water bloom was registered for the first time, which was caused
by the abundant colonies of St. unipunctata (Ryabushko, 1997). Other species of pennate diatoms
were found as well: from the genera Amphora Ehrenberg ex Kiitzing, 1844, Cylindrotheca L. Raben-
horst, 1859, Licmophora C. A. Agardh, 1827, Navicula Bory, 1822, Nitzschia A. H. Hassall, 1845,
and Pleurosigma W. Smith, 1852. The composition of microalgae at all depths was not very diverse,
and those were not abundant. Colonies of St. unipunctata were the most abundant out of the colonies
of all species, but the greatest abundance was recorded at depths of 2—-10 m in the epiphyton
of the green alga Cladophora albida (Nees) Kiitzing, 1843 and the brown alga Feldmannia lebelii
(Areschoug) Hamel, 1939. At a depth of 10 m, Striatella frustule was of 44.8-128.8 um in length
and 36.3-50.4 pm wide.

In the relatively clean open coastal waters of the Crimean Black Sea, St. unipunctata was less common.
In February and November 1990 in Tebenkov Bay (Sevastopol) at a depth of 0.5 m and t = +6 °C,
the species was recorded on thalli of Ericaria crinita (Duby) Molinari & Guiry, 2020 (= Cystoseira crinita
Duby, 1830). In April 1998 in Kazachya Bay at 4.5 m and t = +15 °C, the species was registered on thalli
of the red alga Ceramium rubrum (Hudson) C. Agardh, 1811 (Ryabushko, 2013).

When studying the epiphyton of 15 species of red, brown, and green macrophytic algae in May
and August 1990 in the open coastal area of the sea near Omega Cape and in the area of the sana-
torium beach at the Kruglaya Bay mouth, not subject to strong anthropogenic impact, no mass de-
velopment of this alga was noted (Ryabushko, 1996). St. unipunctata was found in small abundance
only in five out of them. For the first time, quantitative estimates of its abundance were obtained
in the epiphyton as follows: of the red algae Laurencia papillosa (Forsskél) Greville, 1830 at a depth
of 10 m — 200 cells-cm™2, Phyllophora crispa (Hudson) P. S. Dixon, 1964 at 20 m — 280 cells-cm™;
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of the brown algae E. crinita at 5 m — 30 cells-cm™, Stilophora rhizodes (C. Agardh) J. Agardh,
1841 — 110 cellssem™; and the green alga Ulva rigida C. Agardh, 1823 at a water’s edge —
20 cells-cm™.

Quantitative data on the abundance and biomass of Striatella populations in various ecotopes
of the coastal waters of the Crimean Black Sea are given below (Tables 1-3).

In the Kazachya Bay April to June 1995 at a depth of 0.5 m, St. unipunctata was found on thalli
of various macrophytes: Ulva rigida, Enteromorpha prolifera (O. F. Miiller) J. Agardh, 1883, Chaeto-
morpha linum (O. F. Miiller) Kiitzing, 1845, Sphacelaria cirrosa (Roth) C. Agardh, 1824, Ectocarpus
siliculosus (Dillwyn) Lyngbye, 1819, E. crinita, C. rubrum, and Laurencia coronopus J. Agardh, 1852,
as well as on the leaves of the eelgrass Zostera marina Linnaeus, 1753. Moreover, in 1995-1996 at depths
of 0.5—4.5 m in the same bay, annual and seasonal dynamics of the quantitative distribution of St. unipunc-
tata populations was studied on the epiphyton of macrophytes and epizoon of shells of the live mus-
sel Mytilus galloprovincialis Lamarck, 1819 (Table 1) in the spots with high content of biogenic ele-
ments (Ryabushko, 2013). The abundance and biomass of cells ranged 0.26-10° to 41.6-10% cells-cm™
and 0.011 to 1.73 mg-cm™. The absolute maximum values were recorded on 29.01.1996 at a water tem-
perature of +6.9 °C with average values of 5.08-10° cells-cm™ and 0.21 mg-cm™. Striatella minimum
abundance (0.63-10° cells-cm™) and biomass (0.093 mg-cm™) were registered in the mussel epizoon
on 28.11.1995 at a depth of 0.5 m at +12 °C (Table 1).

Table 1. Abundance (N) and biomass (B) of Striatella unipunctata populations in different ecotopes
of the Kazachya Bay of the Crimean coastal waters of the Black Sea

Sampling Ecotope Depth, Tem;;erature, . N, , B, S

date m C x10° cells-cm mg-cm
17.11.1987 | Epiphyton of Gracilaria verrucosa 1.0 13.1 often
17.12.1987 - 4.0 10.3 single
21.01.1988 - 4-5 8.2 =
26.01.1988 | Epiphyton of Zostera marina 1-3 8.2 -
24.02.1988 - - 6.0 -
02.03.1988 - - 8.0 1.25 0.052
16.03.1988 | Epiphyton of Gr. verrucosa - 8.0 0.90 0.037
13.04.1988 - 5-7 13.0 single
04.07.1988 - - 17.0 -
18.04.1995 | Epizoon of mussel 0.5 9.6 -
26.04.1995 - - 10.5 90.14 | 038

- Epilithon of stones = 16.0 single
12.05.1995 | Epizoon of mussel - 17.5 1.78 ‘ 0.074

- Epiphyton of Ulva rigida - - single

- Epiphyton of Ceramium rubrum = - single

- Epilithon of stones - - single

- Epizoon of mussel - - 1.65 0.070
05.06.1995 = = 21.0 3.26 0.14

Continue on the next page...
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Sampling Ecotope Depth, Temlzerature, \ N, , B, S
date m C %107 cells-cm mg-cm
- = - - 1.51 0.063
- Epiphyton of C. rubrum - - single
- Epiphyton of Chaetomorpha linum - - -

- Epiphyton of Ericaria crinita - - -
" Epiphyton of Ectocarpus confervoides - 7 -
- Epiphyton of Enteromorpha prolifera - - -
- Epiphyton of U. rigida = = -
29.06.1995 | Epizoon of mussel - 22.8 0.91 0.038
" Epiphyton of Ch. linum - " single
- Epiphyton of E. prolifera - - 1.50 0.062
27.07.1995 | Epizoon of mussel 2.5 23.5 0.96 0.040
= - - = 0.33 0.014
" - " " 0.26 0.011
01.08.1995 - 2.0 24.0 single
29.08.1995 - 0.5 23.5 1.22 0.050
- - - - 1.10 0.046
” - ” ” single
'~ Epiphyton of Ericaria crinita - - -
27.09.1995 | Epizoon of mussel - 19.0 1.19 0.049
- - 2.5 - 0.76 0.032
25.10.1995 o 0.5 15.0 7.74 0.052
I i 2.5 _ 1.0 0.042
= Epiphyton of Sphacelaria cirrosa 0.5;4.5 = single
28.11.1995 | Epizoon of mussel 0.5 12.0 2.23 0.093
- - " " 0.63 0.026
26.12.1995 - - 9.2 1.60 0.066
29.01.1996 - - 6.9 41.6 1.730
_r_ _ __ __ 0.96 0.040
2 _ 2.5 ” 2.43 0.100
05.03.1996 - 0.5 6.8 1.73 0.072
- - - - 2.06 0.086
__ —"— 2.5 __ 4.32 0.180
_ __ _ _ 3.40 0.141
25.03.1996 - 0.5 7.7 6.25 0.259
_r_ _”_ __ __ 1.14 0.047
- - 2.5 '~ 1.87 0.050
= - - = 3.50 0.150
__ __ __ —”— 2.87 0.120
= - 4.5 - 2.07 0.086

