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In the Southern Crimea, the main winter habitat for hydrophilic birds is the coastal zone. In this
area, species and quantitative composition of birds has been studied quite fully, inter alia under ex-
treme cold conditions. A comparison of features of bird wintering in warm and cold winters is of in-
terest since it allows to clarify the effect of weather conditions on the state of ornithological com-
plexes and dynamics of intra-regional bird migrations. The aim of this research was to identify
the species composition, abundance, and biotopic distribution of hydrophilic birds in the Southern
Crimea under mild winter conditions. The study was carried out in the area from the Primorsky vil-
lage near Feodosiya to Sevastopol (about 250 km) in the winter 2019/2020 characterized by preva-
lence of positive temperatures. The main coastal biotopes were surveyed: water areas off the open
sea coasts, closed bays, and liman lakes. Off the open coasts, 24 species were revealed; this is signif-
icantly less than in cold seasons (for comparison: 41 species wintered there in the cold winter 2012).
Lari and Anseriformes prevailed in species diversity. High abundance and active longshore migra-
tion of Levantine shearwater and great cormorant were recorded. The abundance of Anseriformes,
coot, and some gull species was lower than in cold winters. In Sevastopol bays, 29 species were reg-
istered (for comparison: 35 species wintered there in cold January 2008). Anseriformes and Lari
prevailed in species diversity, while coot and black-headed gull prevailed in abundance. On liman
lakes, 24 wintering species were noted; coot and Anseriformes, mainly common pochard, prevailed
in abundance. In total, 44 bird species (61.1% of wintering in the area) representing 11 orders
were recorded in all the studied biotopes in the mild winter 2019/2020. The features of this winter
were high abundance of Levantine shearwater and wintering of red-throated diver, parasitic jaeger,
and Bewick’s swan.

Keywords: hydrophilic birds, Southern Crimea, wintering, mild winter, open coasts, closed bays,
liman lakes, species composition, abundance

The coastal zone of the Southern Crimea with the adjacent marine area is the main winter habi-
tat for hydrophilic birds. Weather conditions in the Northern Black Sea Region determining the na-
ture and intensity of intra-regional bird migrations are among the key factors affecting quantitative
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and qualitative composition of winter ornithological complexes in this zone. Specifically, during extreme
cold snaps accompanied by freeze-up and snowfalls in the Northern Crimea and Sivash area, a mass bird
migration to non-freezing water areas off the southern coasts occurs, and this is a characteristic fea-
ture of wintering in Crimea [Pusanow, 1933]. In winter seasons with moderate temperature, the coasts
of the Southern Crimea are significantly inferior to the coasts of the Northern Crimea both in species
diversity and abundance of wintering birds.

To date, the species composition and quantitative characteristics of winter ornithological complexes
off the coast of the Southern Crimea have been studied quite fully [Andryushchenko et al., 2012; Bes-
karavayny, 2008, 2013; Beskaravayny, Kostin S., 1999; Mosalov et al., 2002], with the focus on win-
tering under cold conditions [Andryushchenko et al., 2012; Beskaravayny, 2010]. To clarify the effect
of weather conditions on the species composition and abundance of wintering birds, as well as to reveal
the patterns of their long-term dynamics, it is interesting to compare the features of wintering in cold
and warm winters. The aim of this work is to identify the species composition, abundance, and biotopic
distribution of hydrophilic birds wintering off the coast of the Southern Crimea under mild weather
conditions, on the example of the winter season 2019/2020.

MATERIAL AND METHODS

The material was collected in 2019/2020 in the Southern Crimea area from the Primorsky village
near Feodosiya to Sevastopol (about 250 km along the coastline). All the main biotopes of marine ori-
gin where hydrophilic birds use to winter were covered with observations — water areas off the open
sea coasts, closed bays, and liman lakes. The objects of observations and counting were mainly rep-
resentatives of the orders Gaviiformes, Podicipediformes, Procellariiformes, Pelecaniformes, Ciconi-
iformes, Anseriformes, Gruiformes, and Charadriiformes. We also counted some species from other
orders that are ecologically closely related to near-aquatic biotopes: the marsh harrier Circus aerugi-
nosus (Linnaeus, 1758), common kingfisher Alcedo atthis (Linnaeus, 1758), and reed bunting Emberiza
schoeniclus (Linnaeus, 1758).

Species counted from the second half of December to the first decade of February (the period when
the autumn migration is over and the spring migration has not yet begun) were attributed to wintering
species. Observations and quantitative counting were carried out mainly in January. Three areas were
covered (Fig. 1): eastern (waters of the western Feodosiya Gulf, vicinity of Feodosiya, the Karadag
Nature Reserve, and the Kurortnoye village), central (vicinity of Yalta and the Cape Martyan Nature
Reserve), and western (Sevastopol). On the water areas off the open sea coasts, birds were counted
on six alongshore routes 1-4.2 km long, with a coastal strip analyzed about 1 km wide. Individuals
sitting on the water area and on the coast and individuals migrating along the coastline were counted
separately.

On the water areas of coastal liman lakes and closed bays, all the observed individuals were counted.
In total, 2 lakes and 5 bays were surveyed. To compare quantitative characteristics of ornithological com-
plexes, we used such parameters as the relative abundance (per 1 km? of a water area) and the Shannon
diversity index (H) [Pesenko, 1982]. Calculations were carried out in Microsoft Excel.

Binoculars with 10x magnification were used for observations and counting. In some
cases, photographing was used. The weather conditions are characterized according to the data
of the website [ Weather Forecast and Archive, 2020].

Mopckoii 6uosorrueckuii xypHan Marine Biological Journal 2023 vol. 8 no. 1
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Fig. 1. Schematic map of the area with the spots of bird counting

Wintering conditions for hydrophilic birds in 2019/2020. The coastal zone of the Southern
Crimea includes a wide range of stations of marine origin; those have been classified and described
in detail in the work published earlier [Beskaravayny, 2008]. Within the boundaries of the studied area,
we consider the following main types of habitats for hydrophilic birds.

1. Water areas off the open sea coasts.

1.1. Water area near deeper coasts. For a considerable distance, it is adjacent to the coastline
of the Southern Crimea. This water area is characterized by the largest bottom slope (usually 1-2°;
the depth within the coastal strip analyzed reaches 30—50 m) and prevalence of pebble bottom substrate
and pebble beaches.

1.2. Water area near shallow coasts. It washes the Feodosiya Gulf which is characterized by sand-
and-shell beaches and a slight slope (< 1°) of the silty-sand bottom (the depth within the coastal strip
analyzed reaches 14—15 m).

Specific biotopes are water areas adjacent to the coasts of large cities — Feodosiya in the western
Feodosiya Gulf and Yalta in the central Southern coast. The sea pollution and the construction of artificial
beaches result in the change or destruction of benthic communities which form a natural food base.
On the other hand, birds find alternative food sources in cities — food waste and feeding.

2. Closed bays. Birds were counted in the Kazachya, Abramov, Kruglaya, Streletskaya, and Artille-
riiskaya bays located on the northern coast of the Heracles Peninsula, within the city of Sevastopol. With
a width of 0.2—-1.9 km, these bays are cut into the coastline for 0.4-2.2 km. In mouth areas, the depth
1s 15-20 m; in upper areas inhabited by at least 90% of birds, the depth does not exceed 3 m. In some
bays, there are fragments of reed communities.

Mopckoii 6uosnornueckuii xypHain Marine Biological Journal 2023 vol. 8 no. 1
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3. Liman salt lakes Adzhigol and Kuchuk-Adzhigol near the eastern Feodosiya. They are separated
from the sea by sandy barriers 100—120 m wide. Due to low precipitation in 2019, the area of these
lakes was relatively small in the winter 2019/2020 (Adzhigol Lake, 0.25 km? Kuchuk-Adzhigol Lake,
0.30 km?), and the depth was about 0.5 m. These lakes can serve as winter habitats for birds only during
frost-free periods, when they are not covered in ice.

After the most significant cold snap of the early XXI century (in late January—Febru-
ary 2012) [Andryushchenko et al., 2012], winter seasons were characterized by the lack of deep and pro-
longed temperature drops. Over the past seven years (2014-2020), average air and sea surface temper-
ature in January in bird counting areas was as follows: in Feodosiya, + 2.2 and +8.9 °C, respectively;
in Yalta, +4.2 and +9.8 °C; in Sevastopol, +3.8 and +9.4 °C. On average for three areas, the values were
+3.4 and +9.4 °C, respectively. In the main period of bird counting (January 2020), the results of which
are given in this article, the average air temperature for the area was +4.0 °C; water temperature was
+10.1 °C [Weather Forecast and Archive, 2020]. These values correspond to indicators of a mild winter
for the Southern coast of Crimea. Positive temperature prevailed in the Northern Crimea and Sivash area
as well — in the areas of mass wintering of hydrophilic birds. The periods with sub-zero air temperature
were short; those occurred mainly in January and February (as a rule, not lower than —2 °C and no more
than 3 consecutive days). A cold snap with snowfall in the Southern Crimea (-6...-9 °C) and in northern
areas (down to —12 °C) occurred on 7-10 February.

RESULTS AND DISCUSSION

Ornithological complex of the water area off the open coasts. In this biotope, the formation
of the winter ornithological complex began in mid-September, with the arrival of regular small ag-
gregations of the mallard Anas platyrhynchos Linnaeus, 1758 (13 individuals) and black-headed gull
Larus ridibundus Linnaeus, 1766 (30) in the vicinity of Feodosiya. In October, the great crested
grebe Podiceps cristatus (Linnaeus, 1758) was recorded (first date was 14 October), and the black-
throated diver Gavia arctica Linnaeus, 1758 was noted (20 October). On 10 November, the mute swan
Cygnus olor (Gmelin, 1789) and coot Fulica atra Linnaeus, 1758 were registered in the vicinity of Feo-
dosiya. With a significant delay, compared to the arrival in previous years, the arrival of the black-necked
grebe Podiceps nigricollis Brehm, 1831 was recorded — on 8 November (the average long-term date
is 5 October [Beskaravayny, 2008]). In the period from mid-December to late January, the maximum
abundance of the Levantine shearwater Puffinus yelkouan (Acerbi, 1827) was noted. By mid-March,
the mute swan and mallard mostly left their wintering grounds. From the second half to the end of this
month, there was the gradual departure of the black-headed gull.

In total, 24 species were revealed off the open sea coasts in winter 2019/2020 (taking into account
the Arctic skua Stercorarius parasiticus (Linnaeus, 1758) registered near Sevastopol on 19.12.2019
and the Levantine shearwater and common shelduck Tadorna tadorna (Linnaeus, 1758) observed only
flying over the water area). Out of them, 4 species (the red-necked grebe Podiceps grisegena (Bod-
daert, 1783), Levantine shearwater, Arctic skua, and little gull Larus minutus Pallas, 1776) were spe-
cific for this ornithological complex (Table 1). This accounts for 37.5% of the total number of species
known for this biotope (at least 64) [Andryushchenko et al., 2012; Beskaravayny, 2008; Beskaravayny,
Kostin S., 1999; Mosalov et al., 2002], and the value is much lower than in seasons with extreme
cold snaps. Specifically, during the latest cold snap (January—February 2012), wintering of 41 species
was recorded in this biotope [Andryushchenko et al., 2012].

Mopckoii 6uosorrueckuil xypHai Marine Biological Journal 2023 vol. 8 no. 1
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Table 1. Abundance of wintering birds off the open sea coasts in 2019/2020

Coastal water areas with great depths

Coastal water areas

with shallow depths
(Southern coast) (Feodosiya Gulf)
Central area
Eastern area —
the Karadag - Counted
. Vicinity -
Species Nature The Cape . in total,
of the Pri- .
Reserve and Martyan Feodosiya, 14.5 km
. Yalta, morsky
the vicinity Nature . 2.3 km
1 km village,
of the Kurort- Reserve
. ’ 4.2 km
noye village, 2 km
5 km
Gavia arctica 15/3.0 - - 47/11.2 (11) 1/04 63 (11)
Podiceps nigricollis 21/4.2 - 3/3.0 7/1.7 28/12.2 59
Podiceps grisegena - - - 1/0.2 - 1
Podiceps cristatus 2/0.4 (3) 24/12.0 10/10.0 4/1.0 4/1.7 44
Puffinus yelkouan - (~4,000) - - - (4,000)
590/295 96/22.9 688
Phalacrocorax carbo “4) (855) 1/1.0 (11) 1/0.4 (870)
Phalacrocorax aristotelis 68/13.6 60/30.0 (90) 10/10.0 - 1/0.4 139 (90)
Cygnus olor - - - 3/0.7 13/5.7 16
Tadorna tadorna - - - (20) - (20)
Anas platyrhynchos 110/22.0 2/1.0 37/37.0 - 160/69.6 309
Aythya ferina - - 18/18.0 - - 18
Aythya fuligula - - 5/5.0 - 70/30.4 75
Mergus serrator 5/1.0 - - - - 5
Fulica atra - - 74/74.0 - 228/99.1 302
Gallinula chloropus - - - - 1/0.4 1
Larus minutus 1/0.2 - - - - 1
Larus melanocephalus 1/0.2 - - - - 1
Larus ridibundus - - ~2,500/ 41/9.8 439/190.9 2,980
2,500.0
Larus cachinnans 19/3.8 | ~400/200.0 5/5.0 15/3.6 (10) | 25/10.9 464 (10)
Larus michahellis
Larus canus - - 20/20.0 5/1.2 28/12.2 53
Thalasseus sandvicensis - - 4/4.0 3/0.7 - 7
Alcedo atthis - - - - 1/0.4
Total number of species
(excluding flying birds) 10 6 13 1 15 21
Total number
of individuals 242 1,076 2,687 222 1,000 5,227
(excluding flying birds)
Abundance per 1 km?
(excluding flying birds) 48 538 2,687 53 435 360
The Shannon index 1.46 0.95 0.38 1.59 1.58 1.54

Note. Data on the abundance are given as follows: counted individuals, in total / in terms of 1 km? of water area;
in brackets, individuals flying over the sea and the coast. Data on the abundance of two closely related gull species,
Larus cachinnans and L. michahellis, are summarized due to the difficulty of their identification from a long distance.

Mopckoii 6uosnornueckuii xypHain Marine Biological Journal 2023 vol. 8 no. 1




8 M. M. Beskaravayny and V. E. Giragosov

In terms of species richness, Lari prevailed (8 species out of 12 known for this biotope), as well
as Anseriformes (6 out of 28; during the cold snap in 2012, 20 species were recorded). Other orders
were represented by 1-3 species. A characteristic feature of this and other winters similar in terms
of weather conditions was the absence of most Anseriformes (the whooper swan Cygnus cygnus (Lin-
naeus, 1758), Eurasian teal Anas crecca Linnaeus, 1758, red-crested pochard Netta rufina (Pallas, 1773),
greater scaup Aythya marila (Linnaeus, 1761), common goldeneye Bucephala clangula (Linnaeus, 1758),
smew Mergellus albellus (Linnaeus, 1758), etc.) which winter off the southern coasts only during extreme
cold snaps and freezing of shallow waters at their traditional wintering grounds in the Northern Black
Sea Region. The absence of several species in some areas of the central Southern coast, where they
used to winter regularly, is worth noting as well. Specifically, the black-throated diver and red-breasted
merganser Mergus serrator Linnaeus, 1758 were not revealed in the coastal water areas of the Cape
Martyan Nature Reserve and Yalta (the average long-term winter density in previous periods was 3.1
and 3.9 ind.-km™, respectively [Beskaravayny, 2008]). These species were registered only in the east
of the region. In the Cape Martyan vicinity, the black-necked grebe was not recorded either, though
it used to be one of the most permanent elements of the winter ornithological complex (the average
long-term density is 4.1 ind.-km™).

In terms of abundance, fish-feeding or predominantly fish-feeding species (the Levantine shear-
water and cormorants; off the eastern coasts, the black-throated diver) prevailed in different spots
of the water area, as well as species of a wide trophic spectrum (the yellow-legged gull Larus micha-
hellis J. F. Naumann, 1840 and Caspian gull Larus cachinnans Pallas, 1811). In the central Southern
coast, due to significant aggregations of these species (except for the black-throated diver), the total
abundance of wintering birds was maximum. A noticeable increase in the abundance of the black-
headed gull in the vicinity of Yalta compared to the value in the period of depression in the late
1990s—early 2000s was registered, when 68-306 individuals wintered there [Beskaravayny, 2008;
Kostin S. et al.,, 1998]. An aggregation of several tens of thousands of the Levantine shearwa-
ter was also observed in the open sea near Sevastopol on 23.01.2020 (M. Stefanovich, personal
communication).

Quantitative prevalence of several species, characteristic of the open sea coasts, determined the low
value of the Shannon index (1.54) — the indicator reflecting diversity and evenness of the ornithological
complex. The minimum value was recorded in the vicinity of Yalta (0.38) because of a sharp preva-
lence of the black-headed gull. High variability in the relative abundance and diversity of ornithological
complexes in the open water areas is due to a relatively short stay of flocks of migratory birds there, espe-
cially the Levantine shearwater, great cormorant Phalacrocorax carbo (Linnaeus, 1758), yellow-legged
gull, and Caspian gull.

Out of abundant bird species in the open water areas, the great cormorant and Levantine shearwater
should be noted, which performed active longshore migrations throughout the winter season. Specifically,
longshore feeding migrations of cormorants were observed in the area from Yalta, where in January
their intensity was more than 500 ind.-h™L, to Sevastopol, where the abundance off the open sea coasts
reached 2.2 thousand individuals. The following observations can illustrate the intensity of shearwater
migrations: on 20 December, in 5 minutes, about 3 thousand birds flew south-westward oft the coast
of Karadag; on 27 January, the flight intensity eastward and westward in the vicinity of Yalta was 1,240
and 2,270 ind.-h™!, respectively.
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In the east of the region, a relatively high abundance of the black-throated diver was recorded.
In the vicinity of Feodosiya and in some areas of the wild coast (the Karadag Nature Reserve),
high concentrations of the mallard were registered. The group of dominants near the large cities — Feo-
dosiya and Yalta — was supplemented by the coot and black-headed gull. These species, as well
as the mute swan, common pochard Aythya ferina (Linnaeus, 1758), tufted duck Aythya fuligula (Lin-
naeus, 1758), and common gull Larus canus Linnaeus, 1758, occurred only or mainly within the city
water areas (see Table 1).

In general, during a mild winter, the ornithological complex of open coasts is characterized by a rel-
ative scarcity of species composition, sporadic distribution, and low, compared to that for cold win-
ters, abundance of most Anseriformes, coot, and some gulls. To confirm, let us compare the abundance
of several species in the central area, the vicinity of Yalta (Fig. 2), during a mild winter (2020) and an ex-
tremely cold winter (2012) [Andryushchenko et al., 2012]. In 2012, cold span lasted from late January
to mid-February (in the Northern Black Sea Region, the temperature dropped to —18...-27 °C). Wa-
ter bodies were covered with ice until mid-March, and this caused a mass bird migration to southern
coasts [Andryushchenko et al., 2012].

418
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Cygnus Anas Aythya Aythya Fulica Larus
olor platyrhynchos ferina Sfuligula atra canus

Fig. 2. Comparison of the abundance of several most common bird species wintering near Yalta under ex-
treme cold winter conditions (January—early February 2012) [Andryushchenko et al., 2012] and mild winter
conditions (January 2020)

Ornithological complex of closed Sevastopol bays. In the bays of the northern Heracles Penin-
sula, the formation of the winter ornithological complex began with an arrival of the great crested
grebe (21 September) and a noticeable increase in the abundance of the mallard in September. Next
month, the tufted duck (6 October) and common pochard (13 October) arrived. In the middle — the sec-
ond half of this month, the abundance of the coot and black-headed gull (the second species is known
to summer there) increased significantly. In November, there were the first records of the mute
swan (6 November) and common gull (24 November). In the first half of December, the abundance
of these two species, as well as the great crested grebe and great cormorant, increased noticeably;
the abundance of the mallard, common pochard, and black-headed gull reached its maximum. In Jan-
uary, the highest abundance of the great cormorant and tufted duck was recorded. At the end of the first
decade of February, which coincided with a short-term cold snap, the abundance of the great crested
grebe, coot, and common gull was maximum. In February, the departure of the great cormorant, common
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pochard, tufted duck (the last date was 10 March), and coot began. The great crested grebe, mute swan,
and mallard began to leave the bays in the second half of February. The departure of the black-headed
gull and common gull began in March, and the last date was 4 April. In the middle — the second half
of March, most of the birds left the bays.

In the composition of the ornithological complex of Sevastopol bays, 29 species were registered
in the winter 2019/2020 (Table 2), or 59.2% of the total number of species (49) recorded in this
biotope for all the years of observations [Beskaravayny, 2013; Giragosov et al., 2015, 2021; our unpub-
lished data]. For comparison: after a long cold snap in Crimea in the first half of January 2008 (down
to —14 °C in Simferopol) [Weather Forecast and Archive, 2020], at least 35 species wintered in this
area [Beskaravayny, 2013].

Table 2. Abundance of wintering birds in closed Sevastopol bays and on liman lakes near Feodosiya
in the winter 2019/2020

Liman lakes
Sevastopol bays .
near Feodosiya
Species Kaz, | Abr, | Kr, Str., | Art, i?‘tl;‘::ld Eﬁ;‘; Adzhigol, fﬁ‘;‘::ld
1.14km? | 0.05km? | 0.66km? | 0.78 km? | 0.13 km? 5 751m? | 0.3 km? | 02 km? 0.55 k2
Gavia stellata - - 1 - - 1 - - -
Gavia arctica - 10 1 1 - 12 - - -
Podiceps ruficollis 16 - 3 6 - 25 - - -
Podiceps nigricollis 1 3 6 - - 11 5 - 5
Podiceps auritus 1 - 1 - - 2 - - -
Podiceps cristatus 317 - 90 1 - 408 14 - 14
Phalacrocorax 153 4 13 19 5 139 B B B
carbo
Phalacrocorax
aristotelis ! 2 - - N 3 - - -
Botaurus stellaris - - - - - - 1 - 1
Egretta alba - - - - - - 6 - 6
Ardea cinerea 2 - 1 1 - 4 6 - 6
Anser anser - - - - - - 50 - 50
Cygnus olor 2 - 18 - - 20 71 1 72
Cygnus cygnus - - - - - - 14 - 14
Cygnus bewickii - - - - - - 5 - 5
Tadorna tadorna - - - - - - 48 21 69
Anas 44 - 145 2 - 191 160 21 6
platyrhynchos
Anas crecca 14 - 1 - - 15 2 - 2
Anas strepera - - - - - - ~40 - ~40
Anas penelope 1 - - - - 1 2 - 2
Anas clypeata - - - - - - 15 - 15
Netta rufina - - 1 - - 1 50 - 50
Aythya ferina 47 - 41 8 - 96 470 - 470
Aythya fuligula 64 - 46 10 97 217 39 - 39
Mergus serrator 3 - - - - 3 - - -

Continue on the next page...
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Liman lakes
Sevastopol bays .
near Feodosiya
Speci Kuchuk-
pectes Kaz, | Abr, | Kr, Str, | Art, i‘l"tl::::ld A(Lchi‘glol Adzhigol, ii"t’::aeld
2 2 2 2 2 , ) 2 ,
1.14km” | 0.05km” | 0.66km~ | 0.78 km~ | 0.13km 2 75km? | 0.3 km? 0.25km 0.55 km?
Circus aeruginosus - - - - - - 1 - 1
Rallus aquaticus - - 1 - - 1 - - -
Gallinula ) B 5 - B 14 B B B
chloropus
Fulica atra 1,150 - 306 187 362 2,005 670 6 676
Tringa totanus 1 - - - - 1 - - -
Calidris alpina 3 - - - - 3 - - -
Gall.lnago B B B B B B 1 6 7
gallinago
Larus
_ _ 2 _ 1 _ _ _
melanocephalus 8 0
Larus ridibundus 40 2 245 194 121 602 18 32 50
Larus cachinnans 25 9 73 53 5 170 B 2 2
Larus michahellis - -
Larus canus 61 2 66 6 13 148 - - -
T
hala.sseus. 4 B | B B 5 B B B
sandvicensis
Alcedo atthis - - - 1 - 1 - - -
Emberl.za _ : _ _ 3 : _ > 20 > 20
schoeniclus
Total number 23 8 23 16 7 29 2 8 2%
of species
Total number 1,953 32 1,078 | 498 603 | 4164 | 1,688 109 1,797
of individuals
Abundance
N 1,715 696 1,624 643 4,674 1,513 5,627 436 3,267
per 1 km
The Shannon index 1.49 1.72 2.07 1.50 1.09 1.82 1.84 1.74 1.96

Note. Sevastopol bays: Kazachya (Kaz.); Abramov (Abr.); Kruglaya (Kr.); Streletskaya (Str.); Artilleriiskaya (Art.).

Relatively high ecological diversity of the ornithological complex of the bays, which includes species
typical of shallow waters (many Anseriformes and waders), reed beds (grebes, herons, coot, etc.),
and open water areas (cormorants and gulls), is due to both significant intrabiotopic differentiation
and their connection with the open sea. Six species were specific: the red-throated diver Gavia stel-
lata (Pontoppidan, 1763), little grebe Podiceps ruficollis (Pallas, 1764), Slavonian grebe Podiceps au-
ritus (Linnaeus, 1758), water rail Rallus aquaticus Linnaeus, 1758, common redshank Tringa totanus
(Linnaeus, 1758), and dunlin Calidris alpina (Linnaeus, 1758).

In terms of the number of species, Anseriformes (8 out of 22 known here) and Lari (6 out of 8) pre-
vailed. The whooper swan, Eurasian wigeon Anas penelope Linnaeus, 1758, red-crested pochard, com-
mon goldeneye, smew, efc., which are common only during cold snaps, were not recorded at all or were
rare. Compared to the data of counting after the cold snap in January 2008, the abundance of the common
pochard, coot, and common gull in January 2020 was 2.5-3 times lower, and the abundance of the mute
swan was 7 times lower.
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In most bays, the coot and black-headed gull significantly prevailed. In the Kazachya Bay, the group
of dominants was supplemented by the great crested grebe and great cormorant; in the Kruglaya Bay,
by the mallard.

Conditions for birds were the most favorable in the Kazachya and Kruglyaya bays, which are distin-
guished by a variety of biotopes (reed beds and vast shallow waters with different types of sediments),
variety of food resources (communities of phyto- and zoobenthos and rich ichthyofauna), and presence
of rarely visited coastal areas within the boundaries of regime enterprises. For these reasons, the ornitho-
logical complexes of these two bays were characterized by high levels of diversity and were the leading
ones both in terms of species richness and absolute abundance of birds (see Table 2).

A small number of wintering species in the Artilleriiskaya Bay results from the lack of shallow
waters and riparian vegetation at the concreted shores, as well as from intensive shipping there. However,
with a rather low abundance of individuals, the relative abundance (density) of birds in this bay was
the highest — due to its small area.

In the Streletskaya Bay, the second largest among the surveyed bays, but subjected to negative fac-
tors (intensive shipping and arrangement of most of the coastline with berths), the relative abundance
of birds was the lowest. Similar conditions determined the scarcity of the species composition and low
relative abundance of birds in the small and more open, compared to others, Abramov Bay. In the compo-
sition of its ornithological complex, species typical of open coasts prevailed quantitatively (see Table 2).

Ornithological complex of liman lakes. On the lakes in the vicinity of Feodosiya, an increase
in the abundance of the mute swan, common pochard, and tufted duck became noticeable in the first
decade of October; of the mallard, in the middle of this month. In early January, the maximum abun-
dance of the red-crested pochard was recorded, and the arrival of graylag goose Anser anser (Lin-
naeus, 1758) was established. In mid-January, the maximum abundance of the mute swan, mallard,
common pochard, and coot was noted, and the first arrivals of the whooper swan and Bewick’s swan
Cygnus bewickii were registered (Fig. 3). By late January, the abundance of the tufted duck reached
its maximum; in early February, Eurasian teal and common shelduck had the highest abundance.
At the same time, the arrival of the gadwall Anas strepera Linnaeus, 1758 and Eurasian wigeon was reg-
istered. By the first decade of March, the abundance of the common pochard and coot decreased
noticeably; by mid-March, the abundance of the mute swan and red-crested pochard dropped.

T —

Fig. 3. Bewick’s swans (Cygnus bewickii) and whooper swan (Cygnus cygnus) on Kuchuk-Adzhigol Lake
near Feodosiya, 27.01.2020, photo by M. Kosareva
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A total of 24 species were registered on the lakes during the winter 2019/2020 (see Table 2), or 58.5%
of the total number of species recorded during wintering (41). The species composition was character-
ized by a significant number of species of the reed complex (13) and by high specificity (10 species:
the Eurasian bittern Botaurus stellaris (Linnaeus, 1758), great egret Egretta alba (Linnaeus, 1758), gray-
lag goose, whooper swan, Bewick’s swan, gadwall, Northern shoveler Anas clypeata Linnaeus, 1758,
marsh harrier, common snipe Gallinago gallinago (Linnaeus, 1758), and reed bunting).

The number of species, absolute abundance, and relative abundance of birds on the more full-
flowing Kuchuk-Adzhigol Lake were significantly higher than on Adzhigol Lake. The ornithological
complex was formed mostly by Anseriformes (11 species). In terms of abundance, throughout the win-
tering period, the common pochard, mallard, and coot prevailed. Short-term aggregations of the gadwall
and Bewick’s swan were the largest known for these species in the Southern Crimea.

Conclusion. Under the conditions of mild winter prevailing in the Northern Black Sea Region
in 2019/2020, at least 44 species of hydrophilic birds from 11 orders, or 61.1% of all species known
to winter in this area (72), wintered off the sea coasts of the Southern Crimea [Andryushchenko et al.,
2012; Beskaravayny, 2008; Beskaravayny, Kostin S., 1999; Kostin Yu., 1983; Mosalov et al., 2002].

The qualitative and quantitative scarcity of ornithological complexes in such winters is most notice-
able on water areas off the open sea coasts. This, along with the weather factor, is due to relative monotony
and low food supply of biotopes. There, less than half of the species known for these biotopes is recorded.
The abundance of most Anseriformes, the coot and some gulls is lower compared to that in cold win-
ters. In some areas, several regularly wintering species are not registered at all (the black-throated diver,
black-necked grebe, and red-breasted merganser).

The role of these water areas as a winter habitat for hydrophilic birds increases only during cold snaps,
when the freezing of water bodies in the north of the peninsula and in continental areas causes a mass bird
migration to southern coasts. Specifically, in some areas of the central Southern coast, the abundance
of background species in the warm winter 2019/2020 was 8 times lower than that during the extremely
cold winter 2011/2012.

Ornithological complexes associated with water areas more or less isolated from the open sea were
represented more fully (about 60% of the total species composition). The maximum species and eco-
logical diversity of birds was established for closed Sevastopol bays, which are protected from winter
storms and are characterized by diversity of biotopes. However, with a rather high abundance in 2020,
the abundance of some background species compared to that for the cold winter 2008 was 2.5-7 times
lower. A large number of species of the reed complex and the highest specificity of the species compo-
sition can be considered as characteristic features of the ornithological complex of liman lakes which
are completely isolated from the sea.

Anseriformes, with their relative qualitative scarcity (14 species, or 50% known in the area), however,
prevailed in the number of species (except for water areas near open shallow coasts). By the abundance,
representatives of this order — the mallard and common pochard — were in the group of dominants
on the Kuchuk-Adzhigol Lake near Feodosiya and in most Sevastopol bays. Lari — the second group
in terms of species diversity — were presented more fully (8 species, or 61.5%). Their abundance was
high in Sevastopol bays, in the vicinity of other large cities (the black-headed gull), and in some non-
urbanized areas of the coast (the yellow-legged gull and Caspian gull). Among the prevailing species,
there were also the great cormorant, Levantine shearwater (on open water areas), and coot (in bays
and on liman lakes).
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A very high abundance of the Levantine shearwater and a significant increase in the abun-
dance of the black-headed gull in the vicinity of Yalta were characteristic features of the winter pe-
riod 2019/2020. Of interest are the registrations of the red-throated diver and Arctic skua which
are known in winter in Crimea from single observations [Kostin Yu., 1983]. Wintering of five Bewick’s
swans in the south of the peninsula confirms the tendency for this species to increase in the abundance
in the south of Russia and Ukraine since the first half of the1980s [Belik et al., 2012].

This work was carried out within the framework of KSS — Nature Reserve of RAS — Branch of IBSS state research
assignment No. 121032300023-7 and IBSS state research assignment No. 121030100028-0.
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OCOBEHHOCTHA 3UMOBKU I'MAIPOPUJIbHBIX ITTHUIL
Y MOPCKUX BEPEI'OB I0OKHOTI'O KPBIMA
B VCJIOBUAX MATKOM 3UMBI 2019/2020 T
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'Kapanarckas nayunas cranmus umenn T. U, Bazemckoro — npuponsii 3anoseaank PAH —
¢punmuan OUL UHBIOM, ®eonocus, Poccuiickas enepanus
2®OI'BYH ®ULL «MHCTUTYT GHONOrMH 10KHBIX Mopeil umenn A. O. Kosanesckoro PAH»,
Cesacromnosb, Poccuiickas ®enepanus
E-mail: karavay54@mail.ru

Beperoas 30Ha — ocHOBHOe Ha Iore KpbiMa 3uMHee MecTooOnTaHue THAPOQIIbHBIX NTUII, BUIOBOK
Y KOJIMYECTBEHHBIN COCTaB KOTOPBIX M3YUYEHBI JOCTATOYHO ITOJIHO, B TOM UHCJIe B YCIIOBHAX IKCTpE-
MaJIbHBIX TOXOJIOJaHUM. [I7151 BBISICHEHU S BJAMSAHUS NOTOAHBIX YCJIOBUI HA COCTOSIHUE OPHUTOKOMILIEK-
COB M JVUHAMUKY BHYTPUPETUOHAIBHBIX NEPEMEIICHUI NITUL] MHTEPEC MPEACTABISET CPABHEHUE OCO-
OeHHOCTEel 3MMOBKH B TEIUIBIE U XOJIOHbIE 3UMBIL. Llesb aHHOW paboThl — BBIIBUTH BUJOBOW COCTAB,
YKCJIEHHOCTh U OMOTOITMYECKOE pacripe/ielieHre ruapoWIbHbIX MTUIl B 10KHON Yactu KpbiMckoro
MOJIyOCTPOBA B YCJIOBUSIX MSTKOU 3uMbl. VcciienoBanus MpoBeAeHsl B paitoHe oT mocénka [Ipumop-
ckuit y ®eopocun 1o CeBacromnost (okono 250 km) 3umoit 2019/2020 r., onyaromieics: npeodJia-
JaHVEM TIOJIOKUTENIBHBIX Temriepatyp. O0cieloBaHbl OCHOBHbBIE OeperoBbie OMOTOIBI — AKBATOPUM
Y OTKPBITBIX OEperoB, 3aKphIThie OYXTHI U JIMMAaHHBIE 03€pa. Y OTKPHITHIX OeperoB BHISIBICHO 24 BU-
Jla, YTO 3HAYUTEJIbHO MEHBIIIE, YeM B XOJIOJHbIE CE30HBI (AJis1 CpaBHEHUS!: B XOJ0AHYI0 3uMy 2012 r.
3nech 3uMoBat 41 Bup). [1o pazHOOOpa3nio MOMUHUPOBAIN YalKOBHIE U I'yCe00pa3HbIe; OTMEUCHBI Bbl-
COKasl YMCJIEHHOCTh U aKTHBHAs BIOJILOEPEroBasi MUTPalvsl JIEBAHTCKOTO OYpPEeBECTHUKA U OOJIBIIIOTO
OakJiaHa, a Takke OoJiee HU3Kasl, YeM B XOJIO/IHBIE 3UMBI, YUCIIEHHOCTD I'yCe00pa3HbIX, JILICYXU U HEKO-
TOPBIX YaeK. B ceBacTorosibckux OyXTax BbIABICHO 29 BUIOB ()i CPaBHEHMSI: B XOJIOJHOM sIHBape
2008 r. — 35 BuaoB). [To pa3HOOOpa3uio TUAUPOBAIIU I'yCeOOpa3Hble ¥ YaHKOBBIE, 110 YUCIICHHOCTH —
JbICyXa U 03€pHas 4aiika. Ha numaHHbIX 03€pax 3umoBajio 24 BuAa, JOMUHHPOBAJIM JIbICYXa U Tyce-
00pa3Hble, B OCHOBHOM KPacHOTOJIOBasl YepHeTh. Bcero Bo Bcex MccieqoBaHHBIX OMOTOIAX B IEPUO]]
msirkoit 3umbl 2019/2020 r. o6HapyxeHo 44 Buga ntun (61,1 % 3umylomux B peruose) u3 11 oTpsmos.
K ocobenHoctsam 3umbl 2019/2020 1. OTHOCUTCSI BBICOKAsI YUCJIEHHOCTh JIEBAHTCKOTO OypPEBECTHUKA;
OTMeUeHa 3UMMOBKa KPacHO30001 rarapbl, KOPOTKOXBOCTOTO IOMOPHHUKA U MaJIbIX JieOeen.