Continue on the next page...
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Sampling Ecotope Depth, Temlzerature, . N, , B, S
date m C %107 cells-cm mg-cm
_ " - g 1.39 0.057
" _r_ - - 2.73 0.113

25.04.1996 - 2.5 10.5 6.64 0.276
" " - - 4.51 1.187
__ 7 - - 6.64 0.28

27.05.1996 - - 18.7 4.64 0.192
- " - - 2.73 0.113
__ __ - - 1.22 0.051
" - 2.5 - 2.89 0.120
_ " - - 1.56 0.064
__ __ 4.5 - 1.98 0.082
_ " - g 1.67 0.069

26.09.2003 - = 20.0 single

23.01.2004 = = 7.1 colonies

The research was continued in 2018-2019 when studying the epilithon of stones and the epiphyton
of macrophytes in Donuzlav Gulf (Western Crimea), as well as in Inkerman and Karantinnaya bays
within Sevastopol (Tables 2 and 3). In the epilithon of Donuzlav Gulf during the annual cycle at depths
of 0.1-1.0 m and at a water temperature range from +9.0 °C (December) to +26.4 °C (July), Striatella
maximum abundance was recorded in July in the spots of pollution by domestic wastewater, where high
values of BODs, water oxidizability, nitrates, and phosphates were observed (Ryabushko et al., 2019c).
In Inkerman Bay, similar abundance and biomass values were recorded in April and July.

Table 2. Dependence of abundance (N) and biomass (B) of Striatella unipunctata in the epilithon
of Donuzlav Gulf and Inkerman Bay on environmental factors (Crimea, the Black Sea)

Sampling Depth, Temperature, Salinity, N, B,
date m °C %o x10? cells-cm™ mg-cm™>
Donuzlav Gulf
13.04.2018 0.5 11.0 17.81 2.54 0.01
21.06.2018 1.0 24.4 18.54 1.65 0.011
12.07.2018 0.5 26.4 18.62 5.47 0.065
05.10.2018 0.2 19.8 16.58 2.33 0.02
08.04.2019 ~— 10.6 17.97 2.74 0.02
21.06.2019 0.5 25.3 13.86 1.71 0.046
11.07.2019 - 24.6 15.67 0.43 0.001
09.10.2019 1.0 15.9 17.71 2.27 0.016
Inkerman Bay
24.12.2018 0.3 9.0 16.76 1.34 0.005
25.04.2019 0.1 10.0 16.50 3.58 0.025
25.05.2019 - 20.0 13.31 2.05 0.017
08.07.2019 - 26.0 12.86 3.88 0.008
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For comparison with the epilithon data, the results are presented of studying Striatella morphol-
ogy and quantitative characteristics in epiphyton of 15 species of red, brown, and green macrophytes
and eelgrass Zostera marina from Donuzlav Gulf and Karantinnaya Bay for 2018-2019 at depths
of 0.1-12 m (Table 3).

Table 3. Dependence of abundance (N) and biomass (B) of Striatella unipunctata in the epiphyton
of Donuzlav Gulf and Karantinnaya Bay on environmental factors (Crimea, the Black Sea)

Sampling Macrophyte-basiphyte Depth, Tem[lerature, Salinity, . N, , B, S
date m C %o x10° cells-cm mg-cm
Donuzlav Gulf
13.04.2018 Ericaria crinita 0.5 11.0 17.81 4.06 0.01
19.06.2018 - 0.3 23.4 18.66 1.53 0.05
20.06.2018 - 0.5 25.0 18.52 2.62 0.005
= Zostera marina = - = single -
12.07.2018 - 4.0 26.0 18.62 single -
05.10.2018 - 0.2 19.8 16.58 1.63 0.06
= E. crinita = - = 2.87 0.003
27.05.2018 | Gongolaria barbata = 20.7 15.56 0.34 0.004
Karantinnaya Bay
18.05.2018 Chaetomorpha chlorotica 0.1 18.0 17.70 2.32 0.01
08.06.2018 | Cladophora liniformis - 22.6 18.0 0.46 0.014
11.09.2018 G. barbata 0.1 22.6 18.0 0.99 0.003
28.02.2019 - 0.2 34 17.10 0.91 0.001
04.03.2019 | CL liniformis 4.5 10.0 17.24 0.1 0.002
= Ulva linza - - = 1.1 0.03
- Polysiphonia denudata - - - 0.06 0.001
05.04.2019 Cl. liniformis 1.5 10.6 17.70 14.2 0.10
= Ceramium arborescens - - - 14.0 0.08

Mussel and oyster farm in Karantinnaya Bay

20.07 2018 | Nereia filiformis 12.0 25.0 18.03 3.1 0.014
08.02.2019 Laurensia coronopus 4.0 3.4 16.88 4.2 0.10
04.03.2019 Callithamnion corymbozum 6.0 10.0 18.0 0.90 0.01
" Bryopsis plumosa - - - 17.7 0.10

- Pyaiella littoralis = = - 0.6 0.008

04.04.2019 Ulva clathrata 3.0 9.8 17.70 1.0 0.006
- C. arborescens - - - 1.6 0.03
- Ulva compressa - - - 13.3 0.20
- P. littoralis - - - 4.0 0.10
14.05.2019 Feldmannia paradoxa 2.0 15.2 18.07 7.2 0.27
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Striatella reached the highest abundance values of 13.3-10% and 14-10° cells-cm™ in April in Karantin-
naya Bay in the epiphyton of Ulva compressa, Cladophora liniformis, and Ceramium arborescens,
with maximum value of 17.7-10° cells-cm™ in March on thalli of the green alga Bryopsis plumosa.

The data were obtained from the latest sampling of communities of diatoms and cyanobacte-
ria in the epilithon of stones near the beach of Karantinnaya Bay on 12.11.2019 (t = +15 °C;
water salinity of 18.5 %o; depth of 0.3 m) and on a mussel and oyster farm in the same bay
on 19.12.2019 (t = +11.2 °C; 17.2 %o; depth of 0.1 m). The samples showed abundant winter devel-
opment of Striatella colonies along with cyanobacteria. In the quantitative distribution of the species,
mosaic structure was observed; the abundance varied 629 to 3383.4 cells-cm™%; the biomass, 0.013
to 0.077 mg-cm™. At the same time, the species abundance in December was 5.4 times higher
than in November.