KaroueBnlie caoBa: ruapoduibHblie ntuipl, I0xHeiid KpeiM, 3uMOBKa, MSrKas 3uUMa, OTKPBITHIIA
Oeper, 3aKpbIThie OYXThI, IUMAaHHbBIE 03€pa, BUIOBOI COCTAB, YUCJIEHHOCTh
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It was experimentally shown that the green alga Acrosiphonia arcta, inhabiting the Barents Sea littoral
zone, remains viable for 10 days in case of exposure to crude oil introduced into seawater at a con-
centration of 5 mg-L™!. This concentration corresponds to a weak oil spill in the marine environment.
Morphological and functional changes in the symbiotic association of A. arcta and epiphytic bacteria
on its surface were traced by the techniques of microbiology, light and electron microscopy, and phys-
iology. During the experiment, most algal cells maintained a high level of photosynthesis, and their
ultrastructure was preserved. Interestingly, by the end of the exposure, under the effect of crude
oil, the proportion of chloroplasts decreased in algal cells, and the pyrenoid and starch granules dis-
appeared. The dynamics of the number of epiphytic bacteria in the experiment and the proportion
of hydrocarbon-oxidizing bacteria in the total number of cultivated heterotrophs were traced. The ca-
pability of A. arcta to absorb and transform oil products was shown. This algal species is capable of de-
veloping in oil-contaminated water areas on any substrate, preparing it for colonization by larger peren-
nial macrophyte algae, and this determines the significant role of A. arcta in the restoration of coastal
phytocoenoses.

Keywords: Acrosiphonia arcta, oil, seawater bioremediation, symbiotic association, epiphytic bacteria,
photosynthesis, ultrastructure
As found earlier, macrophyte algae, inhabiting the Barents Sea and representing various systematic

groups, are capable of absorbing diesel fuel [Pilatti et al., 2016; Voskoboinikov et al., 2018, 2020a]. In ex-
periments on seawater purification from diesel fuel using algae, it was shown that a decrease in the con-
tent of oil products (hereinafter OP) in water occurred in parallel with their accumulation in plants.
At the same time, on algae surface, degradation of OP occurred due to epiphytic hydrocarbon-oxidizing
bacteria (hereinafter HOB), and this ensured their absorption and diesel fuel neutralization by plant cells.
As known, HOB, that are in a mutualistic relationship with macrophyte algae, are able to oxidize almost
all OP, with the degradation rate depending on the ratio of their constituent hydrocarbons [Atlas, 1978;
Heitkamp, Cerniglia, 1987; Pirnik, 1977; Pugovkin, 2017]. Scant data on this issue have been obtained
on algae representatives with lamellar thallus [Pugovkin, 2017; Ryzhik et al., 2019; Voskoboinikov et al.,
2018, 2020b]. Interestingly, Acrosiphonia arcta (Dillwyn) Gain, 1912 belongs to pioneer species that
prepare the substrate for its colonization by perennial dominant species [Malavenda et al., 2017].
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The aim of this study is to identify morpho-functional changes, caused by the effect of crude oil,
in the green alga A. arcta (a species with a siphonaceous thallus; an inhabitant of the littoral zone), to an-
alyze the toxicant transformation by the symbiotic association of this alga and bacteria, and to determine
the potential role of the species in seawater purification.

MATERIAL AND METHODS

A. arcta vegetative thalli, approximately equal in size and weight, were sampled on the coast of the Ze-
lenetskaya Bay of the Barents Sea (69°07°09”N, 36°05'35”E) in summer. Foulers were removed,
and thalli were placed in glass containers with 1.3 L of seawater. Seawater (salinity of 33%0) sampled
in the alga habitat was pre-filtered through a cotton-gauze filter to remove large (visible) suspended mat-
ter. Then, oil from the field on Kolguev Island (Peschanoozerskoye oil and gas condensate field) was in-
troduced into seawater at a concentration of 5 mg-L™!, which corresponds to a weak oil spill in the ma-
rine environment and is 100 MPC (maximum permissible concentration) for water in terms of the to-
tal content of OP. According to regulatory documents, MPC for the total content of OP corresponds
to 0.05 mg-L™! [Normativy, 2020]. The experiment was carried out in a thermostatic box at a temperature
of +7...48 °C, irradiance of 16-18 W-m™2, with a photoperiod 24L : 0D (it corresponds to the natural
habitat of the alga in summer), and constant water aeration with air. Control (in containers with seawater
with no oil) and experimental (in containers with introduced oil, 5 mg-L™") samples of the alga and water
were taken for investigation at the beginning of the exposure (initial samples) and in 5 and 10 days.
Changes in cell morphology were analyzed under a Mikmed-6 light microscope (LOMO, Russia)
and a JEM-100C transmission electron microscope (Jeol, Japan). Under a light microscope, sam-
ples were examined in vivo. Samples for examining under an electron microscope (20-30-nm thick sec-
tions stained with toluidine blue) were prepared according to the standard technique [Voskoboinikov,
Titlyanov, 1978]. The intensity of visible photosynthesis of the alga during the experiment was de-
termined by the change in the oxygen content in water before and after thalli incubation using
a HI 9141 oximeter (Hanna Instruments, Germany) and by the Winkler titration. The calculation was
carried out in pug O, per 1 g wet weight of thallus per hour [Salakhov et al., 2020]. The total content
of OP and concentrations of alkanes in water and the alga were determined by gas chromatography—
mass spectrometry. Sample preparation and instrumental analysis were carried out according to EPA
method 8270 (Semivolatile Organic Compounds by GC/MS) described in detail earlier [ Voskoboinikov
et al., 2018]. The mass fraction of crude oil components was calculated by the internal standard
calibration. For water, the results are given in ug-L™"; for the alga, in ug-g™' dry weight.

The number of cultivated heterotrophic bacteria was determined by the limiting dilution analy-
sis [Rukovodstvo, 1980] using liquid Zobell media for common heterotrophs [Prakticheskaya gidrobio-
logiya. Presnovodnye ekosistemy, 2006] and MMS medium for HOB [Koronelli, Iljinsky, 1984; Mills
et al., 1978]. Obtained number of cultivated bacteria was recalculated per 1 g wet weight of the alga
thallus.

RESULTS

Changes in the oil product content in water and the alga during the experiment. The fraction
of Kolguev crude oil dissolved in dichloromethane, was characterized by the predominance of n-alkanes
in the Cs—C;5p range with maximums in the Cy4—C,¢ range. The content of isoprenoids (pristane and phy-
tane) was no more than 7% of the total sum of n-alkanes. Initial seawater contained 495 ug-L™' of OP,
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which is 10 MPC (Table 1). During the experiment (10 days), the content of OP in initial seawater with
no oil increased to 1,527 ug-L™! (“water + A. arcta”). The value of the indicator reflecting the degree
of hydrocarbon transformation (}.n-alkanes / } OP) increased as well — from 0.06 to 0.10-0.12.

Table 1. Content and proportion of alkanes and oil products (OP) in water samples during the experiment,
ugL™!

Water ngf;; Water + OP Water + A. arcta + OP

0 days 10 days 0 days 5 days 10 days 0 days 5 days 10 days
Sum of n-alkanes 28.6 185 1,569 247 185 1,569 54 95
Y n-alkanes / Y OP 0.06 0.12 0.28 0.13 0.16 0.28 0.09 0.08
Total content of OP 495 1,527 5,552 1,954 1,158 5,552 628 1,166

When oil was introduced, the content of OP (on the 1% day) was 5,552 ug-L™!. By the 10™ day
of the experiment, the total content of OP in water samples decreased by 79%. With the presence
of A. arcta, the total content of OP in water decreased by 88% on the 5™ day and increased to 1,166 ug-g™*
on the 10" day of the exposure.

The total content of oil hydrocarbons (hereinafter OH) in A. arcta control sample (0 days)
was 2,686 g-g”' (Table 2). By the 10™ day, the value decreased by almost 30%.

With the presence of A. arcta in the medium with OP, the content of OH in the alga thallus increased
significantly on the 5™ day of the experiment but decreased on the 10™ day.

Table 2. Content and proportion of alkanes and oil products (OP) in Acrosiphonia arcta samples during
the experiment, pg-g~!' dry weight

Control Experiment
0 days 10 days 0 days 5 days 10 days
Sum of n-alkanes 102 156 102 1,482 867
Y n-alkanes / Y OP 0.04 0.08 0.04 0.19 0.16
Total content of OP 2,686 1,929 2,686 7,930 5,395

Changes in the alga viability, morphology, and physiology during the experiment. Both con-
trol (with no oil) and experimental algae (with introduced oil) remained viable until the end of the ex-
posure. In the control sample, thalli had an intense green color. In the experiment sample, the color
intensity in some thalli decreased by the 10™ day.

Light-optical and electron microscopic observations in 5 and 10 days of the experiment did not reveal
any morphological changes in the alga cells with no oil (the control sample) compared to the initial
variant.

The cell cytoplasm adhered tightly to the inner side of the plasma membrane. On cell sections, oval-
shaped chloroplasts were detected (1 in Fig. 1a), located close to the plasmalemma.

In most cells, chloroplasts were combined into the photosynthetic reticulum. Chloroplasts contained
thylakoids running parallel to each other along the long axis and a submerged pyrenoid with starch gran-
ules (2 in Fig. 1a) forming a sheath. Starch granules were abundant outside the pyrenoid as well —
in the stroma of chloroplasts (3 in Fig. 1a). In the cytoplasm, there were up to three mitochondria
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per cell section, 1-2 pym in size, with single cristae; moreover, several electron-dense granules were
recorded, mostly rounded, 1.5-3 um in diameter. On the outer side of the shell of A. arcta thallus, there
were single bacteria in the initial variant.

In the experiment, 10 days after oil introduction, plasmolysis was observed in single cells of A. arcta
thallus in in vivo samples. The plasmalemma separation from the inner surface of the thallus cell
membrane was recorded not only under a light microscope, but also on sections under electron mi-
croscope. At this stage of the experiment, a degrading pyrenoid was observed in chloroplasts of sin-
gle cells; it was not revealed in most cells. There were no starch granules. At the same time, there
were no signs of damage to the lamellar system of chloroplasts (1 in Fig. 1b). The chloroplast stroma
was quite dense, with abundant thylakoids. In the cytoplasm, compared to that of the control sample,
on cell sections, there was an increase in number (up to 4—7) and size (up to 2.5 um) of mitochondria,
as well as in size of electron-dense globules (up to 4 um) (4 in Fig. 1b). On the outer side of A. arcta
shell, there were abundant microorganisms of various shape and density forming a continuous layer
in some areas (7 in Fig. 1c¢).

Fig. 1. Cell structure of Acrosiphonia arcta under oil contamination: a, control; b, ¢, experimental
sample after 10 days of exposure. Legend: 1, chloroplast; 2, pyrenoid with starch granules; 3, starch gran-
ules in the chloroplast stroma; 4, mitochondria; 5, electron-dense globules; 6, algal shell; 7, epiphytic
microorganisms on the surface of the alga
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The intensity of photosynthesis in the initial samples of A. arcta was 0.42 ug O, per 1 g wet weight
per hour (Fig. 2).
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Fig. 2. Intensity of Acrosiphonia arcta photosynthesis during the experiment

In 5 days, in the alga of the control sample, the intensity of photosynthesis decreased by 2.8 times
and did not change until the end of the exposure. In experimental samples of A. arcta, on the 5™ day,
there was a decrease in the intensity of photosynthesis by 1.5 times compared to the control variant.
By the end of the exposure, the value almost did not differ from the control one.

Change in the number of epiphytic bacteria. During the experiment, a significant change
in the number of cultivated heterotrophic bacteria was recorded — within several orders of magni-
tude. Prior to being placed under experimental conditions, A. arcta had a rather high (up to 9 orders
of magnitude) number of cultivated epiphytic bacteria — more than 20 million cells-g™* for heterotrophs
and 4.3 thousand cells-g™' for HOB (Fig. 3).
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Fig. 3. Number of cultivated epiphytic heterotrophic (a) and hydrocarbon-oxidizing (b) bacteria
in the experiment
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By the 5" day of the exposure, in the control sample, the number of epiphytic bacteria
of A. arcta was approximately 81.5 times higher (1.6 x 10° cells-g!) than in the initial vari-
ant (2.2 x 107 cells- g‘l). After oil introduction (100 MPC), their number increased by about 53.5 times —
up to 1.1 x 10° cells-g™' (the number of bacteria rose by more than 2 orders of magnitude).
By the 10™ day, there was a decrease in the number of epiphytic bacteria compared to previous val-
ues — by 1.2 times in the sample with oil and by 1.4 times in the control variant (up to 7.8 x 108
and 1.3 x 10° cells-g ™!, respectively).

The proportion of HOB in the alga before the experiment accounted for 0.02% of the total
number of cultivated bacteria (4.3 x 10° cells-g™!). By the 5 day, their proportion in the con-
trol sample decreased to 0.002% (3.02 x 10* cells-g™"); in the experimental sample, the value was
0.005% (4.9 x 10* cells-g™"). By the 10™ day, with a decrease in the number of cultivated bacteria
compared to that on the 5™ day, the proportion of HOB decreased as well — to 0.0002% in the control
and to 0.002% in the experiment (3.1 x 10° and 1.5 x 10* cells-g™!, respectively).

DISCUSSION

The experiments have shown as follows: A. arcta remains viable for 10 days at such a content
of OP in water, which is 10 times higher than the MPC and 100 times higher than 0.05 mg-L™! (the value
taken as 1 MPC for fishery reservoirs) [Normativy, 2020]. According to this study and previous ones,
the level of seawater contamination by OP at the sampling site ranges from 2 MPC in winter and spring
to 10 MPC in summer [Voskoboinikov et al., 2018, 2020b]. In the water area of the Zelenetskaya Bay,
there is a diving center; therefore, an increase in contamination may result from the intensified navigation
of small vessels with the onset of the season in July. Apparently, the development of the alga under low
contamination by OP ensured its resistance to this factor.

The changes in the mass fraction of alkanes and the total content of OP in water in experiments
with crude oil and the green alga, as well as without the alga, are shown in Tables 1 and 2. As al-
ready noted, in 10 days of the experiment, the content of OP in the initial water with no OP increased
to 1,527 pg-L™! (“water + A. arcta”). The value of the indicator reflecting the degree of hydrocar-
bon transformation (}.n-alkanes / } OP) increased as well — from 0.06 to 0.10-0.12. This indicates
slight “introduced” oil contamination. The alga itself may initially contain a significant amount of OH
on the surface.

As also mentioned earlier, when oil was introduced at a concentration of 5 mg-L'l, the mea-
sured OP content (on the 1% day) was 5,552 pg-L™'. During the experiment, the total content
of OP in water samples without the macrophyte alga gradually decreased; on the 10" day, the value
was 1,158 pg-L™! (i. e, it dropped by 79%). With the presence of A. arcta, a decrease in the total
content of OP to 628 pg-L™! (by 88%) on the 5" day was followed by an increase to 1,166 pg-L™.
On the 10™ day of the exposure, the content of OP in water with the macroalga was higher than in control
samples (without the alga). This can be explained by the fact that the alga does not consistently ab-
sorb OP: there are periods of “returning” absorbed hydrocarbons to the environment until a certain equi-
librium is established. Apparently, this is due to the life cycles of bacteria inhabiting surface of macro-
phyte algae. The concentrations of n-alkanes and isoprenoids (phytane and pristane) changed throughout
the experiment, in general, in proportion to the total content of OP.
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Initially, A. arcta thallus contained 2,686 png-g”! of OP. On the 10™ day of the experiment, the con-
tent of hydrocarbons in A. arcta decreased to 1,929 ug-g™'. It can be assumed that one part of OP
was transformed in the thallus cells, and another part returned to the aquatic environment.

In the experiment with oil introduction, the absorption of OH by the alga surface was registered.
The maximum content of OP in the alga cells was recorded on the 5" day of the exposure — 7,930 ng-g™".
On the 10™ day, the total content of OP in the alga decreased to 5,395 ug-g™!. Given the data on water,
we may assume that some of the hydrocarbons diffused back into water.

The processes of transformation of hydrocarbons in A. arcta can be traced by the changes in the val-
ues of the indicator Y.n-alkanes / Y OP. Its decrease by the 10" day reflects active destruction of the main
oil components — n-alkanes. However, by the 10" day, these processes were not fully completed. Changes
in the total content of OH in water and simultaneously in the alga indicate that A. arcta purifies water
by absorbing OH.

Visual and microscopic observations of the changes in A. arcta throughout the experiment showed
as follows. Despite the fact that the alga remained viable under oil contamination corresponding
to 100 MPC, destructive changes were registered in single thallus cells — enlightened protoplasm, re-
duction of the formed pyrenoid in chloroplasts and its starch sheath, and a decrease in the number
and partial volume of starch granules on cell section followed by their disappearance. However, un-
til the end of the exposure, chloroplasts in most thallus cells retained their integrity, and there were
no signs of damage to the internal membrane structure. At all the stages of the experiment, electron-
dense globules were registered in the cytoplasm. We cannot be sure in the nature of these formations, but
we do not exclude that the globules are the product of the transformation of absorbed OP. Their presence
in the alga cells, not only in the experiment with oil introduced into seawater, but also in the initial sample,
may be due to the long-term habitation of the alga in an environment contaminated with OP (10 MPC)
before our study. Moreover, the alga itself can synthesize hydrocarbons, e. g., phytane. The intensity
of photosynthesis decreased in the alga of both the control (with no OP) and experimental (with in-
troduced OP) samples in 5 days by almost 3 times compared to that of the initial variant. However,
in 10 days of the exposure, the values of photosynthesis in the sample with introduced oil did not differ
from those registered in the initial variant. This fact may reflect the adaptive capacity of the alga photosyn-
thetic apparatus to oil contamination. It is confirmed by minimal changes in the photosynthetic apparatus
throughout the exposure. An increase in the intensity of photosynthesis in the presence of small doses
of oil in the environment was revealed in experiments with other algae species, and this confirms the pos-
sibility of OH absorption by macrophyte algae and OH inclusion in the metabolism [Salakhov et al.,
2020, 2021; Stepanyan, Voskoboinikov, 2006]. Possible changes in metabolism are evidenced by an in-
crease in the number and size of mitochondria and the number of mitochondrial cristae on cell sections
during the experiment.

The number of epiphytic bacteria correlated with changes in the concentrations of OH in the alga.
By the 5" day, there was an increase in the number of heterotrophic bacteria, inter alia HOB. By the end
of the exposure, their number decreased compared to the value on the 5% day. OH, which are accu-
mulated in algae, can be a growth factor for microorganisms. Moreover, a sharp rise in the number
of heterotrophic bacteria both in the experiment and in the control may be due to the fact as follows:
during the vital activity of macrophytes, substances are released into the environment that contribute
to the development of heterotrophic microorganisms.
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Interestingly, with a significant increase in the number of HOB, their proportion relative to the total
number of heterotrophic bacteria in the experiment remained quite low, in the presence of oil as well.
The maximum proportion of HOB was observed in the alga prior to oil introduction into the medium;
then, the value decreased. This was especially noticeable on the 10™ day of the exposure: the difference
was about an order of magnitude.

When estimating the number of cultivated heterotrophic bacteria in the control and experiment, some
discrepancies arose with the results of electron microscopic analysis, in which significantly more bacteria
were registered on the alga surface in the presence of oil than in the control (Fig. 1a, c¢). This can be ex-
plained by the fact that most of the bacterial community does not grow on nutrient media [Meyer-Reil,
1977; van Es, Meyer-Reil, 1982; ZoBell, 1946]. It is believed that about 10% of the entire community
is capable of cultivating on media, with from 40% to more than 70% of the community being able
to use OH as a nutrient substrate [Buckley et al., 1976; Panov, 1990]. However, this does not mean that
other (“unaccounted”) bacteria present in the environment are not capable of destructing OP. Cultivation
on nutrient media allows to identify bacteria that can quickly adapt to conditions of contamination (within
the framework of a laboratory experiment as well), to obtain quite reliable results, and to follow the trends
occurring in bacterial communities under the effect of various contaminants (in our case, oil).

Conclusion. The obtained results showed the ability of the green alga Acrosiphonia arcta not only
to withstand oil contamination of 100 MPC for 10 days (in terms of level, it is comparable to a weak
oil spill), but also to participate in the purification of seawater from oil products. The first revealed
fact is likely to be due to the formation of adaptive reactions during the development of the alga un-
der low contamination by oil products, while the second, by analogy with characteristics of other stud-
ied representatives of phytobenthos, can be due to the formation of a symbiotic association of algae
and hydrocarbon-oxidizing bacteria. These facts are supported both by the preservation of the structure
and function of the photosynthetic apparatus at an oil contamination of 100 MPC and the presence
of abundant microorganisms on the alga surface. With an extremely low biomass of A. arcta, its percent-
age contribution to the volume of neutralized oil products in the Barents Sea coast is much lower than
that of Laminaria or Fucus algae [Voskoboinikov et al., 2020a]. However, A. arcta occurs in all latitudes
of the World Ocean, is highly resistant to the environmental factors of the Barents Sea coast [Liining,
1984; Wiencke et al., 1993], and is capable of developing in oil-contaminated water areas on any sub-
strate, preparing it for colonization by larger perennial macrophyte algae and their passage through early
developmental stages, at the same time participating in the bioremediation of the marine environment
from oil. Thus, the role of A. arcta in the restoration of coastal phytocoenoses is quite significant.

This work was carried out within the framework of the state research assignment “Bottom biocenoses
of the Barents Sea, its drainage basin, and adjacent waters in modern conditions” (No. 122020900044-2).
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a TaKxe (pU3MOJIOTUM MTPOAHATM3UPOBAaHbl MOP(OpYHKIMOHAIBHbIE N3MEHEHHS Y CUMOMOTHIECKON
accolMalyy akpocupOHUU U SMUGUTHBIX OakTepuil Ha e€ noBepXxHocTH. [IokazaHO coXpaHeHHe Bbl-
COKOro ypoBHS (POTOCHHTE32 M HEMOBPEKAEHHOH YJIbTPACTPYKTYPHl y OOJIBIIMHCTBA KJIETOK BOAO-
pociiell B TeueHHe BCero sKcrepuMeHTa. BmecTe ¢ TeM K KOHIy OIBITA MOJ BO3JEHCTBHEM HE(TH
B KJIETKaX BOJIOPOCIIEN YMEHbIIIaeTCs 10 XJIOPOIUIACTOB, NCUE3aI0T MUPEHOMT U TPaHyJIbl KpaxMaa.
[pocnexeHa IMHAMMKA YUCIEHHOCTH SMU(MUTHBIX OAKTepHid B SKCIIEPUMEHTE U JOJIsl YIJIEBOJIOPOI-
OKMCJIAIOUIMX OaKTepuil B 00IEeM KOJMYECTBE KyJbTUBHPYEMBIX rereporpodos. IIpogemoHcTpupo-
BaHa CIIOCOOHOCTbh aKpOCU(OHUH MOIIOUIATh U TpaHcopMupoBaTh HedTenpoayKTel. COCOOHOCTD
JAHHOTO BHJA BOJOPOC/IEH pa3BUBAThCS B 3arps3HEHHBIX HE(PTHIO aKBATOPUSAX Ha JII0OOM cyOcTpate,
MOATOTAaBIMBAs €ro [JIsl 3acesieHus1 00jiee KPYIHBIMH MHOTOJIETHUMH BOJOPOC/ISIMU-MaKpOoUTaMH,
oIpefieNisieT BAXHYIO posib A. arcta B BOCCTAHOBJICHUM PUOPEXHBIX (DUTOLIEHO30B.

KuroueBrblie cioBa: Acrosiphonia arcta, HepTb, OMOpeMenuaIvs MOPCKOW BOMBI, CHMOMOTHYECKAs
acconanysi, anupuTHbIEe 6aKTepru, (POTOCUHTES, YIIBTPACTPYKTypa
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The advantages and disadvantages of flow and batch microalgae cultivation are discussed. The benefits
of the flow cultivation are indicated, in particular in a quasi-continuous mode in a two-stage chemo-
stat. It is proposed to use the culture of the benthic diatom Cylindrotheca closterium as a producer
of valuable substances since this species has several useful properties of both biological and technolog-
ical nature. Specifically: 1) C. closterium is characterized by relatively high production rates; 2) it ef-
ficiently utilizes light energy which removes restrictions on the location of production in areas with
a small number of sunny days per year; 3) it has a rather low temperature optimum for growth which
is significant for the implementation of industrial technologies in Russian Federation; and 4) it has
the specific density of cells of more than one, therefore, cells quickly enough sink to the photobioreac-
tor bottom in the absence of the culture aeration (this simplifies the separation of biomass from the cul-
ture medium and reduces its cost). The aim of this work is to analyze the production characteris-
tics of the quasi-continuous C. closterium culture in the two-stage chemostat. The studies were car-
ried out at a temperature of (20 * 1) °C and irradiation of 150 umol quanta-m™2s™'. The chemostat
for C. closterium cultivation consisted of two glass 3-L photobioreactors of the plane-parallel type,
each having a working thickness of 5 cm and a working surface of 0.03 m?. The cultivation was car-
ried out on the nutrient medium RS with a constant aeration (the speed was of 1.5 L of air per 1 L
of culture per min). The culture was examined at different dilution rates of the nutrient medium:
0.1;0.3;0.5; 0.7; and 0.9 day™. The growth parameters of the batch culture were calculated: the spe-
cific growth rate g, = 0.7 day™; the time for doubling the biomass ¢, = 0.987 days. The maximum
productivity of a one- and two-stage chemostat was registered at the optimal dilution rate of 0.59 day™;
the values were 1.348 and 1.498 g-L™!.day™!, respectively. As found experimentally, C. closterium pro-
ductivity in the flow culture is 2.2 times higher than in the batch culture. The experimental data were
used to calculate the maximum specific growth rate f,,, and the saturation constant /g with limit-
ing C. closterium growth by silicon; the values were 1.05 day™ and 0.028 g-L™!, respectively. It was
shown that the observed need for silicon in the flow culture (Y, = 35 mg-g ') is lower by 7.9% than

in the batch culture (Y}, = 38 mg-g™"). For the diatom C. closterium, ,,, K g, and Y, are important
physiological characteristics; those play the key role in the design of industrial systems for intensive
microalgae cultivation.

Keywords: Cylindrotheca closterium, chemostat, mathematical model
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Microalgae are widely used in modern biotechnology [Bozarth et al., 2009]. Their biomass and waste
products have found an application in food industry, agriculture, and aquaculture [Creswell, 2010; Satha-
sivam et al., 2019]. Microalgae play an important role in technologies of wastewater treatment [Abinan-
dan et al., 2018; Wollmann et al., 2019], rehabilitation of water basins by preventing blooming [Kiran
et al., 2016], CO, utilization [Singh, Dhar, 2019], algolization of soils, and green manuring. On their
basis, industrial technologies are created for obtaining unique biologically active compounds applied
in medicine, perfumery [Lauritano et al., 2016; Lincoln et al., 1990; Patras et al., 2018], etc. Microalgae
are actively used in various human activity, but their potential is far from being exhausted. Selection
of new objects for intensive cultivation from natural populations and production of genetically modi-
fied strains with desired properties constantly expand the possibilities for creating new biotechnologies
based on microalgae. In this field, there is a considerable progress; however, the search for new producers
is ongoing.

Microalgae are known to accumulate many valuable substances precisely under stressful conditions,
for example, when their growth is limited by biogenic elements. Accordingly, various methods of two-
stage batch cultivation have been developed: at the first stage, the accumulation of biomass occurs,
and at the second one, the accumulation of valuable substances, e. g., lipids and carotenoids [Lu et al.,
2018; Minyuk et al., 2014; Nagappan et al., 2019]. A significant disadvantage of the two-stage batch
cultivation is the death of a considerable part of microalgal cells at the second stage, under stress condi-
tions; this notably reduces the efficiency of obtaining the target product [Minyuk et al., 2014]. The most
promising alternative to the two-stage batch cultivation is the flow cultivation, in particular, a usage
of a two-stage chemostat with equal or different specific flow rates for each stage.

From the standpoint of obtaining valuable biologically active compounds on an industrial scale,
the most promising cultivation objects are benthic species of microalgae. Those are distinguished
by several useful properties of both biological and technological nature. Specifically:

1) benthic microalgae are characterized by relatively high production rates [Zheleznova, 2019];

2) those efficiently utilize light energy [Baldisserotto et al., 2019], and this removes restrictions
on the location of production in areas with a small number of sunny days per year;

3) benthic microalgae are characterized by a rather low temperature optimum for growth [Salleh,
McMinn, 2011; Stock et al., 2019], which is significant for the implementation of technologies
in Russian Federation;

4) those have the specific density of cells of more than one, therefore, cells quickly enough sink
to the photobioreactor bottom in the absence of the culture aeration (this simplifies the separation
of biomass from the culture medium, reduces its cost, etc.).

In literature, data on intensive cultivation of benthic microalgae are scarce. The studies on benthic
diatoms in a flow culture are practically not described as well. Out of many species of benthic microalgae
for intensive cultivation on an industrial scale, the diatom Cylindrotheca closterium (Ehrenberg) Reimann
et Lewin, 1964 is of the greatest interest [Gevorgiz et al., 2016; Wang et al., 2018]. It is capable of ac-
cumulating valuable polyunsaturated fatty acids and fucoxanthin [Wang et al., 2015; Zheleznova et al.,
2017], as well as iodine, iron, and other trace elements in organic form [de la Cuesta, Manley, 2009;
Zheleznova et al., 2015a].

The aim of this work is to analyze the production characteristics of a quasi-continuous C. closterium
culture in a two-stage chemostat.
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MATERIAL AND METHODS

We studied the culture of the diatom C. closterium from the IBSS collection of microalgae cul-
tures. For two weeks, the culture obtained from this collection was adapted to the concentrated nutrient
medium RS [Zheleznova et al., 2015b] and to conditions of intensive cultivation. The adapted culture
was centrifuged (at 1,600 g for 1 min); then, the supernatant was removed, and algal raw mass was used
as an inoculum to analyze the production characteristics of a quasi-continuous culture in a chemostat.
When working with the chemostat, the nutrient medium RS was used with a 3-fold increase in the concen-
tration of each component; it was prepared on sterile Black Sea water. The composition of the nutrient
medium is given in Table 1.

Table 1. Composition of the nutrient medium RS [Zheleznova et al., 2015b] used in the experiment

No. Component Content, g-L™!

1 NaNO; 2.331

2 NaH,PO, - 2H,0 0.665

3 Na,SiO; - 9H,0 1.158

4 Na,EDTA 0.792

5 FeSO, - TH,0 0.192

6 CuSO, - 5H,0 0.0006
7 ZnSO, - TH,0 0.00132
8 Co(Cl, - 6H,O 0.0006
9 Mn(Cl, - 4H,0 0.001 08
10 NaMoO, -H,0 0.00036

C. closterium production characteristics were studied under optimal light conditions, at optimal
temperature and nutrient availability. The chemostat for C. closterium cultivation (Fig. 1) consisted
of two glass 3-L photobioreactors (the two-stage chemostat) of the plane-parallel type, each hav-
ing a working thickness of 5 cm. The working volume of the suspension in each photobioreactor
was maintained at a constant level, 2 L. The experiment was carried out with uniform day-and-night
one-sided irradiation of photobioreactors. As a source of irradiation, luminescent lamps CE-PIL-1-LF
46W/54-765 (Poland) were used. On the working surface of each photobioreactor (0.03 m?), those
gave an average of 150 pumol quantam™s™ (33 W-m™). To measure irradiation, a TKA-Spectr
spectrophotometer (PAR) was applied. Throughout the experiment, the temperature of the algal sus-
pension was maintained at a constant level of (20 £ 1) °C. To provide cells with carbon, the cul-
ture in both photobioreactors was aerated (1.5 L of air per 1 L of culture per min) with a com-
pressor unit. To increase CO, solubility in the culture medium, air was supplied to the suspension
via a dispensing nozzle.

At the first stage of the experiment, the culture was grown in a batch mode, and at the second stage,
in a quasi-continuous one. C. closterium proportional-flow quasi-continuous cultivation was carried out
in a single-flow mode as follows:

1) for yield, a part of the working volume was withdrawn daily from the second photobio-
reactor (the second stage of the chemostat);
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2) the same part of the working volume was withdrawn from the first photobioreactor (the first stage
of the chemostat) and transferred to the second photobioreactor — to restore the working volume
in the second photobioreactor;

3) the working volume in the first photobioreactor was restored by adding fresh nutrient medium.
The culture was diluted every day.

Fig. 1. Cylindrotheca closterium culture in a two-stage chemostat (stages are indicated by numbers)

After the batch cultivation, since the 6™ day of the experiment, the culture was grown in the quasi-
continuous mode with a flow rate of the nutrient medium through the working volume of the microalgal
suspension of 0.6 L-day'1 (dilution rate, or specific flow rate, w = 0.6 / 2 = 0.3 day'l). From the 17%
to the 27" day of the experiment, the specific flow rate was set as 0.1 day™'; from the 27™ to the 35",
0.5 day™'; from the 35™ to the 40", 0.7 day™!; and from the 40" to 44™ 0.9 day™'.

To determine the culture density, two methods were applied — the method of iodate oxidation [Gevor-
giz et al., 2015] and direct weighing of C. closterium raw mass in polypropylene test tubes on an analytical
balance with an error of 0.1 mg after cell sedimentation by centrifugation (at 1,600 g for 2 min). To calcu-
late the data obtained for wet mass in terms of dry, the conversion factor (k = 0.1) was used [Zheleznova,
Gevorgiz, 2020].