For comparison with the data for the Black Sea, similar results are presented of St. unipunc-
tata study in the microphytobenthos of the northwestern Sea of Japan. The species was regis-
tered in different ecotopes: on 10.11.1983 in the epilithon of stones in the Vityaz and Astafyev
bays of the Posyet Bay at a depth of 0.2 m (Nikolaev, 1970, 1976); in summer in Vostok Gulf
and in winter in Vityaz Bay at a depth of 0.5 m (Ryabushko, 1984, 2014 ; Ryabushko & Be-
gun, 2016); in periphyton, epiphyton of macrophytes, and epizoon of molluscs in Amursky, Us-
suriisky, Vostok, and Slavyanka gulfs, in the Golden Horn, Rynda, and Baklan bays, as well
as in the epiphyton of the red alga Mastocarpus stellatus (Stackhouse) Guiry, 1984 in March 2014
in Troitsa Bay of Posyet Bay at depths of 3—6 m at a water temperature of —1.5 °C. In the peri-
phyton of navigation buoys in the Troitsa Bay (the seaport area contaminated with petroleum prod-
ucts) on 22.11.2011 at depths of 0-8 m, the abundance was of 2.33-10° and 31.8-10% cells-g',
respectively (Ryabushko & Begun, 2016).

Moreover, the results were obtained of the species abundance for a 15-day exposure in the pe-
riphyton of Rynda Bay on 02.08.2000 on substrates made of plexiglass (0.6-10° cells-cm™), wood
(20-10° cells-cm™), high-alloy steel (0.15-10° cells-cm™), and asbestos cement (0.3-10° cells-cm™),
as well as in the epizoon of bay barnacle Amphibalanus improvisus (Darwin, 1854), mussel Mytilus trossu-
lus Gould, 1850, ascidians Aplidium tenuicaudum (Beniaminson, 1974), and Styela clava Herdman, 1881
(0.84-10% cells-cm™) and in the epiphyton of green and brown algae (1.45-10° and 1.01-10° cells-g™!
of the wet weight of the macrophyte) (Begun, 2012 ; Ryabushko & Begun, 2015, 2016). In the peri-
phyton of asbestos cement plates exposed on 02.07.2013-06.08.2013 in the Paris Bay (Russky Island)
in the water area of the Marine Mammal Research Base of the Primorsky Oceanarium of the National
Scientific Center of Marine Biology FEB RAS at depths of 0.5-5 m, high values of Striatella abundance
were obtained: 177.3-10° to 207-10° cells-cm™.

DISCUSSION

In the literature sources, St. unipunctata is noted in the phytoplankton of the seas (Konovalova, 1984 ;
Morozova-Vodyanitskaya, 1948 ; Orlova, 1984 ; Pautova, 1984 ; Pitsyk, 1963 ; Proshkina-Lavrenko,
1955 ; Ryabushko et al., 2004), Eastern Sivash, and Molochnyi Lyman (Ivanov, 1960). This is ex-
plained as follows: after being detached from the substrate due to a storm or another sea disturbance
or due to death, cells can float into the water column. Therefore, in shallow seawater, when sampling
with a bathometer, the species is often registered in the phytoplankton. Z. Kucherova (1957) classi-
fied Striatella as a year-round benthos species of the Black Sea. Our research confirmed these data.
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She registered single cells on the shell surface of the mussel Mytilus galloprovincialis in the Sevastopol
Bay at a depth of 1 m and in the Ayu-Dag area at 45 m, as well as at a depth of 4 m on the shell of a grass
crab inhabiting thickets of macrophytes (Kucherova, 1960).

The first data on St. unipunctata abundance in the epiphyton of Gongolaria barbata (= Cystoseira bar-
bata) in the Kazachya Bay can be found in (Makkaveeva, 1960). In August 1955 at +22.5 °C, the abun-
dance was of 11.9-103 cells-cm™; in September at +19.5 °C, the value was of 1.8-103 cells-cm™%; in Oc-
tober at +17.0 °C, the abundance was of 55.4-10° cells-cm™. That information was supplemented by our
data on the settlement of various ecotopes in different seasons of the year at depths of 0.1-12 m. Striatella
size range depends on the life cycle of alga, type of substrate, season of the year, water temperature,
and abundance of biogenic elements in habitats. In spring, the species plays a significant role on anthro-
pogenic substrates: glass plates exposed in the sea (Ryabushko, 2013). Also, the species reached high
abundance in Karantinnaya Bay in April in the epiphyton of Ulva compressa, Cladophora liniformis,
and Ceramium arborescens; the maximum value of 17.7-10° cells-cm™ was recorded in March on thalli
of the green alga Bryopsis plumosa. The minimum values of abundance and biomass in the Black Sea
were noted both in winter and summer. In summer on the epiphyton of macrophytes and epizoon of mus-
sel, these indicators decreased, species populations were in a depressed state, and the cells were found
singularly.

In the microphytobenthos of the Black Sea and the Sea of Japan, the species is widely regis-
tered on natural and artificial substrates (Ryabushko et al., 2018). In the Sea of Japan in the peri-
phyton of various anthropogenic substrates, the highest abundance was recorded on wood (Begun,
2012); that was noted by other authors as well (Bangqin et al., 1989). According to our data, Striatella
predominantly inhabits the surface of different macrophytes, and its colonies are found in masse
in the spots where domestic wastewater is discharged and biogenic pollution increases. Therefore,
St. unipunctata is classified as an indicator species for the saprobity of organic pollution of the Black Sea
water (Ryabushko, 2013, 1997).

Conclusion. A retrospective analysis of long-term own and published data was carried out on vari-
ous aspects of studying the benthic marine araphid attached pennate diatom St. unipunctata inhabiting
different ecotopes of the Black Sea and the Sea of Japan. By phytogeographical affiliation, the species
is cosmopolite. In the Sea of Japan, the species was recorded at a water temperature down to —1.5 °C.
In two seas, the size ranges of cells overlap. In general, regardless of the depth, season, and ecotope inhab-
ited, the species abundance is higher in water with excessive organic pollution, including the spots where
molluscs are grown and mammals are kept in oceanariums. Striatella predominantly inhabits the sur-
face of benthic vegetation, stones, and mollusc shells; this allows the species to form abundant colonies,
which can detach from the substrate and penetrate in the phytoplankton because of the sea waves.

This work was carried out within the framework of IBSS state research assignment “Investigation of mechanisms
of controlling production processes in biotechnological complexes with the aim of developing scientific foundations
for production of biologically active substances and technical products of marine genesis” (No. 121030300149-0)
and with partial support of the “Far East” program of the Far Eastern Branch of the RAS (No. 18-4-050).
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AYTAKOJIOTUSI BEHTOCHOM JUATOMOBOM BOJOPOCJIN
STRIATELLA UNIPUNCTATA (LYNGBYE) C. A. AGARDH, 1832 —
NHINKATOPA OPTAHUYECKOI'O 3ATPA3HEHUS BO/I
(YEPHOE U ATIOHCKOE MOPS$)

JI. 1. Paéymko!, A. A. Beryn?, A. I'. Illuposin’,
1. H. JTumaes!, E. C. Mupomuanyenko’

'®I'BYH ®UII «HCTUTYT GHOJIOrMH I0KHBIX Mopeii umenn A. O. Kopaneckoro PAH»,

Cesacronoss, Poccuiickas ®enepanys

Poccutickas ®eneparms
E-mail: larisa.ryabushko@yandex.ru

BriepBoie poBe€¢H aHaIM3 MHOTOJIeTHUX JaHHBIX (1987-2019) uzyuenus Mmopdoaoruu u ayTaKoJo-
v OEHTOCHOM KOJIOHHMAIbHOM IMaTOMOBOM Bogopocu Striatella unipunctata (Lyngbye) C. A. Agardh,
1832, oburaromeit B MukpogutodeHtoce YépHoro n SIMoHCKOro Mopei, BKIoYast akBaTOPUH 3ario-
BEIHBIX M 0cO00 OXpaHsSIeMbIX MPUPOTHBIX TeppuTopuil Poccun. Bua mmpoko BcTpeuyaercs: Ha Mpu-
POIHBIX M UCKYCCTBEHHBIX cyOcTpaTtax B UEpHOM MoOpe KpyriaorogudHo, B fAmoHcCKoM mMope 3ape-
TUCTPUPOBaH Npu Temneparype Boawl 4o —1,5 °C. KonuuecTBeHHble naHHBIE St unipunctata omnpe-
JeJIAIM MPSIMBIM TIO/ICYETOM KJIETOK B Kamepe lopsiea, ncrosb3ysi cBeToBble MUKpOcKomsl (CM)
tuna buonam JI-212, Axioskop 40 u Olympus BX41. Mopdonorust ynbTpacTpyKTypsl MaHIMAPS
St. unipunctata u3ydeHa B CKaHUPYIOIIEM 3JIeKTpoHHOM Mukpockorie (COM) Hitachi SU3500 B 00-
pasuax c 3onoronauiaaveBeiM HanbuieHneM Leica EM ACE200. IlpencraBieH pa3MepHbd Auana-
30H KJIETOK MOMyJsiuuii: ajiss Y€pHoro Mopsi — CTBOPKM 25—148 MKM AjuHbL, 8—22 MKM LIMPUHBI,
nanuupu 36,3-50,4 MM mwp., 18-24 mrpuxoB B 10 MM, 7-8 BCTaBOUHBIX 000JKOB B 10 MKM;
s SInmoHckoro mMopsi — cTBOpku 85-125 Mkm an., 12-21 MM 1mmp., 7-8 BCTaBOYHBIX 0001
koB B 10 mxm, 20-25 mrp. B 10 mxwm, manmupu 32,0-34,3 mMkm qi1., 10-11 MxMm mmp., 25 mirp.
B 10 MxMm. BrniepBele u3yuyeHbI CTBOPKU ¥ TaHIMPU St. unipunctata B NPUKU3HEHHOM COCTOSIHUU
B CM u ynbrpactpykrypa nanuupeit B COM. [puseaeHo onucanve Mopdoyioruu, (bI/IToreorpa(bI/H/I
U 3KoJoruu Buja. Bnepsbie TPOBE/ICHO CPABHEHNE KOTMYECTBEHHBIX MoKaszaTesiell YepHOMOPCKOM
U ATOHOMOpPCKOUW momyisimii Buaa. B Kazaubeit Oyxte U€pHOro mMopst BONIM3M OKeaHapuyma 3a-
PErucTpUpoBaHa aOCOMOTHAS MAKCUMAJIbHAs YUCIEHHOCTh K1eTok — 41,6-10% ki1.-cM™ npu 6uo-
macce 1,73 mr-cM~2 B 3MU300He KyJIbTHBUpYeMoil Mumuu Mytilus galloprovincialis Lamarck, 1819
B sHBape (t = +6,9 °C) Ha riyouHe 0,5 M Mpu U3OBITOUHOM OPraHUYECKOM 3arpsi3HEHHU BO[.
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MuHMMATBHBIE 3HAYeHHs mokasateieil coctamsum 0,26-10° xir-cm™2 u 0,011 mr-cMm™2 cooTBeT-

ctBeHHO B mionie (t = +23,5 °C) Ha myoune 2,5 m. B Oyxrte Ilapuc (octpo Pycckwuii) Srmon-
CKOTo Mopsi B akBaropuu basbl McciieqoBaHUs MOPCKMX MieKonurtaoummx [IpuMopckoro okeaHa-
puyma (r. BlaamBocTOK) MaKCHMMasbHas UMCIEHHOCTh B Tepudurtone gocturana 207-10° ki.-cm™2.
Briepsrle mpencraBieHbl CHUMKM BHUIOB B MPWXKHU3HEHHOM cocTossHuM B CM U ouvuIleHHbIe

naHupyu B COM.

KirodeBble cJioBa: auaTomMoBas Bojopocis Striatella unipunctata, MopdoJorvs, 3KOJOTHUd,
YepHoe mope, AnoHckoe Mope
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The article presents the research of qualitative structure and quantitative development of phytoplank-
ton in the water area of the port of Tuapse and beyond it in the spring-summer period of 2019.
In April 2019, 43 phytoplankton species of 5 divisions were found. In the port area, the mean values
of abundance and biomass were of 568 thousand cells-L™! and 206 mg-m™, respectively; in the open sea
area, the values were 1.5 times higher. In the port area and beyond it, diatoms developed abundantly:
98-99 % of the total phytoplankton abundance and 62-65 % of the biomass. Small-cell species
Pseudo-nitzschia spp. and Skeletonema costatum s. 1. formed the basis of the abundance; Pseudosole-
nia calcar-avis, Dactyliosolen fragilissimus, and Chaetoceros affinis formed the basis of the biomass
as well. In June 2019, a decrease was recorded in qualitative (13 species from 4 divisions) and quantita-
tive values of phytoplankton development. In the port area, the mean values of planktonic algae abun-
dance and biomass were of 59 thousand cells-L. ™" and 81 mg-m™3, respectively; in the open sea area, these
values were more than 2 times lower. In the water area of the port, euglenids developed abundantly:
94 % of the phytoplankton abundance and 83 % of the biomass; those were represented by a mesos-
aprobic species Eutreptia lanowii. Beyond the port of Tuapse, euglenids were not found; in terms
of abundance, diatoms predominated (95 %): Skeletonema costatum s. 1. and Thalassionema nitzs-
chioides. The following Dinophyta species formed the basis of the phytoplankton biomass (82 %):
Ceratium tripos, C. furca, Ensiculifera carinata, Glenodinium paululum, Prorocentrum micans,
and Protoperidinium crassipes.