RESULTS AND DISCUSSION

The dynamics of the density of C. closterium culture in the batch and flow modes of cultivation
is shown in Fig. 2. In the experiment, the adapted culture was used; therefore, there was no lag phase
for an accumulation curve. The exponential growth phase lasted four days. In the stationary phase, the cul-
ture density practically did not change. Upon transition to the quasi-continuous mode of cultivation, rapid
adaptation to the conditions of flow cultivation was observed. With a change in the specific flow rate,
the transition processes lasted for a short time (no more than 2-3 days), and the culture density value
quickly reached a new stationary dynamic equilibrium (Fig. 2).
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Fig. 2. Dynamics of Cylindrotheca closterium density in the batch culture and in the two-stage chemostat
at different dilution rates w (the boundaries are indicated by the dotted lines)

In both the first and second chemostat stages, at a specific flow rate of 0.1 day™!, insignificant
cell agglutination was recorded; it caused difficulties in sampling when measuring the culture density
and contributed to an increase in data scatter. In both chemostat stages, almost at any flow rate, cells
were evenly distributed throughout the entire working volume. At a specific flow rate of 0.9 day™,
a near-wall culture growth was observed, and the aeration was not enough to mix the suspension.
Even after mixing the culture with a manual stirrer, some biomass quickly sank to the photobioreactor
bottom or walls.

Growth parameters. At the beginning of the batch cultivation, when introducing inoculum into
the nutrient medium, the culture density (B,) was 0.2 g-L™!. In the batch culture, there was no lag
phase, since it was adapted to the experimental conditions earlier. The exponential phase of the ac-
cumulation curve was characterized by a constant specific growth rate and was described with high
accuracy (R? =0.99) by equation (1) (Fig. 3):

InB=p(t—t,)+InBy; ImB=07t—161, (1)

where 1, is the specific growth rate in the batch culture, day™;

B, is the culture density at the initial moment of time ¢, (¢, = 0).
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The biomass doubling time in the exponential growth phase (Z,;) was:

t—t In2  0.693
ty=In2——°% = = — " —(.987. 2
TN B B, g 07 )
Reverse doubling time (Fig. 3) was as follows:
1 1 Iy, 0.7
log, B=—(t—t log, B —=—"=——=1.01. 3
0g, B = (t—to) +log, By, = =105 = G603 )

On the 5™ day of the experiment, the culture reached the stationary growth phase. In this phase,
the culture density remained the same (B, = 3.3 g-L™!) until the transition to the quasi-continuous mode
of cultivation (Fig. 2). For 5 days of the batch cultivation, the yield was B,(5) = B,,, — B, = 3.1 gL™".
Accordingly, the average productivity of the batch culture P, = 0.62 g-L™".day™.

Quantitative requirements for nutrients in the actively growing C. closterium culture were experimen-
tally determined by us earlier [Zheleznova et al., 2015b]. Based on these data and applying formula (4),
economic coefficients (Y, .) were calculated for several biogenic elements (Table 2):

1

Y, =— 4
ec va’ ()

where Y}, is the observed requirement for a biogenic element in the batch culture.

Table 2. Observed requirements for Cylindrotheca closterium in the batch culture (Y;) according to the da-
ta from [Zheleznova, Gevorgiz, 2014] and calculated values of economic coefficients (Y,.) according
to formula (4) for some nutrients

No. Biogenic element Y, mg-g~! Y, gg!
1 Nitrogen 641 15.6
2 Silicon 38.2+0.01 26.2
3 Phosphorus 17+1 60.3
4 Iron 45+0.2 222
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To determine the dependence of C. closterium specific growth rate on the concentration of the limiting
substrate in the nutrient medium, based on the data from [Zheleznova, Gevorgiz, 2014], the saturation
constant (K g) was calculated. Analyzing the composition and ratios of biogenic elements in the nutrient
medium F [Guillard, 1975; Guillard, Ryther, 1962], as well as the ratio of C. closterium requirements
from Table 2, it can be concluded as follows: when this alga is cultivated on the nutrient medium F,
as was done in [Zheleznova, Gevorgiz, 2014], the limiting growth factor is the concentration of silicon
in this medium. Therefore, the saturation constant was calculated precisely for silicon (Fig. 4):

P=P _5 P=1 81—5 _5 5 5)
"Kg+ S’ 0.028 4+ S’ "Kg+ S’ "0.028 + S’
where S is the concentration of the limiting substrate (silicon) in the nutrient medium, g-L™.
2 4 -
P — — m m _
15 ¢ . 3 -
P, o 7
S . > A
. ©
- _ A |
) .
o =
[ ° % 2 -
Z P2~~~ S
= i I s
1 ! ER
£ i | e
0.5 7 | 1 *
- | -
|
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Fig. 4. Dependence of Cylindrotheca closterium growth rate on the silicon concentration in the nu-
trient medium. P,, = 1.81 gL '.day™!; K¢ = 0.028 gL~!. Calculation by equation (5) according
to the experimental data from [Zheleznova, Gevorgiz, 2014]

Flow culture. The chemostat theory was developed for continuous cultures of heterotrophic mi-
croorganisms in the second half of the XX century and is detailed in [Herbert et al., 1956; Maxon, 1955;
Methods in Microbiology, 1970; Pirt, 1978; Theoretical and Methodological Basis of Continuous Cul-
ture of Microorganism, 1968]. In some cases, it is applicable to lower phototrophs as well. However, since
their growth requires light energy, which, along with biogenic elements, can limit cell growth, the chemo-
stat theory needs amendments and clarifications for phototrophs. This is especially true for dense cultures
of microalgae, when the accumulation curve is characterized by the presence of not only an exponen-
tial growth phase, but also a long phase of growth deceleration (phase of negative growth accelera-
tion). Of particular note is the need for significant additions and changes in the chemostat theory, when:
1) natural light is used, and a change in the growth-limiting factor is observed during the day; 2) it is dif-
ficult or impractical to organize a continuous flow of a nutrient medium; efc. In such a case, a batch
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culture (quasi-continuous one) is often used in practice. Interestingly, the method of quasi-continuous
cultivation is a certain generalization of various techniques of the flow cultivation of microorganisms.
However, the publications on modeling processes in a quasi-continuous culture are quite rare [Fencl,
1968; Trenkenshu, 2005].

In our experiment, the exponential growth phase of the accumulation curve was accurately described
by equation for exponential growth (see equation (1) and Fig. 3); that is, cell growth was practically
not limited by light conditions. Apparently, there was no change in the growth-limiting factor in this
area. This circumstance allows us to apply an approach, which is similar to that used when working with
heterotrophic microorganisms, to derive equations for the density dynamics of a quasi-continuous culture.
We will analyze a quasi-continuous culture in a proportional-flow single-flow multistage chemostat with
the same working volume V' (L) in each stage and the same volume w (L), which is withdrawn from each
stage during the exchange procedure. The ratio of the algal mass in the i-th stage of the chemostat m; (g)
to the working volume V (L) determines the actual density of the culture in this stage (g-L™"):

B, = —*. (6)

As a result of the exchange procedure, the volume w, which contains the algal mass m;, is with-
drawn from the i-th stage of the chemostat. The remaining volume (V' — w) contains the algal mass m;*.
Therefore, the following equalities can be written:

m; =m;+m;; mi=w-B; m*=V-B,—w-B,=(V—-w)-B,. (7)

In a multistage chemostat, after withdrawing the volume w, the i-th stage receives the same volume
of suspension from the previous stage. So, the culture density in the i-th stage after the exchange (BE_))
is equal to:

B — mi+mi” w-Bi,+(V—-w)-B

i v v ; ®)

where m;_; is the algal mass from the previous stage, which is introduced into the current stage during
the exchange;
B,_, is the culture density in the previous chemostat stage.
Therefore:
w B, —B7 mr—mi,

- = R . 9
V. B;—B,y m;—m;y ®

it means that the ratio of the volume during the exchange procedure is equal to the ratio of the algal mass
withdrawn during the exchange from the current stage to the difference in the algal masses in the current
and previous chemostat stages.

The ratio of the culture density before and after the exchange indicates the value of the culture
dilution (6,); it shows how many times the algal mass and the culture density decrease in the i-th stage:

0. = B = 4 . (10)

i 50 B,
B! i1
i V-wl(1

(2
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Worth noting as follows: if the culture is diluted with a nutrient medium (B,_; = 0), then, expression
for the first stage of the chemostat is obtained, similar to that in the publication [Trenkenshu, 2005]:

0 — B, V
1 Bg_) V—w
From expressions (9) and (10), it follows:
1
w  B;—B Bi =5 Bi

7
A — . (1D
V. B;—B;,, B;—DB;,

In a quasi-continuous culture, the change in the algal mass (Am;) is determined by two processes —
an increase in the mass driven by algal growth and a decrease in the mass due to the difference in inflow
and outflow with a part of the suspension during the exchange procedure:

* *ok * sk _ _
My — (Mg +m)+mi — (m;—m) =m;y —m; =Am,, (12)
growth inflow decrease with outflow

where m; is the algal mass before the exchange;
m; 1 1s the algal mass before the exchange at the next step of the quasi-continuous cultivation;

m;_, is the mass of the alga introduced into the i-th stage from the previous one during

the exchange;

m;*, 1s the algal mass that remains in the i-th stage after withdrawing a part of the suspension
with volume w.

Considering (6), (7), and (8), we can write the change in the culture density (AB,):

(B — BzH] —[B; — Bz('i)] = B, ., — B, =AB,, (13)

increase decrease

where B, is the culture density before the exchange (current density);
B,Ef) is the culture density after the exchange;
B, ,; is the culture density before the exchange at the next step of the quasi-continuous cultivation.

In microbiological practice, the algal growth in a culture is described by two quantitative char-
acteristics — growth rate (productivity) and relative (specific) growth rate. Over the time interval be-
tween exchange procedures At (days), the culture density in the i-th stage increases to the value B;_ ;.
Therefore, on this time interval, the average growth rate is (g-L™!-day™):

=)
By — B;

p, o= = 14
7 At ) ( )

and the average specific growth rate is (day):

g, = DB B@H. (15)
© BY At
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The decrease in density is related to the dilution value of the culture, which depends on both the algal
mass withdrawn from the current chemostat stage during the exchange procedure and the algal mass
introduced into the working volume from the previous chemostat stage. In one exchange procedure,
the volume w is withdrawn from the working volume over the time interval At. Therefore, the culture
flow rate (F) in the current chemostat stage is equal to (L-day™):

w
F=—
At’

and the relative (specific) flow rate w is equal to (day™):

_F_ W
YTV T VA

(16)

Taking into account (10) and (16), we can express the value of the specific flow rate of the nutrient
medium for the i-th stage:

1
1

B, 1\ 1\ 1 !
A A G . e

B.

(2

It should be kept in mind as follows: (16) allows us to calculate for the i-th stage the specific flow rate
of the algal suspension (or a nutrient medium for the first stage), which is the same in all the chemostat
stages. Expression (17) indicates what the specific flow rate will be when the culture density in the i-th
stage decreases by 0, times, taking into account the culture density in the previous chemostat stage.

The value of the change in the culture density (13) over the time interval At can be expressed in terms
of the growth rate and the flow rate. From (11), (13), and (16), it follows:

AB, B, — BzH B; — Bfgi) _ D

Thus, the rate of change in the density of the quasi-continuous culture in the current chemostat stage
is determined by the average growth rate (P,), the rate of introduction of the alga from the previous
stage (w - B;_;), and the rate of withdrawal of the alga during the exchange (w - B,).

Then, we express the average growth rate P, in units of the culture density (biomass) in the i-th stage
of the chemostat:

(19)

where /i, is the coefficient reflecting the ratio of the biomass growth B, over the time interval At.

At its core, this coeflicient is a relative growth rate, similar to (15), with the difference that the growth
rate refers not to the culture density after the exchange, but to the culture density before the exchange —
to B;. The comparison of (14), (19), and (10) allows to see that ;= f; - 0;. The closer 6; to 1
and the shorter the time interval Af between culture dilutions, the smaller the difference between these
values.
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Substituting (19) into (18), we obtain the following equation:

AB; _ |~ B;

%

The solution of this equation makes it possible to describe the dynamics of the density of the quasi-
continuous culture in a multistage chemostat. In a particular case, when At — 0, i, — p,, 6, — 1 (a con-
tinuous flow), we obtain differential equations identical to those published in [Fencl, 1968; Pirt, 1978].

For the first stage of the chemostat, when the culture is diluted with a nutrient medium (B;_; = 0),

expression (20) is transformed into:

AB,
At

=iy By —w- By = (i —w)By. 21)

It is completely identical to expression obtained earlier for a quasi-continuous culture in a one-stage
chemostat [ Trenkenshu, 2005].

In our experiment, the transition processes with various changes in the flow rate of the nutrient
medium lasted for a short time (Fig. 2). Accordingly, we will consider only established processes (sta-
tionary dynamic equilibrium) — when the culture density remains the same over time in each chemo-
stat stage (AB, = 0). For the conditions of stationary dynamic equilibrium, from (20), expressions
for the relative growth rate and culture productivity in the i-th stage of the chemostat follow:

B. _
fi; = w (1—%); P,=w(B;— B, ;). (22)

(3

Whence follow the relationship of culture densities in the neighboring chemostat stages and the dilution
rate in the i-th stage:

w B. P,
BA = B N pry N. G = L . 23
Cow— ﬂz‘ b © B,— B, B,— B, 9

It is to be noted that for the conditions of stationary dynamic equilibrium, the following equalities will be
valid:
1 €

B, = —B, 1=¢q;"B,_; ;=w (1 - _) =w-€;  fl; = —iﬂzeh (24)
q; €1

where ¢;, €,, and €,_; are some constant values that are easily determined experimentally.

Indeed, the coefficient of relationship between the culture density in the first and second chemo-
stat stages g,, experimentally obtained by us, is constant at any flow rate (Fig. 5). It can be seen
from the figure that even at the maximum flow rate, when a near-wall growth is recorded, the relation-
ship between the culture density in the first and second stages is quite well described by expression (23)
at g, =tga=1.11.

The expression for the culture productivity in the i-th stage (22) can be represented as:

B. =

(3

P,
W
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In stationary dynamic equilibrium, a culture always has P; > 0 and w > 0. Therefore, for any mode
of quasi-continuous cultivation in a multistage chemostat, B; > B,_;. If the culture is diluted with
a nutrient medium (B;_; = 0), it follows from expression (22):

Culture density in the 2st stage, B, g/L

N

-

1

1

My = W;

P, =w-B. (26)

0.1

0.3

0.5
0.5854,

0.7

0.9

N I I Y T I Y |

o
o
- -

2 3
Culture density in the 1st stage, B+, g/L

Fig. 5. The relationship between culture density in the first and second chemostat stages under condi-
tions of stationary dynamic equilibrium, tgar = 1.11 [see expression (23)]. The dilution rate, w, is indicated
by numbers. The value for w = 0.1 was not taken into account in the calculations due to the manifestation
of cell agglutination

To determine the dependence of the concentration of the growth-limiting biogenic element in the cur-
rent chemostat stage on the flow rates and the substrate consumption by cells during growth, we will follow
the logic of deriving equation (20). By analogy with (7), such expressions can be written:

s;=si+s% si=w-S; sF=V.S,—-w-5,=(V-w)-85, (27)

where s; is the mass of the limiting substrate in the working volume of the i-th stage of the chemostat, g;

s; and s;* are the masses of the limiting substrate in the withdrawn volume w during the exchange
procedure and in the remaining volume (V' — w), respectively;

S. is the concentration of the limiting substrate in the i-th stage of the chemostat, g-L™.

The concentration of the limiting substrate in the i-th stage after the exchange (SE_) ) will be equal to:

sig+sy  weS  +(V—w)-5,

S = = % 3 (28)
From this expression, it follows:
w_ Si(_) — 5 _ sia— 5? (29)
ViS50 -5  sii—s
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The change in the mass of the limiting substrate (As,) can be expressed as follows:

* *x * *% _ _
Sip — (si—=s7) = (S +87) —si1) = 8541 — 5, = Asy, (30)
increase decrease with outflow decrease due to growth

where s, is the mass of the limiting substrate before the exchange;

;.1 1s the mass of the limiting substrate before the exchange at the next step of the quasi-
continuous cultivation;

*

s;_; 1s the mass of the substrate introduced into the i-th stage from the previous one during
the exchange;

s;*, 1is the mass of the substrate that remains in the i-th stage after withdrawing a part
of the suspension with volume w.
Taking into account (27), (29), and (30), we write the change in the substrate concentration in the i-th

stage of the chemostat (AS)):

81 = 8= 15 = Sial = Siea = Si = A, GD

increase decrease

where S, is the substrate concentration before the exchange procedure;
SZH is the substrate concentration after the exchange;
S, 41 1s the substrate concentration before the exchange at the next step of the quasi-continuous
cultivation.
The value of the change in the substrate concentration (31) over the time interval At can be expressed

in terms of the substrate consumption rate and the flow rate. From (29), (31), and (16), it follows:

L= L . :W<S¢71_Si>_PS.» (32)

where P s, 1s the average rate of consumption of the limiting substrate by cells over the time interval At.

The ratio of silicon in C. closterium biomass varies insignificantly under different cultivation condi-
tions. Therefore, it can be assumed that Y} value is constant at any flow rate. In this case, the substrate
consumption rate P s, will be proportional to the microalgal growth rate P,. Accordingly, taking into
account (19), expression (32) is represented as:

AS,
At

=w(S; 1 —5;) =Y, ;- B, (33)

The solution of this equation will describe the dynamics of the concentration of the growth-limiting
substrate of a quasi-continuous culture in a multistage chemostat. For a particular case (with a continuous
flow of a nutrient medium), this equation is given in [Fencl, 1968; Pirt, 1978].