Keywords: phytoplankton, taxonomic composition, abundance, biomass, water area of the port
of Tuapse, northeastern Black Sea coast
In recent decades, many researchers have recorded changes in the structure and functioning of marine

plankton communities in the waters of Russian Black Sea shelf (Korpakova et al., 2014 ; Safronova et al.,
2015 ; Safronova & Naletova, 2017 ; Selifonova & Yasakova, 2012). First of all, zones of environmental
stress are the water areas of large seaports, such as the port of Tuapse, with constantly increasing cargo
turnover. Phytoplankton studies in the water area of the port of Tuapse and beyond it under progressive
pollution of the marine environment were carried out in different seasons of 2009-2011 (Selifonova
& Yasakova, 2012 ; Yasakova & Makarevich, 2017). The investigation of qualitative and quantitative
characteristics of phytoplankton, the most vulnerable link in marine ecosystems under anthropogenic
eutrophication of port waters in the modern period, seems to be urgent. Therefore, the aim of this work
is to conduct a study of the species composition and quantity of planktonic algae in the water area
of the port of Tuapse and beyond it in spring and summer of 2019 and to compare these indicators with
corresponding data for 2009-2011.
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MATERIAL AND METHODS

The material for the study was the phytoplankton samples collected at 15 stations in the water area
of the port of Tuapse (st. 1-14) and beyond it (st. 15) in April 2019 (Figs 1 and 2). In June 2019,
planktonic algae were sampled at 5 stations; st. 1-4 were located in the port water area, and st. 5 — be-
yond it (Figs 3 and 4). The location of the sampling spots was due to different levels of anthropogenic
load on these water areas. During the study period, the water temperature on the sea surface varied
+11.1 °C (23.04.2019) to +24 °C (12.06.2019); wind speed was 5—-10 m-s™', and sea roughness degree
was 1-2. Samples of 1-1.5 L were taken from the sea surface using a 5-L Niskin bottle in the day-
time from the research vessel, fixed with formalin up to a final concentration of 1-2 %, and kept
in a dark cool place for at least 15 days. Then, the samples were concentrated using a siphon tube
with an end bent 2 cm up, which was tightened with a No. 77 sieve. Abundance and volume of phyto-
plankton cells were counted using 0.05-mL and 0.1-mL cameras under a Mikmed-2 microscope with
10x/0.30 and 40x/0.65 objectives (Kol'tsova et al., 1979 ; Rukovodstvo, 1980 ; Fedorov, 1979). The cells
were measured using an eyepiece micrometer; the minimum size of the counted cells was of 3-5 pum.
The biomass was calculated by the volumetric counting. The volume of cells was calculated by equating
their shape to corresponding geometric figure (Kol’'tsova, 1970). The generally accepted species identi-
fication guides were used (Kiselev, 1950 ; Konovalova et al., 1989 ; Proshkina-Lavrenko, 1955, 1963 ;
Dodge, 1982 ; Identifying Marine Phytoplankton, 1997). Phytoplankton species composition was clas-
sified in accordance with S. P. Wasser system (Vodorosli : spravochnik, 1989). The species were con-
sidered mass when forming more than 10 % of the total abundance or biomass, common — 1-10 %,
and rare — less than 1 %. The arithmetic means of abundance (or biomass) were determined as a number
equal to the sum of abundance (or biomass) at each station, divided by the number of stations studied.

RESULTS

Phytoplankton qualitative composition. In April 2019 in the water area of the port of Tuapse
and beyond it, 43 phytoplankton species of 5 divisions were found (Bacillariophyta, Dinophyta, Eu-
glenophyta, Cyanophyta, and Cryptophyta), as well as 5 taxonomic units not identified to the species
level (Table 1). The maximum species diversity was recorded in diatoms (20 species) and dinophytic
algae (20 species). Other divisions were represented by 1 species each. In June 2019, phytoplankton
taxonomic composition amounted to 13 species of 4 divisions: Bacillariophyta (2 species), Dinophyta
(9 species), Euglenophyta (1 species), and Chlorophyta (1 species).

Table 1. Phytoplankton taxonomic composition in the research area in April and June 2019

23.04.2019 12.06.2019
Algae divisions and species Port of Tuapse | Open sea area | Port of Tuapse | Open sea area

N B N B N B N B
Bacillariophyta
Amphora sp. R R - - - - _ _
Bacillaria paradoxa J. F. Gmelin R R - - - - - -
Cerataulina pelagica (Cleve) Hendey R R - - - - - -
Chaetoceros affinis Lauder O (0] (0] O - - - -

Continue on the next page...
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23.04.2019 12.06.2019

Algae divisions and species Port of Tuapse | Open sea area | Port of Tuapse | Open sea area

N B N B N B N B

Chaetoceros compressus Lauder (e R - - _ _

Chaetoceros curvisetus Cleve

Chaetoceros insignis Proschkina-Lavrenko

Chaetoceros scabrosus Proschkina-Lavrenko

Chaetoceros simplex Ostenfeld

Chaetoceros sp.

Coscinodiscus sp.

Dactyliosolen fragilissimus (Bergon) Hasle

Gyrosigma sp.

Licmophora gracilis (Ehrenberg) Grunow

Licmophora flabellata (Greville) C. Agardh

Melosira moniliformis (O. F. Miiller) C. Agardh

Navicula viridula (Kiitzing) Ehrenberg

Nitzschia tenuirostris Mereschkowsky

AIO|AIA AR A IR AR A AR ANA
AR A AR AR IRIOC|IO|R|m| & & & |HF
~
o
|
|
|
|

Pleurosigma elongatum W. Smith

Pseudo-nitzschia delicatissima (Cleve) Heiden;
Pseudo-nitzschia pseudodelicatissima (Hasle)
Hasle (complex)

<
=
<
<
|
|
|
|

Pseudo-nitzschia seriata (Cleve) H. Peragallo (0]

Pseudosolenia calcar-avis (Schultze)
B. G. Sundstrom

Skeletonema costatum (Greville) Cleve s. 1. M

=
m=|lOo| § |O
=
=<
|
|
|
|

Synedra sp. R

Thalassionema nitzschioides (Grunow)
Mereschkowsky

~
o
~
~
o
o
<
<

Dinophyta

Akashiwo sanguinea (K. Hirasaka) Gert Hansen
& Moestrup

Ceratium furca (Ehrenberg) Claparede
et Lachmann

Ceratium tripos (0. F. Miiller) Nitzsch

Cochlodinium citron Kofoid & Swezy

Diplopsalis lenticula Bergh

AlR|IR|IA| A
A|lRm|R|O| O
~ |~

Dinophysis rotundata Claparede & Lachmann

Enisculifera carinata Matsuoka, Kobayashi
& Gains

2]
o
[

[
2]
]
2]
o

Glenodinium sp. - - - - R R - —

Glenodinium paululum Lindernann - - - - R R (0] (0]

Gymnodinium simplex (Lohmann)

Kofoid & Swezy R R - - - - _ _

Continue on the next page...
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23.04.2019 12.06.2019
Algae divisions and species Port of Tuapse | Open sea area | Port of Tuapse | Open sea area

N B N B N B N B
Gymnodinium wulffii J. Schiller R R - - - - - -
Gyrodinium spirale (Bergh) Kofoid & Swezy R (0] - - - - - -
Katodinium glaucum (Lebour) Loeblich III R R - - - - - -
Lessardia elongata Saldarriaga & F. J. R. Taylor R R - - - - - -
Oblea baculifera Balech ex Loeblich Jr. R 0 R o _ _ _ _
& Loeblich IIT
Prorocentrum compressum (Bailey) T. H. Abé
ex J. D. Dodge R R R R B - - -
Prorocentrum cordatum (Ostenfeld) R R _ _ _ _ _ _
J. D. Dodge
Prorocentrum lima (Ehrenberg) F. Stein R R - - - - - -
Prorocentrum micans Ehrenberg R R - - R o R (0]
Protoperidinium brevipes (Paulsen) Balech - - - - R (0] - -
Protoperidinium crassipes (Kofoid) Balech - - - - R 0] R M
Protoperidinium pallidum (Ostenfeld) Balech R (0] - - - - - -
Polykrikos kofoidii Chatton R M R M - - - -
Pronoctiluca pelagica Fabre-Domergue R R - - - - - -
Scrippsiella frochoidea (F. Stein) R R _ _ R R R o
A. R. Loeblich III
Dinophyta, cysts R R - - - - - -
Cyanophyta
Planktolyngbya limnetica (Lemmermann) _ _ R R _ _ _ _
Komarkova-Legnerovd & Cronberg
Cryptophyta
Plagioselmis prolonga Butcher ex G. Novarino,
I. A. N. Lucas & S. Morrall R R © R - - N -
Euglenophyta
Eutreptia lanowii Steuer - - R R M M - -
Chlorophyta
Pterosperma undulatum Ostenfeld - - - - R R - -

Note. Species status in terms of abundance (N) and biomass (B): R — rare species; O — ordinary; M — mass.

Phytoplankton quantitative composition. In April 2019, the mean abundance and biomass
in the port water area amounted to 568 thousand cells-L™" and 206 mg-m™, respectively. Beyond the port,
the values were 1.5 times higher: 875 thousand cells-L™! and 334 mg-m™ (Figs 1 and 2). Specifi-
cally high values of the abundance in the port were observed at st. 5, 8, 12, and 13 (734-986 thou-
sand cells-L™"), and the minimum ones — at st. 1 and 9 (350-378 thousand cells-L™"). The highest values
of the biomass during this period were registered at st. 5 (424 mg-m™>); those were more than 3 times
higher than the minimum values noted at st. 1-3 (107—-124 mg-m™).
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Fig. 1. Distribution of the phytoplankton abundance (cells-L™") in the water area of the port of Tuapse
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and beyond it in April 2019
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During this period, diatoms were recorded ubiquitously forming 98-99 % of phytoplankton total
abundance and 62-65 % of biomass. Out of them, small-cell species Pseudo-nitzschia spp. and Skele-
tonema costatum s. 1. predominated (72-74 and 21-22 % of the abundance, respectively), whose abun-
dant development is characteristic of the spring season. Chaetoceros affinis, Pseudo-nitzschia seriata,
and Nitzschia tenuirostris were found in minor abundance in the port water area (no more than 5 %
of the diatom population). In the open sea area, 4 % of the diatom abundance was formed by a complex
of species: Ch. affinis, Ch. compressus, Ch. scabrosus, N. tenuirostris, and Thalassionema nitzschioides.

Pseudo-nitzschia spp., Pseudosolenia calcar-avis, Dactyliosolen fragilissimus, Skeletonema costa-
tum s. 1., and Ch. affinis formed the basis of diatoms: 86 and 91 % in the port and beyond it, respec-
tively. In the port water area, P. seriata, Th. nitzschioides, and Coscinodiscus sp. amounted to 11 %
of the biomass of diatoms; in the open sea area, Ch. scabrosus formed more than 5 % of the biomass.
For most of common species, a relatively uniform distribution was observed in the port water area.
Ch. affinis abundance and biomass at st. 5 (100 thousand cells-L™" and 112 mg-m™>, respectively) exceeded
these values at other stations by more than an order of magnitude.

In sum, other algae divisions formed no more than 1-2 % of the total phytoplankton abundance.
Dinophytes accounted for 0.5 % of the total abundance and 34-37 % of the biomass. In terms of abun-
dance, Oblea baculifera predominated: 31-36 % of the abundance and 6 % of the biomass. Polykrikos
kofoidii was recorded in significant abundance: 14—-18 % of the abundance and 55-74 % of the biomass
of dinophytic algae. In the port area, a notable proportion of the abundance (37 %) was formed by Scripp-
siella trochoidea, Gyrodinium spirale, Ensiculifera carinata, Gymnodinium simplex, and Lessardia elon-
gate; the large species Ceratium furca and C. tripos accounted for 22 % of the biomass. In the open sea
area, Diplopsalis lenticula and Cochlodinium citron in sum amounted to 34 % of the abundance and 17 %
of the biomass of dinophytes at this time.

Cryptophytic alga Plagioselmis prolonga was ubiquitous: from 2 thousand cells-L™! (st. 1) to 10.8 thou-
sand cells-L™! (st. 15); on average, 5 thousand cells-L™'. Whereon, this species formed 1 % of the phyto-
plankton abundance and 0.3-0.5 % of the biomass. Cyanobacteria and euglenids were recorded in mi-
nor abundance (2 thousand cells-L™") at st. 15 only; that accounted for less than 1 % of the total
phytoplankton abundance.

In June 2019, the mean values of the abundance and biomass of planktonic algae in the port amounted
to 59 thousand cells-L ™' and 81 mg-m™, respectively (Figs 3 and 4). Beyond the port, the values were
more than 2 times lower: 25 thousand cells-L™' and 34 mg-m™, respectively. During this period, abun-
dant development of euglenids was recorded in the port water area: the mesosaprobic species Eutreptia
lanowii formed 94 % of the phytoplankton abundance and 83 % of biomass. The diatom Th. nitzs-
chioides and dinophytes C. tripos, C. furca, Prorocentrum micans, Protoperidinium brevipes, and P. cras-
sipes were ubiquitous: 5 % of the abundance and 16 % of the biomass. The representative of green algae
Pterosperma undulatum was recorded at st. 4 only.