For the conditions of stationary dynamic equilibrium, we can express B, from (33):

B; = 2L P = L P (2 ). 4
TEy, o MTBTY, “\s, G

(2 (2
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We calculate S;(fi,) from (5):
- Kg -y,
Si(fiy) = —5LL (35)

Then, we substitute (24) and (35) into (34):

1 Keo- i 1 Ko -w-e,
Bi:g_ (Sil_ S 'uf>: d _<Si1_&>~ (36)
f1; Yy, Fom = Mg w-e Yy Hon — W= €

Whence we determine the dependence of the culture density in the i-th stage on the dilution rate:

11 K-
Biw) =y (Si_l - 15—“’> . 37)

e_iﬂm_w

In a particular case, for the first stage of the chemostat, when the culture is diluted with a nutrient
medium (5;_; = S;; €; = 1), considering (26), we write:

1 Kg-
Biw) = 4 (so - S_‘:)). (38)

Substituting into the latter expression the numerical values of the observed requirement for sili-
con from Table 2, the saturation constant from (5), and silicon concentration in the nutrient medium
RS S, = 0.115 gL', we calculate y,,, using the method of least squares based on the experimental
data. Fig. 6 shows the correspondence between the experimental data and the theoretical curve (38) with
the calculated value p,, = 1.05 day™' (R? = 0.97). When calculating, the value of the culture density
at = 0.9 day™! was not taken into account. As mentioned above, at the flow rate given, a near-wall
growth of C. closterium was recorded.

Substituting the value s, = 1.05 day™ into (38), for the conditions of our experiment, we obtain
the dependence of the culture density in the first stage of the chemostat on the specific flow rate:

1

By(w) = 5038 (39)

028 -
(0.115—00 8 w).

1.05 —w

Worth noting as follows. Table 2 indicates the value of the observed requirement for silicon
Y, = 38.2 mg-g”!. However, according to the results of our calculations, in a flow culture, the value
of the observed requirement Y;; = 35.0 mg: ¢!, The underestimation can be explained by the manifesta-
tion of autoselection in microorganisms in a flow culture [Gitelzon et al., 1973]. Accordingly, for a batch
culture, the need for silicon Y, = 38.2 mg-g™!; for a flow culture, Y, =350 mg-g.

Analyzing expression (38), one can notice that at a certain critical dilution rate w,,., the value B,

cr?
turns into zero (Fig. 6). In our experiment, the critical dilution rate (see Fig. 6) was as follows:

B . So 1.05-0.115

= - — 0.84 day .
Hmg ¥ Kg  0.115+ 0.028 v

wer(0)

wcr(Bl>
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Therefore, taking into account (26) for the conditions of our experiment, the limit value i, = 0.84 day ™.
In comparison with the specific growth rate 1, = 0.7 day™' obtained in a batch culture [see (1)], this
value is somewhat higher, which is associated with autoselection in a flow culture [Gitelzon et al., 1973].

Dry weight, B; g+ L'

w
I I I T I S 1" T T O I |

0 ] T T T T T T T |

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
Dilution rate, o, day-'

o

Fig. 6. The dependence of culture density on the dilution rate w under conditions of stationary dy-
namic equilibrium: 1, the first stage of the chemostat, calculation according to equation (38) (R? = 0.97);
2, the second stage, calculation according to equation (45) (R? = 0.96). In the calculations, the value
for w=0.9 day~! was not taken into account (see text for an explanation). The dotted line denotes the critical
dilution rate w,, = 0.84 day~!

Thus, for the conditions of our experiment, in a batch culture, the specific growth rate y;, = 0.7 day_l,
its limit value in a flow culture fi; = 0.84 day™!, and its maximum possible value when limiting
C. closterium growth by silicon y,, = 1.05 day™'. Interestingly, the maximum value f,, is included
in expression (5) and is a certain species-specific characteristic of the substrate-dependent C. closterium
growth (determined by the genetics of the species) when the growth is limited by silicon.

For the second stage of the chemostat, it is impossible to obtain the dependence B,(w) from (37)
in an explicit form (as it is possible for the first stage), since €, # 1. To obtain the dependence By(w),
we use the relationship (23). When substituting (23) into (38), we get the dependence of the culture
density in the second stage on w and i5:

w 1 Ko -w
B, (w, 1 :—N—( —S—). (40)
2( 2) CU_,UQ Yfl 0 Mm_w

Since the slope angle for g; of the linear dependence (24) is constant and can be easily determined
from the experimental data, we can write for the second stage of the chemostat:

By(w) = 2 (50 _ M) (41)
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Similarly for the i-th stage (7 > 2):

wi! 1 Kg-w
By, pys oo i) = o o 5y — 5, (42)
! ~ Yfl P, — W
[T (w— i)
k=2
If g, is a constant value for any pair of neighboring stages, then the product g5 - g3 - ... - g; will be

a constant value as well. Hence:

B,(w) = =2 (50— Ks-w ) 43)

42 = — =tga = 1.11. (44)

Therefore, for the conditions of our experiment, the dependence of the culture density in the second
stage of the chemostat on the dilution rate can be represented as follows:

1 Kg-w 1.11 0.028 - w
By(w) =111 — [ S, — —=2 = (0.115——). 45
2() Yy, ( 0 um—w> 0.035 1.05 — w )

Fig. 6 shows the dependence of the culture density in the second stage of the chemostat on the specific
flow rate and the correspondence between the experimental data and the theoretical curve (45).

To determine the yield value in different modes of cultivation, we calculate the total productivity
of the culture in i chemostat stages under conditions of stationary dynamic equilibrium. As follows
from expression for the productivity of the i-th stage (22), the total productivity of all the chemostat
stages I?; (the entire cultivation system) is equal to:

R,=) P,=w-B, (46)
k=1

Therefore, under conditions of stationary dynamic equilibrium, the yield (/;) of a cultivation system
consisting of i stages for a fixed period of time is (g-L™}):

where t is the cultivation time, day.

To determine the productivity of a multistage chemostat, we substitute expression (43) into (46):

R,(w) = w =2 (SO _ Ksew ) (48)
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For a particular case, R, (w) and R,(w), we have:

1 Ko -w q Ko w
Ri(w)=w— S, — —=—); Ry(w) =w =2 | Sy — —=2 . 49
1(@) waz ( 0 Nm_(“})’ 2() Yy ( ’ Hom — W @
A similar expression for a one-stage chemostat was obtained in [Pirt, 1978].
Substituting the experimental values and g, = 1.11 [see (44)] into (49), we have:
0.028 - w 1.11 0.028 - w
R =w——10.115 — — |; R =w———(0.115 — —— . 50
1(W) =@ 5535 ( 1.05 —w)’ 2(w) =@ 5035 ( 1.05 —w) 0

Thus, the dependences of the productivity of a one- and two-stage chemostat on the specific flow
rate were obtained. Fig. 7 shows the correspondence between the experimental data and theoretical
curves (50).

1.5
s - 1
©
©
ﬁ' 14
-
> -
=
= b
©
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8 ! .
a _ |
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2 - (0] |
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_ |
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|
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| mopt
0 \\\|||||||||||||||||||||||||| [TTTTTTTT T TTT7T]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Dilution rate, o, day™'

Fig. 7. Dependence of the chemostat productivity under conditions of stationary dynamic equilibrium
on the dilution rate: 1 and 2 denote calculation according to equation (50) (R? = 0.98) for a one- and two-

stage chemostat, respectively. In the calculations, the value for w = 0.9 day~! was not taken into account (see
text for an explanation). The arrow indicates the optimal value of the dilution rate w,,, = 0.59, at which

the maximum productivity is achieved. For a comparative assessment, the dotted line shows the productivity
of the batch culture [see (55) and (56)]

Then, we determine the optimal value of the specific flow rate w,,,;, at which the productivity

of a multistage chemostat is maximum. To do this, we differentiate function (48) with respect to w:

7

IT @

R

7

() =

k=2

(Kg+ So)w?® — 2p,,w(Kg + Sy) + p2,5,

Yy

51
(i — )2 G
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For R;(w) = 0, we get a quadratic equation:

w? — 2, w + (52)

One of the roots of this equation has no sense, since the condition 1, > w must be satisfied. Another
root is the optimal value of the specific flow rate, at which the maximum productivity of the entire
multistage cultivation system is achieved:

Kg
= 1— )/ —5 .
wopt Hm ( SO + KS ) (53)

It should be noted that in the latter expression, w,,,, value does not depend on the number of stages.
So, (53) can be applied to determine the optimal specific flow rate for both a one-stage and a multistage
chemostat.

Then, we calculate the optimal specific flow rate for the conditions of our experiment:

0.028
=1.05|1—y/—=——F———= | =0.59day™" 54
“opt ( \/0.115 +0.028 ) v oD

Moreover, using formulas (39), (45), and (50), we determine the culture density and productivity for each
stage of the chemostat at w,,, = 0.59 day™!. Applying (47), we calculate the yield value for a one-
and two-stage chemostat at the optimal flow rate for four days of cultivation. The calculation results
are given in Table 3.

Let us compare the yield value obtained for a fixed period of time under conditions of batch and flow
cultivation. The batch cultivation lasted five days, and we carry out our calculations for ¢, = 5 days.
If the batch culture at the moment of reaching the maximum density B,,, (the initial moment of the sta-
tionary growth phase) is diluted down to the initial density B, the growth in the batch culture will
continue, and the maximum density will be reached again in a period of time ¢,. Under conditions when
cycles of dilution of the batch culture are repeated at intervals ¢, the batch culture is involved in a flow
quasi-continuous cultivation with a time interval between dilution procedures ¢ — ¢, = t,. The average
productivity, relative growth rate, and yield over this period can be given as:

vl B,,—By, _ By, - 1 B,,—By, P,

_ bnm _ — =% B =P, -t 55
Tt —t, t, T B Tt B’ b b (53)

m m

On the other hand, considering (46) and (47), for a quasi-continuous culture, the average productivity,
relative growth rate, and yield are as follows:

Comparing the productivity of two quasi-continuous cultures, (55) and (56), at the same relative flow
rate under conditions of stationary dynamic equilibrium (w = fi; = [i;), we have:

= = = - <]_
Pb Nme Bm
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Therefore, for the conditions fi; = w, batch cultivation is more profitable. However, with an increase
a flow culture becomes more profitable. Moreover, the maximum benefit
opt (Flg 7)

To calculate the productivity of the batch culture, we substitute the numerical values from our
experiment into (55). As a result, we get: P, = 0.62 g-L.day™; fi, = 0.19 day; B = 3.1 gL™".
To determine the chemostat productivity for each of the stationary states, we apply expression (56).

in the flow rate, fi; <w < w
of a one-stage chemostat is achieved at the optimal flow rate w

opt>

The results of the calculation are given in Table 3.

Table 3. Cylindrotheca closterium production characteristics in a one- and two-stage chemostat under
stationary dynamic equilibrium conditions: w, the dilution rate, day™!; By, B,, the culture density in the first
and second stages, respectively, g-L=!; fi;, fio, specific growth rate in the first and second stages; R;, R,

productivity of a one- and two-stage chemostat, g-L.=!.day~!; P,, productivity of the chemostat second
stage; H,(5), H,(5), yield received in a one- and two-stage chemostat over a period of time ¢, =5 days, g

w B, Py Ry H,(5) B, Fo Rfi ;1 R, Hy(5)
0.1 3.44 0.1 0.344 1.72 4.19 0.02 0.074 0.419 2.09
0.3 3.05 0.3 0.915 4.58 3.40 0.03 0.106 1.021 5.10
0.5 2.56 0.5 1.281 6.40 2.84 0.05 0.139 1.420 7.10
Wopt =0.59 2.29 0.59 1.348 6.76 2.54 0.06 0.150 1.498 7.51
0.7 1.70 0.7 1.191 5.95 1.88 0.07 0.123 1.314 6.57
0.9 0.59 0.9 0.534 2.67 0.66 0.09 0.057 0.591 2.96

The comparison of the calculation results shows as follows: at w = 0.1 over a time interval ?,,
the flow culture gives a lower yield than the batch one. Flow cultivation becomes profitable at higher
flow rates. The yield is maximum at optimal flow rate: R,(0.59) = 1.35 g-.L.""-day™!; H,(5) = 6.76 g-L"".
Accordingly, C. closterium cultivation in a one-stage chemostat is 2.2 times more profitable
than the batch cultivation.

Let us compare the productivity of one- and two-stage chemostat under condition that the same
volume of limiting substrate enters the cultivation system per unit volume of the microalgal suspen-
sion. The working volume of each stage of the chemostat is equal to V'; therefore, the total volume
of the microalgal suspension in a two-stage chemostat is 2V. Hence, in order to comply with the com-
parison condition, it is necessary to double the working volume of a one-stage chemostat or to reduce
the specific flow rate by half. Taking into account (24) and (46), we write:

R, wB, 2B,
R, %B, B

:2‘q2>1.

Whence it follows that under the above conditions, a two-stage cultivation system is more produc-
tive than a one-stage one. The data on the productivity of a one- and two-stage chemostat are given
in Table 3.

Conclusion. Our studies have shown that the culture of the diatom alga Cylindrotheca closterium
is characterized by sufficiently high productivity rates both in batch and flow culture. In the batch culture,
the specific growth rate 1, = 0.7 day ™!, and the time for doubling the biomass ¢, = 0.987 days. In the flow
culture, at a critical dilution rate, the limit value of the specific culture growth rate ji, is 0.84 day'.
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For the conditions of our experiment, in a one- and two-stage chemostat, the maximum productivity
is recorded at an optimal flow rate w,,,,, =0.59 day™ (R; =1.348 g L™".day ™' and R, = 1.498 g-L"".day™!,
respectively). As shown experimentally, in the flow culture, C. closterium productivity is 2.2 times higher
than in the batch one.

Based on the experimental data, two parameters of the Monod equation were determined — the max-
imum specific growth rate 1, and the saturation constant K g — with limiting C. closterium growth by sil-
icon. The values were 1.05 day™' and 0.028 g-L™', respectively. Moreover, the observed need of the alga
for silicon in the flow culture was calculated, Yﬂ =35 mg-g_l. As shown, the observed need for silicon
in the flow culture is lower than in the batch one by 7.9%. Interestingly, 4,,,, Kg, and Y7, values are im-
portant physiological characteristics for the diatom C. closterium; those play the key role in the design
of industrial systems for intensive microalgae cultivation.

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 develop-

ing scientific foundations for production of biologically active substances and technical products of marine
genesis” (No. 121030300149-0).
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P.T.Tepopruz!, C. H. #Kene3nonal, A. C. Maaxos?

'®I'BYH PUII «HCTUTYT GHOJIOrHH I0KHBIX Mopeii uvenn A. O. Kopaneckoro PAH»,
Cesactonosb, Poccuiickas ®enepanus
2HanyoHaIbHBI MiccyieioBaTebckuii TOMCKMIA MOTMTEXHIYECKUI YHUBEPCUTET,
Tomck, Poccuiickas ®Penepanus
E-mail: r.gevorgiz@yandex.ru

B pabote paccMOTpeHB! MPEeUMMYLIECTBA U HEJOCTATKU MPOTOYHOIO M HAKONMUTEJIBHOTO KYJIbTHBU-
POBaHMsI MUKPOBOJOPOC/EH. YKa3aHbl JOCTOMHCTBA IPOTOYHOTO KYJbTHUBHPOBAHMS, B YACTHOCTH
B KBa3MHENPEPHIBHOM pEXUME B JBYXCTyNEHUaTOM XeMocTaTe. B kauecTBe MpofylieHTa IEHHbIX
BEIIECTB MNPEJIOKEHO HUCIOJIb30BaTh KYJbTypy OSHTOCHOW auatomMoBoil Bomopociu Cylindrotheca
closterium, kotopast 00J1a1aeT MHOTUMHU TOJIE3HBIMUA CBOWCTBAMH KaK OMOJIOTMYECKOTO XapaKTepa,
TaK U TEXHOJIOTMYECKOTro: 1) XapakTepu3yeTcsi JOCTATOYHO BBICOKMMH IHPOSYKLIMOHHBIMH IOKa3a-
TessaMH; 2) 3(PPEeKTUBHO yTHUIM3UPYET CBETOBYIO SHEPrHI0, YTO CHUMAET OrPaHMUYECHHUS Ha pa3Me-
IIEHME MPOMU3BOJCTBA B PETMOHAX C MajbiM KOJIMYECTBOM COJIHEYHBIX JHEW B ropay; 3) xapakre-
pu3yeTcst JOBOJIBHO HM3KMM TEMIEPaTypHbIM ONTHMYMOM POCTa, YTO aKTYaJIbHO IJIsl peaiu3alvu
MIPOMBILIUIEHHBIX TEXHOJIOTHI Ha Tepputopun Poccmiickont ®@eneparmu; 4) UMeeT yaeslbHYIO IUIOT-
HOCTb KJIETOK OOJIbIlle €IMHUIIBI, I0O9TOMY OHH JIOCTATOYHO OBICTPO OCENAIOT Ha JHO (poTOOHOpeaK-
TOpa TP OTCYTCTBUM INEPEMEIIMBAHUS KYJIBTYPHI, YTO YIIPOIIAET OTHeNIeHHe OMOMACCHl OT KYJbTY-
pajbHOI cpedpl U CHUXKaeT e€ cebectoMMocTb. llenp padoTel — M3YUYUTh MPOLYKLMOHHBIE XapaK-
TEPUCTUKU KBa3MHENPEPBIBHOM KyJIbTyphl C. closterium B OByXcTyneHYaToM xemocrare. Mccnenosa-
HUS TIPOBOMIUIM TIpH Temnepatype (20 + 1) °C u obmyuéunoct 150 MKMOIb KBaHTOB-M 2-c”!. Xe-
MOCTaTHasl yCTaHOBKa AJsl KyJabTuBupoBaHusi C. closterium cocTosula U3 OBYX CTEKJISIHHBIX (pOTO-
OHUOPEaKTOPOB IJIOCKONAPAJUIENIBHOIO THIA 00BEMOM 3 J1 ¢ pabdoyueil TOMIIMHOW 5 ¢cM U paboueit
TIOBEPXHOCTBIO Kaxk0ro oroduopeaktopa 0,03 M2, KyasTypy BIpalMBany Ha MUTATETBHON cpe-
ne RS. INepememBanye oCyIeCTBIIsUIN MTOCPEICTBOM OapOoTaska BO3LyXoM (ckopocth — 1,5 11 BO3-
IOyxa Ha 1 J1 KyJabTypsl B MuH). KynbTypy McciaenoBaaM MpHU pa3idvHbIX CKOPOCTSX IMPOTOKA IH-
tatenbHoil cpeapt — 0,1; 0,3; 0,5; 0,7; 0,9 cyT‘l. Paccunrtanbl mapameTpsl pocTa HaKOIMUTEIbHOM
KYJIbTYpHI: y/leIbHasi CKOPOCTh pocTa ji,, = 0,7 cyT!; Bpems yasoenus 6uomacchl t,; = 0,987 cyr.
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MakcuMasibHasi IPOAYKTUBHOCTb OJHO- M JBYXCTYNEHUYAaTOro XeMocTara Oblla OTMEYeHa IIpH Oll-
TUMaJIbHOI ckopocTd mpotoka 0,59 cyr™! m cocrasmma 1,348 u 1,498 r-m!.cyr™! coorBercrBen-
HO. DKCNIEPUMEHTAIBHO MOKA3aHO, YTO B IMPOTOYHOM KyJbType MpoayKTUBHOCTH C. closterium BbI-
e B 2,2 pasza, 4eM B HAKONMUTEJbHOW. Ha OCHOBe SKCHEepUMEHTABbHBIX JAHHBIX MPOBEAEH PACUET
MAaKCHMaJIbHOH yJIeJIbHOM CKOPOCTU POCTa [, ¥ KOHCTAHThl HAchllieHUsl K g MpU JTUMUTHPOBAHUU
pocta C. closterium kpemuueM; 3HauyeHus coctapuma 1,05 cyr™! u 0,028 r-n~! cooTBercTBenHO.
Tokasano, 4o HaGmojaemas NOTPeGHOCTh B KPEMHUU B MPOTOYHOM Kyabrype (Y, = 35 mrr )
Hke Ha 7,9 %, yem B HakonutebHOi (Y, = 38 Mror~!). OTMeyeHo, 4To BeMUiHbI [1i,,, K g U Yip
SIBJISIIOTCS] BAKHBIMU (DU3UOTIOTMIECKIME XapaKTepUCTUKaMU TUaTtoMoBoil Bojopociu C. closterium
¥ UTPalOT KIIOYEBYID POJb IPHU MPOEKTHPOBAHUM TPOMBIIIIEHHBIX CHCTEM IJIi MHTEHCHBHOTO
KyJIbTUBUPOBaHHSI MUK POBOJIOPOCTIEH.