It should be noted that in the water area of the port of Tuapse in the spring-summer period of 2010
and 2011, cyanobacteria and euglenids formed a notable proportion of phytoplankton as well: 35-47 %
of the total abundance. The intensive development of these mesosaprobic algae was probably facilitated
by the increased concentration of nutrients coming from storm sewers (Yasakova & Makarevich, 2017).
Beyond the port, there were no euglenids; diatoms Skeletonema costatum s. 1. and Th. nitzschioides pre-
dominated in terms of abundance (95 %). The basis of the phytoplankton biomass (82 %) was formed
by dinophytic algae, mainly Ceratium tripos, C. furca, Ensiculifera carinata, Glenodinium paululum,
P. micans, and Protoperidinium crassipes.
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Fig. 3. Distribution of the phytoplankton abundance (cells-L™!) in the water area of the port of Tuapse
and beyond it in June 2019
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and beyond it in June 2019
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DISCUSSION

In the port, 95 species of planktonic algae were registered earlier (2009-2011); in the open sea
area, the species diversity was significantly lower (62 species) (Selifonova & Yasakova, 2012 ; Yasakova
& Makarevich, 2017). In the port water area, the mean phytoplankton abundance for the period stud-
ied was of 105 thousand cells-L™!, and the biomass was of 0.228 g-m™. In the open sea area, subject
to a lower anthropogenic load, with similar abundance values (120 thousand cells-L™"), the biomass
was 2 times higher than in the port water area (0.505 g-m™), which indicated the presence of large-cell
phytoplankton. The peaks of phytoplankton abundance (115-245 thousand cells-L™") were recorded
in March and May 2009 and 2011, as well as in June 2010. Diatoms made a notable contribution
to the abundance (35-38 %) and biomass (66—70 %). Moreover, this ratio changed little in the open
and port water. The contribution of dinophytes was significant only in the total phytoplankton biomass
(26-28 %), wherein they formed 67 % of the total abundance. Along with the role of diatoms, the role
of primnesian algae, in particular Emiliania huxleyi, was great; its abundance was maximum (56 %)
in the open sea area, and it was 2 times higher than the values noted in the port (27 %). At the same time,
cyanobacteria of the genera Oscillatoria and Lyngbya and euglenids Eutreptia lanowii and Euglena sp.,
presence of which can indicate the unfavorable ecological conditions of coastal water, were a component
of phytoplankton in the port water area (11 and 8 % of the total abundance, respectively). In June 2010
and May 2011, their record abundance was registered: in the port water area, they formed up to 3547 %
of the total phytoplankton abundance. Beyond the port, those algae were almost completely absent
(no more than 0.02 %).

In 2019, the mean values of the abundance of planktonic algae in the port and beyond it were
as follows: 313 thousand cells-L ™" in April and 450 thousand cells-L™' in June. Those were almost
2-2.5 times higher than the values for the port water area (145-223 thousand cells-L™!; on aver-
age, 184 thousand cells-L™") and in the open sea (108-207 thousand cells-L™'; on average, 172 thou-
sand cells-L™") in May and June 2009-2011. Studies carried out shown as follows: in April 2019,
the phytoplankton abundance (568 and 875 thousand cells-L™") was an order of magnitude higher than
in June 2019 (59 and 25 thousand cells-L™!). In April 2019, the phytoplankton biomass in the port
water area and in the open sea area (on average, 206 and 334 mg-m™, respectively) was also notably
higher (2.5-10 times) than in June 2019 (81 and 34 mg-m™, respectively). However, those were close
to the biomass values observed in the port (80-242 mg-m™; on average, 175 mg-m™) and beyond
it (165-400 mg-m™>; on average, 293 mg-m™) in May and June 2009—2011.

The maximum abundance and biomass of planktonic algae were registered in April 2019 beyond
the port (875 thousand cells-L™! and 334 mg-m™, respectively); those were 1.5 times higher than the val-
ues for the port water area. This was due to the intensive development of predominantly small-cell
diatom species. It should be noted that upwellings, observed in spring along the entire North Caucasus
coast, to a significant extent contribute to saturation of coastal water with nutrients and, consequently,
to water bloom with small diatoms (Korpakova et al., 2014 ; Proshkina-Lavrenko, 1955). In terms of com-
position of dominants and the level of abundance, phytoplankton state corresponded to the beginning
of the early spring phase of the succession (Makarevich & Oleinik, 2017). The lowest phytoplankton
abundance during this period was recorded at the extreme point of the port water area (st. 1). Probably,
the hindered water exchange with the open sea resulted there in the formation of unfavorable conditions
for the development of planktonic algae.
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In June 2019, an increase in the ratio of dinophytes (82 % of the total biomass) was observed
in the open sea; that corresponds to the summer phase of the seasonal succession of phytoplankton.
In terms of abundance, diatoms predominated again (95 %). Seasonal rearrangement of plant plankton
was observed in the port water area as well: there, the predominant plankton component was E. lanowii,
the mesosaprobic species of euglenids, which formed the basis of the abundance (94 %) and biomass
(83 %). In general, the intensive development of euglenids was not typical for the northeastern Black Sea
and might manifest the changes in hydrological and hydrochemical environmental conditions: an in-
crease in the eutrophication level, a desalination, and a decrease in the water hydrodynamic activity.
The increased level of nutrients in the port water area is also indicated by the twice higher abundance
of planktonic algae observed in summer compared to that of the open sea area (st. 5). The minimum phy-
toplankton abundance in the port water area was again recorded in the tail-end zone (st. 4) characterized
by hindered water exchange with the open sea.

In contrast to previous studies, when a significant proportion of the phytoplankton abundance
(up to 75 %) at this time of the year was formed by coccolithophorids, the predominant plankton compo-
nent in 2019 was diatoms and euglenids. Their development may be stimulated by a high concentration
of mineral nitrogen and dissolved organic matter in water, while the vegetation of coccolithophorids
is limited by mineral phosphorus (Mikaelyan et al., 2013).

Conclusion. The results of the study of phytoplankton, carried out in the spring-summer period
of 2019 in the water area of the port of Tuapse and beyond it, notably supplemented the data on the quali-
tative and quantitative indicators of planktonic microalgae obtained in the previous decade (2009-2011).
The state of the plankton community in April 2019 corresponded to the early spring phase of the phyto-
plankton succession. However, the predominance of the mesosaprobic species of euglenids in plankton
in June 2019 may indicate the deterioration of the ecological situation in the port area. Probably, this was
facilitated by an increase in the eutrophication level, significant desalination, and stratification of waters,
which resulted from the calm weather and an increase in the volume of continental runoff, including
wastewater from storm sewers.

The work was carried out within the framework of the Southern Scientific Center of the RAS state research
assignment No. AAAA-A18-118122790121-5.
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COCTOAHUE INTAHKTOHHOI'O AJIBI'OIIEHO3A
B AKBATOPUMU IIOPTA TYAIICE U1 3A EI'O IPEJEJIAMUA
B BECEHHE-JIETHUH ITEPUO/I 2019 T.
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B craTbe npescTaBieHbl pe3ynabTaThl UCCAEJOBAaHUS TAKCOHOMHUYECKOTO COCTaBa M KOJIMYECTBa (puto-
TUITAHKTOHA B aKBaTopuu mnopta Tyarice u 3a ero npenesnamMu B BeceHHe-neTHu nepuox 2019 r. B amn-
pene 2019 r. obHapyxkeHO 43 Buma (PUTOIIAHKTOHA, OTHOCAIIMXCA K 5 oTaeiaaM. CpedHue 10 ak-

BATOPUM TIOPTA BEJIMUMHBI UHCIEHHOCTH M GMOMACCH COCTABIIM 568 Thic. K- 1 206 Mr-m~

3

COOTBETCTBEHHO, YTO B 1,5 pa3a HuWxe, yeM B pailoHe OTKpbitoro mops. IloBcemectHo B Macce
(98-99 % obweit uncieHHocTH U 62—65 % Ouomacchl (PUTOIJIAHKTOHA) MPUCYTCTBOBAIM IUATO-
MOBBIE€ BOJOpPOCIM. OCHOBY UHMCIEHHOCTH COCTAaBWJIM MEJIKOKJIETOUHbIe BUAB Pseudo-nitzschia spp.
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u Skeletonema costatum s. 1. Kpome Hux, ocHOBY Ouomaccel hopmupoBaiu Pseudosolenia calcar-avis,
Dactyliosolen fragilissimus n Chaetoceros affinis. B nione 2019 r. Habmopany cHIkeHne Ka4eCTBeH-
HbIX (13 BUOOB U3 4 OTAENOB) U KOJUYECTBEHHBIX BEIMUYMH (pUTOIUIAaHKTOHA. CpelHue 3HAYEHUS
YKCIIEHHOCTH ¥ GMOMACCHI IIAHKTOHHBIX BOJAOPOCHEH B MOpTy — 59 Thic. K-~ u 81 mMr-mM~> co-
OTBETCTBEHHO; OHM B 2 pa3a MPEeBbIIIAIM BeJIMYNHBI, OTMEUYEHHbIC B OTKPBITOM YacTu Mops. B akBato-
puM mopTa OOWJIBHO Pa3BUBAJIKCH IBIJIEHOBBIE Bojgopociu (94 % uucineHHocTd U 83 % Ouomacchl
(putorIaHKTOHA), TMpe/ICTaBICHHbIE Me30canpoOHbIM BuioM Eutreptia lanowii. 3a nipeienamu mop-
Ta Tyarice 3BIJIEHOBbIE BOJOPOCIA OTCYTCTBOBAJIM, MO YUCIEHHOCTU (95 %) NOMUHUPOBAIMN IUATO-
Meun — Skeletonema costatum s. 1. v Thalassionema nitzschioides. OcHoBy 6uomacchl (82 %) uro-
IUIAHKTOHA (POPMHUPOBAJIM CIIEAYIOIIUE BUABI TUHO(UTOBBIX Bogopocinen: Ceratium tripos, C. furca,
Ensiculifera carinata, Glenodinium paululum, Prorocentrum micans u Protoperidinium crassipes.

KiioueBble cioBa: PUTOINIAHKTOH, TAKCOHOMHUYECKHUI COCTaB, YUCJIEHHOCTb, OIOMACca, aKBATOPHUS
nopra Tyarnce, ceBepo-BocTouHOe odepexbe YEpHOTO Mops
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IN MEMORIAM: YURILY SLYNKO
(09.10.1961 - 14.07.2021)

On July 14, 2021, a talented, extraordinary, and purpose-
ful ichthyologist Yuriy Vladislavovich Slynko passed away.

He was born into a family of genetic scientists in the vil-
lage of Novovorontsovka, Kherson region. From the age of 5,
after the death of his mother, he was raised in the fam-
ily of his grandfather: the head of the Ukrainian lan-
guage department at Chernivtsi State University. In 1983,
Yu. Slynko graduated from this university with a degree in bi-
ology and entered the PhD graduate school in hydrobiology
at the Institute of Biology of Inland Waters of the Academy
of Sciences of the USSR (Borok, Yaroslavl region). After
graduating in 1986, he became a researcher in the labora-
tory of physiology. Since 1989, he worked as a researcher
in the laboratory of ichthyology.

In 2000, Yuriy Slynko successfully defended his PhD
thesis “The breeding system of intergeneric hybrids of com-

mon roach (Rutilus rutilus L.), common bream (Abramis brama L.), and blue bream (Abramis ballerus L..)
(Leuciscinae: Cyprinidae)” in ichthyology at the Zoological Institute of the Russian Academy of Sciences
(Saint Petersburg). In two years, he founded a faunogenesis group (later on, the laboratory of evolution-
ary ecology). Since 2017, he worked at the A. O. Kovalevsky Institute of Biology of the Southern Seas
of RAS (Sevastopol).

Scientific interests of Yu. Slynko embrace issues of hydrobionts speciation and genetic diversity,
distant hybridization, and invasion of alien species into aquatic ecosystems. In search of scientific
material, he took part in large-scale expeditions along the Amur, Volga, and Dnieper rivers, as well
as along the rivers of Ussuriysk region, Altay, Belarus, Ukraine, Kazakhstan, Mongolia, and Lithuania.
He was the manager and participant of 10 grants of the Russian Foundation for Basic Research, 4 pro-
grams of the Presidium of the Russian Academy of Sciences, 2 grants of the programs of the Biological
Sciences Department of the RAS, and the Federal Science and Technology Program. He participated
in international projects with Finland and Mongolia, carried out many economic agreements, and orga-
nized scientific symposia “Invasions of alien species in the Holarctic”.

Yuriy Slynko left more than 250 scientific publications and 7 collective monographs. He carried out
a large-scale assessment of the genetic diversity of Eurasian freshwater ichthyofauna, described a fish
species from the genus Oreoleuciscus new to science, formulated a hypothesis of rapid allopatric speci-
ation of the Altai osmans and their origin from minnows at the turn of the Pliocene and Pleistocene,
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expanded the understanding of evolution mechanisms of endemic species, and determined scale, rate,
and direction of fish biological invasions into the largest rivers of the Ponto-Caspian basin. The study
of intergeneric hybrids of cyprinids resulted in formulating by him and V. Yakovlev the patterns of in-
heritance of morphological and genetic features and identifying a new, previously unknown reproduc-
tive system in vertebrates: bisexual apomixis. In addition to solving fundamental problems, he was en-
gaged in environmental activities: participated in the work of the commission of the Natural Resources
and Ecology Department of Sevastopol on monitoring the state of populations of rare and endangered
species of plants and animals.

Under the supervision of Yu. Slynko, four PhD theses were successfully defended. He himself
managed to complete the D. Sc. dissertation “Evolutionary and ecological adaptation of alien species
of aquatic organisms” and to pass its pre-defense on 10 June, 2021.

The life of Yuriy Slynko was cut short at the peak of his creative achievements: in the autumn of 2021,
he would have turned 60. Family, friends, and colleagues will not be able to fill the sudden emptiness
in their hearts, but their glorious memory of this bright personality will be the guarantee of the eternal
life of Yu. Slynko.

Students, colleagues, and friends

NAMATH IOPUA BJIA/IMCJIABOBUYA CJIBIHBKO
(09.10.1961 - 14.07.2021)

14 wiona 2021 r. ymeén v3 XU3HU TaNaHTIMBBIA, HEOPAUHAPHBIA, LEJICYCTPEMIEHHBI YUEHBII-
uxtnonor IOpuit Bnagucnasosuu CabiHbko. 0. B. CibiHpko — aBTOp Gosiee uem 250 HaydHBIX
MyOJIMKAIMA ¥ 7 KOJUIEKTUBHBIX MOHOTpadhuil.
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