KuaroueBnle cioBa: Cylindrotheca closterium, XxeMocTaT, MaTeMaTHdeckast MOIEIb
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The first observation of a live great white shark Carcharodon carcharias bearing tooth rake marks
by an orca Orcinus orca on the left flank is presented. The estimated 3.5-m shark was observed on 7 July,
2017, at Seal Island in False Bay, Western Cape, South Africa. This case provides evidence that great
white sharks can survive an attack by an orca.

Keywords: great white shark, Carcharodon carcharias, killer whale, Orcinus orca, False Bay,
South Africa
Orcas, or killer whales, Orcinus orca (Linnaeus, 1758), have been reported to feed on or attack dif-

ferent species of sharks, including the broadnose sevengill shark Notorynchus cepedianus (Péron, 1807);
Pacific sleeper shark Somniosus pacificus Bigelow & Schroeder, 1944; whale shark Rhincodon typus
Smith, 1828; common thresher Alopias vulpinus (Bonnaterre, 1788); basking shark Ceforhinus max-
imus (Gunnerus, 1765); great white shark Carcharodon carcharias (Linnaeus, 1758); shortfin mako
Isurus oxyrinchus Rafinesque, 1810; tope shark Galeorhinus galeus (Linnaeus, 1758); grey reef shark
Carcharhinus amblyrhynchos (Bleeker, 1856); bronze whaler, or copper shark, Carcharhinus brachyu-
rus (Giinther, 1870); Galapagos shark Carcharhinus galapagensis (Snodgrass & Heller, 1905); blue shark
Prionace glauca (Linnaeus, 1758); scalloped hammerhead Sphyrna lewini (Griffith & Smith, 1834);
and smooth hammerhead Sphyrna zygaena (Linnaeus, 1758) [Best et al., 2010, 2014; Brown, Norris,
1956; De Maddalena, Buttigieg, 2009; Engelbrecht et al., 2019; Fertl et al., 1996; Ford et al., 2011; Nor-
ris, 1958; Pyle et al., 1999; Reyes, Garcia-Borboroglu, 2004; Sorisio et al., 2006; Ternullo et al., 1993;
Towner et al., 2022; Visser, 2000a, b, 2005; Visser, Bonaccorso, 2003; Visser et al., 2000; Yukhov
et al., 1975]. In the present article, the observation of a live great white shark bearing tooth rake marks
by an orca is reported.

MATERIAL AND METHODS

The observation took place on 7 July, 2017, 14.8 km northeast of Simon’s Town harbour, near Seal Is-
land in False Bay, Western Cape, South Africa. The author observed the female great white shark repeat-
edly while cage diving off the White Pointer Il — the 11-m boat of Apex Shark Expeditions. The great white
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shark made several passes around the boat and the cage between 8:45 and 10:35, swimming at depths
ranging from the surface to 5 m, in 10-m-deep waters. It was briefly observed at 8:45; then it was observed
clearly several times between 10:22 and 10:35. At 10:35, the shark succeeded in catching the bait before
it disappeared. The shark had a massive body, with a wide trunk, and it was estimated at 3.5 m in total
length. Underwater visibility was about 8 m. Perhaps, the same shark was seen earlier in the morning,
at 7:02, preying on a Cape fur seal, Arctocephalus pusillus pusillus (Schreber, 1775), in the same area,
when several kelp gulls, Larus dominicanus Lichtenstein, 1823, were observed flying over the nearby
spot attracted by the upcoming predatory event.

At least two other great white sharks were observed that morning on the same spot. One was briefly
seen at 7:22 when it bit the seal-shaped decoy that was being towed behind the boat shortly after sunrise,
while another one, an estimated 3-m female, was observed from the cage swimming at depths ranging
from the surface to 3 m, between 10:03 and 10:04. No other species of fish were observed on that day.

In order to attract the sharks and to keep them around the cage, the crew was using a small amount
of chum, made of sardines, and a few heads of salmons as the bait. It was a sunny day, with an average
water temperature of +14 °C and relatively calm seas.

Photos of the sharks were taken with two cameras for subsequent analysis (Fig. 1).

Fig. 1. Estimated 3.5-m female great white shark Carcharodon carcharias bearing tooth rake marks
by an orca Orcinus orca on the left side of its trunk, observed on 7 July, 2017, at Seal Island in False
Bay, Western Cape, South Africa. Photos by Alessandro De Maddalena
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RESULTS AND DISCUSSION

Careful observation of the photos, showing the parallel marks seen on the left posterolateral region
of the trunk of the great white shark, led the author to conclude that they are consistent with tooth rake
marks of an orca. This was also confirmed by following examination of a large number of photos which
the author was able to take on twelve past expeditions to observe orcas in the winter season in the areas
of Bodg, Kaldfjord, and Skjervoy (Norway) since January 2014. Photos published in Ford et al. [2000]
were also useful for additional comparison. Sixteen parallel scratches can be observed. The scratches
are divided into twelve on the left and four on the right, separated by a small gap. The marks could
have been caused by the teeth in the lower jaw of an orca trying to grab the shark from above. Orcas have
ten to twelve large, recurved teeth in each half of both jaws, which are oval in cross section [Jefferson
etal., 1993]. The twelve scratches on the left match the twelve teeth in the orca’s left half of the lower jaw,
and the four scratches on the right match the first four teeth in the cetacean’s right half of the lower
jaw, while the small gap in between matches the space at the mandibular symphysis (Fig. 2). The ap-
pearance of the scratches seems to indicate that they were inflicted with significant force. It is likely,
the marks were enhanced by the vigorous movement that the shark may have made in order to escape
the attack of the large cetacean.

Predation on great white sharks by orcas
is very rare. Only two cases were recorded to date
outside South Africa, the first of them occurring
on 4 October, 1997, at Southeast Farallon Island,
California [Pyle et al., 1999], and the second oc-
curring on 2 February, 2015, at the Neptune Is-
lands, South Australia [Fisher, 2015]. In South
Africa, a few cases have been reported. The first
case was recorded on 15 March, 2002, in Plet-
tenberg Bay [Best et al., 2010]. In 2015, a pair
of male orcas, known as Port and Starboard  Fig. 2. Close-up of the tooth rake marks on the left

and easily recognizable because of their collapsed side of the estimated 3.5-m female great white shark
observed on 7 July, 2017, at Seal Island in False

dorsal fins, were recorded preying on broadnose  Bay, South Africa. The numbers indicate the twelve

sevengill sharks in False Bay [Engelbrecht et al., ~ scratches on the left matching the twelve teeth
in the orca’s left half of the lower jaw and the four
2019]. More recently, Towner et al. [2022] re-  gcragches matching the first four teeth in the orca’s

ported five cases of predation on great white  right half of the lower jaw. Photo by Alessandro
De Maddalena

sharks by the same pair of male orcas near Gans-
baai, Western Cape, South Africa, recorded between February and June in 2017. Great white sharks
moved from the area following these predatory events and in response to more sightings of the same
orcas and other orcas. Gansbaai is located approximately 100 km east of False Bay. The fact that
the observation reported herein occurred in July 2017, immediately after the above-mentioned series
of predatory events, suggests that the same pair of orcas may have attempted to prey on the great white
shark described in this article, but this time without success. Apart from the rake marks, the shark
appeared to be perfectly fine, swimming normally and being very active and fast.

The arrival or the departure of large predators at the top of the pyramid of biomass at any site can
rapidly induce changes at lower trophic levels. Orca predation on great white sharks induces emigration
of sharks from a given site. Individual great white sharks may not return for weeks or months, and in their
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absence the number of other sharks, such as bronze whalers and broadnose sevengills, may temporarily
increase on that site [Andrew Fox, personal communication; Jorgensen et al., 2019; Pyle et al., 1999;
Towner et al., 2022].

Conclusion. To the best of the author’s knowledge, the observation of a live great white shark bearing
tooth rake marks by an orca described in this article is the first case of its kind reported in the scientific
literature. This observation is especially interesting because it represents the evidence that great white
sharks can survive an attack by an orca, and it does not necessarily have to succumb in the confrontation
between the two species. We should expect more such cases to be reported from the observation area
in the future.
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CBUJIETEJIbCTBO HEYJJAUHOW ATAKA
KOCATKOM ORCINUS ORCA (LINNAEUS, 1758)
BOJIBIIION BEJION AKYJIBI CARCHARODON CARCHARIAS (LINNAEUS, 1758)

A. le Magnanena

Me:xaynapoaHas mporpamMma «Mopckue Hayku», Munanckuil yauBepcuteT bukokka, Munan, Utamus

E-mail: alessandrodemaddalena@gmail.com

IpencraBneHo nepBoe HaOMoOAEHHUE KUBOK OOIIbINON Oenolt akynsl Carcharodon carcharias co cnepa-
MU 3y00B KocaTtku Orcinus orca Ha 1eBOM OOKy. AKyJia JUIMHOX OKO0JIO 3,5 M Oblla 3aMedeHa 7 UioJist
2017 r. y ocrpoBa Cui, B 3asmuBe Posnc-beit, 3anannsiii Kein, I0xHas Adprka. JanHoe HabmoneHye
CBUZETENIBCTBYET O TOM, YTO OOJIbIIME Oesble aKyJIbl MOTYT HEPEXUTh HallaieHUe KOCATKH.

KiroueBbie ciaoBa: Oojbliass Oenast akyna, Carcharodon carcharias, xocatka, Orcinus orca,

®doic-ben, IOAP
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The effect of salicylic acid at different concentrations on growth dynamics of Isochrysis galbana
Parke, 1949 in the batch culture was estimated. The cultivation was carried out in monoculture. The rise
in algal biomass was evaluated by an increase in cell abundance (cells were counted in each experiment
in the Goryaev chamber in triplicate under a light microscope). The experiments lasted for 7 days.
As found, salicylic acid at concentrations from 2.8 x 107 t0 5.6 x 107 mol-L™! had a stimulating effect
on the growth dynamics of . galbana cells, compared with the control group. The maximum cell growth
in culture was recorded with the addition of 2.8 x 10”7 mol-L™! of salicylic acid, and the specific growth
rate at a given concentration on the 7™ day of the experiment was 1.2 times higher than in the control
group. Biochemical parameters of I. galbana culture with salicylic acid added (2.8 x 1077 mol-L™")
during 7 days of the experiment were estimated in comparison with parameters of the control group.
In the experimental group, the maximum protein content was noted on the 7™ day of the experiment.
A rise was 76.9% compared to the initial value. As shown, the maximum increase in the content of lipids
and carbohydrates in the experimental group occurred on the 5" day. A rise in the values of these indi-
cators was 41.7 and 87%, respectively. Chlorophyll content increased throughout the entire experiment
both in the control and experimental groups, and the highest value was registered for the experimental

group.
Keywords: microalgae, cultivation, Isochrysis galbana, phytohormones, salicylic acid

Marine microalgae play a fundamental role in fish and mollusc feeding, especially in the coastal zones.
In aquaculture, one of the most widely used microalgae is Isochrysis galbana Parke, 1949 (Haptophyta) —
due to its high content of polyunsaturated fatty acids [Sanchez et al., 2013].

L. galbana is mainly used to feed bivalve larvae and early juveniles. For most larvae, the artificial
breeding occurs during periods of high temperature; this can alter the lipid composition of I galbana
and affect its nutritional value.

Obtaining cultures with a stable composition of nutrients is difficult because of its wide variability
under the effect of both techniques and conditions of the media used. Specifically, it was noted as follows:
arise in salinity from 5 to 50 g-L™! reduces the production of total lipids in I. galbana by 2 times [Cafiavate
et al., 2020]. At the same time, an increase in the time of the light regime during cultivation contributes
to a rise in docosahexaenoic acid production by the alga by 1.6 times [Tzovenis et al., 1997].
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However, cultivation in open water basins is unstable and requires optimization of the main param-
eters (pH and volume of culture, gas exchange, and flow rate), and this ultimately affects the productiv-
ity of photosynthesis [Van Bergeijk et al., 2007]. One of the ways to regulate the cultivation efficiency
of microalgae and their biochemical composition is the use of phytohormones. These substances are con-
sidered as exogenous bioregulators affecting both the resistance of microalgae to environmental factors
and the processes of lipid and pigment biosynthesis [Priyadarshani, Rath, 2012; Romanenko et al., 2016].
However, the effect of phytohormones on different microalgal species may differ greatly. Information
on the effect of various groups of these chemical compounds on physiological and biochemical parame-
ters of microalgae remains fragmentary; moreover, the values depend on their concentrations in different
growth phases.

Investigations of microalgal phytohormones — food objects for molluscs and invertebrates — are rare
and mainly concern the development of methods for their cultivation in order to extract biologically
active metabolites (carotenoids and chlorophylls). The issues of the effect of exogenous growth promoters
on the cultures of microalgae and their biochemical composition remain understudied. At the same time,
knowledge on the physiological effects of phytohormones opens up an industrial perspective for their use
on mariculture farms [Kovalev et al., 2021].

The aim of this work was to evaluate the effect of various concentrations of salicylic acid on I. galbana
growth and biochemical composition in the batch culture.

MATERIAL AND METHODS

We used 1. galbana culture from the collection of the Research and Production Department of Mar-
iculture of the Far Eastern State Technical Fisheries University. The alga was grown in a batch
mode on the nutrient medium f/2. This medium is prepared on the basis of filtered and sterilized
seawater, with the addition of solutions of mineral salts (NaNOj; NaH,PO4-H,0; Na,SiO3-9H,0),
trace elements (CuSOy4-5H,0; ZnSO,4-7H,0; CoCl,-6H,0; MnCl,-4H,0; Na,Mo0O4-2H,0; EDTA-Na,;
FeCls-6H,0), and vitamins (By; B7; By,) [Guillard, 1975]. The algal culture was maintained under con-
stant conditions: temperature of +21...423 °C, irradiance of 8—10 klx, photoperiod 8 : 16 h (light : dark),
and periodic stirring (4-5 times a day).

In the experiments, salicylic acid (“NevaReaktiv”, Russia) was used as a phytohormone at four con-
centrations: 2.8 x 107;5.6 x 1077; 8 x 107;and 11.2 x 107" mol-L". During the experiments, 1. galbana
was kept in 1-L glass heatproof conical flasks. Into sterile flasks, 400 mL of clean filtered and sterilized
seawater, 2 mL of the nutrient medium, and 100 mL of algal culture were poured. In four flasks, a phy-
tohormone was added at the beginning of the experiment. The fifth flask was a control: the alga was
cultivated with no growth promoters.

The cultivation was carried out in monoculture. A rise in algal biomass was determined by an increase
in cell abundance (cells were counted in each experiment in the Goryaev chamber in triplicate under
a light microscope). The experiment lasted for 7 days.

To determine the content of total carbohydrates, a sample of algal suspension was subjected to acid
hydrolysis. The core of this process is as follows: formed monosaccharide units are converted into furfural
derivatives, which form colored compounds upon addition of L-tryptophan to the solution, and those
absorb light at a wavelength of 540 nm [Laurens et al., 2012].

Sample preparation for protein determination was carried out according to [Herbert et al., 1971].
Protein content was detected by the Lowry method [Lowry et al., 1951].
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Total content of lipids was determined by the method based on the color reaction of vanillin
in acidic medium with lipids, with the formation of intense staining. Chromogenic groups are hydroxyl
and carbonyl ones [Johnson et al., 1977].

Total chlorophyll was isolated by acetone extraction from pre-frozen algal biomass [Carneiro et al.,
2019]. Quantitative chlorophyll content was determined spectrophotometrically at wavelengths of 630,
647, 664, and 750 nm. As a control, 90% acetone was used [Aminot, Ray, 2000].

The specific growth rate was calculated according to [Trenkenshu, Lelekov, 2017].
RESULTS

The effect of different concentrations of salicylic acid on I galbana growth dynamics in the batch
culture was analyzed.

As shown, salicylic acid at concentrations from 2.8 x 107 t0 5.6 x 1077 mol-L™! stimulated the cul-
ture growth. This effect was the greatest at 2.8 x 1077 mol-L™!: the culture growth was 935.4%.
The growth of the control culture during the same period was 744.7% (Fig. 1). Interestingly, the dif-
ference between the culture density for 1. galbana of the control group and the experimental one, grown
at 2.8 x 107" mol-L™! salicylic acid, was 190.7%, or 1.84 million cells-mL™".

1000
800
600
400

200

Increase number of cells (%)

Fig. 1. Growth dynamics of Isochrysis galbana culture using salicylic acid (x 10~7 mol-L™!) (C denotes
control)

Positive values of the specific growth rate indirectly confirm the synthesis rate of the main biochem-
ical components of microalgae. During the initial stages of cell culture growth, there is a shift in the bio-
chemical composition of microalgae; in the exponential phase, the biochemical composition does not
change [Trenkenshu, Lelekov, 2017].

The calculation of the specific growth rate (u) of the microalga showed its linearity in the first
2 days of cultivation. The specific growth rate of the culture during 5 days of exposure to salicylic
acid at a concentration of 2.8 x 10”7 mol-L™! did not differ from that for the control group (Fig. 2).

In the experimental group of I galbana cultivated using salicylic acid at 2.8 x 1077 mol-L™!,

on the 7™ day, the specific growth rate was 1.2 times higher compared to that for the control
group (Fig. 2).
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Specific growth rate (-day!)

Fig. 2. Specific growth rate of Isochrysis galbana culture using salicylic acid (2.8 x 1077 mol-L™")

(C denotes control)

In the first 5 days of cultivation, in the control group, there was an increase in the protein content
by 23%. In the experimental group (with salicylic acid added), a rise in the protein concentration was 69%.
Further cultivation of the microalga (up to 7 days) led to a decrease in the protein content in the control

group and to an increase by 4.5% in the experimental group (Table 1).

Table 1. Effect of salicylic acid (2.8 x 10~7 mol-L~") on Isochrysis galbana biochemical parameters

Protein, Carbohydrates, Lipids, Chlorophyll, Cultur'e Qens1ty,
Parameter ug-mL~! ugmlL-! ugml-! ug:mL-! mﬂhon_1
cells-mL

0 days

(S: 3.9 10.7 4.8 0.12 0.78
5 days

C 4.8 13.0 39 0.49 1.64

S 6.6 20.1 6.8 0.59 2.02
7 days

C 4.3 11.5 4.2 0.65 1.89

S 6.9 15.5 6.1 0.76 3.73

Note: C denotes control; S denotes salicylic acid.

The dynamics of changes in the concentration of carbohydrates in culture for 5 days is similar
to the dynamics of changes in the protein content. In the control group, an increase by 21.5% was
noted; in the experimental group, a rise by 87.9% was recorded. Further cultivation resulted in a de-
crease in the concentration of carbohydrates in the control group by 11.5%; in the experimental group,
there was a drop by 22.9% (Table 1).

The study showed as follows: while cultivating the control group, the content of lipids dropped;
the maximum decrease was registered on the 5™ day and amounted to 18.8% compared to the concen-
tration of lipids in the initial culture. At the same time, in the culture of I. galbana grown with salicylic
acid added, an increase in the content of lipids for 5 days was 41.7%. It should be noted that further
cultivation was accompanied by a decrease in the value by 10.3% (Table 1).
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Positive growth dynamics of chlorophyll content was recorded in both groups during the entire
period of cultivation. The increase in chlorophyll concentration in the control group on the 5" day
was 308.3%; on the 7™ day, it was 441.7%. The values for the experimental group were 391.7
and 533.3%, respectively (Table 1).

DISCUSSION

1. galbana is widely used in aquaculture as a live food. The biochemical composition of microalgae
may vary depending on the conditions of their cultivation (growth phase, cultivation mode, tempera-
ture, irradiance, nutrient medium composition, efc.). It is important to know the biochemical composi-
tion of microalgae as a live food. The growth rate and survival of bivalve larvae are known to depend
on the quality of the food, and this is determined by the composition of algae — content of protein,
carbohydrates, and lipids [Shields, Lupatsch, 2012].

In terms of size and biochemical parameters, the analyzed species is optimal as a part of bivalve
diet. However, I. galbana cultivation in photobioreactor systems depends on many factors; moreover,
it is expensive and unstable in terms of the quantity and quality of biomass produced [Alkhamis, Qin,
2013; Tabelskaya, Kalinina, 2021].

One of the ways to reduce production costs in marine microalgae aquaculture is the use of media
supplemented with growth promoters. The use of such regulators is a new strategy for the commercial
cultivation of microalgae aimed at improving growth rates and bioproduct synthesis.

Our study showed that salicylic acid stimulated the quantitative growth of 1. galbana culture by 378%.
At the same time, as established earlier, salicylic acid at a concentration of 3.75 x 10™ mol-L! stimu-
lated the quantitative growth of the culture of Tetraselmis suecica (Kylin) Butcher, 1959 (Chlorophyta)
by 415%. Obviously, the physiological effects of salicylic acid on microalgae are species-specific.

During the experiments, the maximum increase in the concentration of carbohydrates and lipids
was revealed on the 5™ day of cultivation with the use of salicylic acid. At the same time, in the course
of previous studies on 1. galbana, it was found that the use of a medium with the addition of agricultural
fertilizers and the nutrient medium f/2 led to a decrease in the content of carbohydrates and lipids
during the first 5 days and to accumulation of the maximum amount of protein [Valenzuela-Espinoza
et al., 2002]. Our investigations showed that further cultivation (up to 7 days) does not affect the protein
concentration in the culture. Interestingly, the growth-promoting concentration of salicylic acid reduced
the content of protein and lipids in 7. suecica with a cultivation period of 14 days.

Lipids are the main source of energy during bivalve larvae development. To complete the metamor-
phosis of Magallana gigas (Thunberg, 1793), the content of lipids in the feed must reach a certain level.
When oyster spat feeds on microalgae with high concentration of lipids, a higher growth rate and survival
of larvae are recorded. It should be noted as follows: during 1. galbana cultivation under mixotrophic
conditions, the growth and quantitative content of lipids were stimulated by the introduction of glycerol
into the medium as an additional carbon source [Danesh et al., 2019].

Chlorophyll content increased during the entire period of 1. galbana cultivation both in the experi-
mental and control groups. However, a more significant rise in chlorophyll concentration during /. gal-
bana cultivation with the addition of salicylic acid indicates an intensifying effect of this stimulant.
This, in its turn, affects the biochemical composition of microalgal biomass.

Salicylic acid derivatives stimulate biochemical processes in microalgae as well. Specifically,
Madani et al. [2020] showed that 2,4-dichloroacetic acid at a concentration of 2 mg-L™! noticeably
increased the content of protein and polyunsaturated fatty acids in 1. galbana.
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The data obtained by the same researchers [Madani et al., 2021] indicate the effectiveness of improv-
ing 1. galbana growth when using gibberellic acid at a concentration of 4 mg-L™!. It is noted that an in-
crease in phytohormone concentration from 2 to 6 mg-L™" led to a rise in the concentration of lipids, but
to a drop in the content of carbohydrates in terms of the dry weight of the alga. Chlorophyll concentration
did not change.

Our study showed that the maximum content of protein, lipids, and carbohydrates was recorded
on the 5" day of 1. galbana cultivation with the addition of 2.8 x 107" mol-L™" salicylic acid to the medium.
The results obtained can be of practical importance in their industrial application — to optimize
the microalga cultivation for mariculture purposes.

Conclusions:

1. The effect of various concentrations of salicylic acid on the growth and biochemical parameters
of the mixotrophic culture of Isochrysis galbana was evaluated. Salicylic acid at concentrations
from 2.8 x 107 to 5.6 x 1077 mol-L™! stimulated the quantitative growth of the microalga cells;
at concentrations exceeding 8.0 x 10”7 mol-L™, it inhibited the growth.

2. The effective concentration of salicylic acid — 2.8 x 1077 mol-L™' — stimulated the accumulation
of protein in the culture by 23% on the 5" day; carbohydrates, by 87.9%; and lipids, by 41.7%.

3. Cultivation of Isochrysis galbana culture for more than 5 days was accompanied by a decrease
in the parameters of biochemical composition. This must be taken into account when the microalga
is used as the feed during the cultivation of invertebrates.

This work was carried out within the framework of the state research assignment No. 121031300015-5.
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POCT ISOCHRYSIS GALBANA PARKE, 1949 (HAPTOPHYTA)
B MUKCOTPO®HBIX YCJIOBUAX
C UCHIOJIb30BAHUEM CAJIMITNJIOBOY KHUCJIOTBI

H. H. KoBauxes, C. E. JleckoBa, E. B. MuxeeB

JaIbHEBOCTOUYHBII TOCYAAPCTBEHHBIN TEXHUUECKUH PHIOOX03SIICTBEHHBIN YHUBEPCHUTET,
BnanuBoctok, Poccuiickas ®eneparwist
E-mail: kovalevnn6 1 @yandex.ru

[TpoBesneHa OLieHKA BIWSHMS Pa3IWYHBIX KOHIEHTPALMH CATMLMIOBON KHUCIOTH HAa OUHAMHUKY PO-
cra Isochrysis galbana Parke, 1949 B HakonuTenpHON KysabType. KyJabTHBHpOBaHME OCYILECTBIISIIN
B MOHOKYJbTYpe. [Ipupoct 6roMaccsl Bofopociell HaXOOWIM N0 YBEJMUYCHHUIO YMCiIa KJIETOK, Mpo-
CUMTaHHBIX B KaXJOM OmbiTe B Kamepe ['opsieBa B TPEX MOBTOPHOCTAX IOJ CBETOBBIM MHKPOCKO-
oM. ITpofoIIKUTENIBHOCTD IKCIIEPUMEHTOB COCTABJIAIA 7 CYTOK. YCTaHOBJIEHO, YTO KOHLIEHTPALUU
CAMIIIOBOM KUCIOTH oT 2,8 x 1077 10 5,6 x 10~/ Momb-1~! okaspBanm crumymmpyiomee Bo3aeii-
CTBHC Ha AWHAMUKY POCTa KJIETOK I. galbana 1o CpaBHEHMIO C KOHTPOJIBHOU Ipymmoi. Makcrumaib-
HBII IPHPOCT KJIETOK B KYJIbTYpEe OTMEUEH IPH JOOABIEHUH CATUIIIOBOI KHUCIOTH B KOHIIEHTPALN
2,8 x 1077 Monb-~!, mpiuém yzespHas CKOPOCTh POCTA IPH TAHHOM KOHIIEHTPAINK Ha 7-€ CYTKH 9KC-
nepuMeHTa Obuta B 1,2 pasa Bblllle, YeM B KOHTPOJIbHOM rpymne. [IpoBeeHa oLeHka OMOXMMUYECKUX
HoKazateJiel KyJIbTypbl Bogopocie 1. galbana ¢ 1o6aBneHneM CaTMUMIOBOM KUCIOTHI B KOHLEHTpa-
m 2,8 x 1077 Mosb-1~! B TeueHue 7 cyTok 9KCTIEPUMEHTA B CPABHEHHH C TIOKA3aTelIAMK KOHTPOJTb-
HOH Tpynnbl. MakcuManbHOe coliepkaHue Oellka B SKCIEPUMEHTAIbHOM TpyIle 3aperiCTpUpPOBaHO
Ha 7-€& CyTKU OIbITa. YBeJIMUeHne CoCcTaBIsuIo 76,9 % 1no cpaBHEHUIO ¢ HaYaIbHBIM 3HaveHneM. [loka-
3aHO, YTO MAaKCUMAJIbHBIA POCT COAEPKaHMU S JIUITUIOB U YIJIEBOJOB B 9KCIIEPUMEHTAIBHOM I'PYIITE MPU-
Xoauics Ha 5-e cyTKu ombita. [Iprpoct 3HaueHn 1Mo 3TiM nokaszaTessim coctasisiia 41,7 u 87 % coort-
BeTcTBeHHO. ConeprkaHue XJI0poduiuia pociio Ha MPOTSKEHUH BCEr'O BPEMEHH OINBITA KaK B KOHTPOJIb-
HOMH, TaK U B 9KCIIEPUMEHTAJIbHOM I'PYyIIIe, IPU 3TOM HauOoJIblllee 3HAUEHUE M0Ka3aTessl OTMEUEHO
IU151 SKCIIEPUMEHTAIbHOM TPYIIIIBL.

KiroueBble ciaoBa: MHKPOBOJOPOCHH, KyJIbTHBUpOBaHUE, Isochrysis galbana, ¢uTOrOpMOHSI,
CaJTMIIMIIOBAsT KMCJIOTa
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Incorporation of microplastics (MP) into the microbial food web and its further transport to higher
trophic levels have been hitherto poorly studied. In this work, the patterns of MP ingestion
by the unicellular heterotrophic dinoflagellate Oxyrrhis marina (OXY) were analyzed. The prym-
nesiophycean Isochrysis galbana (ISO), 5.6-um polystyrene microspheres (MS), and their mix-
ture (ISO-MS) were used as food objects for O. marina. Dynamics of the abundance of mi-
croorganisms and microspheres was investigated using a flow cytometer. As shown, the het-
erotroph O. marina ingested MP even in the presence of its natural prey (microalgae), and feed-
ing on MP did not result in a decrease in the dinoflagellate abundance. The grazing rates
of “preys” in the OXY-ISO-MS mixture were (0.21 + 0.01) MS-cell .h™ (+ standard deviation)
and (0.38 % 0.01) ISO-cell "-h™". These rates were significantly lower than in the mono-diet experi-
ments — with OXY-ISO [(1.93 % 0.68) ISO-cell"-h™"] and OXY-MS [(0.45 * 0.04) MS-cell -h™"].
Thus, the expansion of the range of food objects led to a decrease in the grazing rate. In the mono-
diet experiments, the clearance rates were (0.12 = 0.04) and (0.19 £ 0.06) uL-cell_l-h_1 for OXY-ISO
and OXY-MS, respectively; thereby, O. marina spent less time on capturing ISO cells than on cap-
turing MS. The same pattern was observed in the experiments with the OXY-ISO-MS mix-
ture: the clearance rate for microalgae [(0.17 + 0.02) uL-cell h™!] was slightly lower than that
for MS [(0.19 + 0.003) uL-cell -h']. Since O. marina re-consumed MS even in the presence of its
natural food object (I. galbana), no trophic adaptation of the dinoflagellate to MS occurred. No se-
lective grazing of O. marina for any “prey” was revealed, either ISO or MS. The obtained results
indicate the possibility (and high probability) of the incorporation of MP into the microbial food web
and the significant role of unicellular organisms in the transport of MP to higher trophic levels.

Keywords: microplastics, ingestion, microspheres, microalgae, persistent organic pollutants, trophic
transport, Oxyrrhis marina, Isochrysis galbana
The rapid development of plastics production in recent decades has led to the problem of accumula-
tion of related waste. Marine debris is at least 60% plastic [Kozlovskii, Blinovskaia, 2015]. In the marine
environment, its polymer base undergoes hydrolysis, photolysis, and microbiological redox reactions;
this results in the degradation of plastic fragments [Ateia et al., 2020; Auta et al., 2017] and the for-
mation of particles of various size, including microscopic ones (less than 5 mm), which many re-
searchers [Barnes et al., 2009; Betts, 2008; Fendall, Sewell, 2009; Moore, 2008; Stgttrup et al., 1986]
consider microplastics (hereinafter MP). One of the main environmental risks associated with MP is their
bioavailability to marine hydrobionts [Desforges et al., 2015; Egbeocha et al., 2018]. Having a positive
or neutral buoyancy [Van Cauwenberghe et al., 2015], MP are incorporated into food webs of aquatic
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biota since MP are comparable in size to phytoplankton — the initial link of a food web. By entering
the gastrointestinal tract of zooplankton, MP can form aggregates; this, in turn, leads to a reduced excre-
tion rate [Egbeocha et al., 2018; Ogonowski et al., 2016] and, consequently, to an increased probability
of MP transport to higher trophic levels. In addition to physiological damage to an organism (move-
ment disorder, false satiety, etc.), the negative effect of this process is related to MP vector function:
MP are involved in the transport of toxic substances included in their composition (plasticizers, dyes,
styrene, antimicrobials, and so on) via the food web [Egbeocha et al., 2018; Kwon et al., 2014; Wright
et al., 2013]. During grazing, these substances can leach and accumulate in animal tissues [Batel et al.,
2016; Kozlovskii, Blinovskaia, 2015]. Moreover, polymer particles adsorb hydrophobic persistent or-
ganic pollutants which are present in seawater [Ogata et al., 2009], and this increases their bioavail-
ability for MP uptake by marine biota [Batel et al., 2016]. Concentrations of persistent organic pollu-
tants on MP surface can be several times higher than background levels [Avio et al., 2015]. This carries
a risk of the transport of toxins from animal intestinal tract to tissues [Avio et al., 2015; Koelmans, 2015;
Rehse et al., 2016; Watts et al., 2014], and hydrobionts inhabiting coastal waters are most vulnerable
to this adverse effect [McCormick et al., 2016].

The relationship between MP pollution and trophic processes in microorganisms that form the basis
of the food web is poorly studied [Rehse et al., 2016]. In the present work, we analyzed the incorpo-
ration into the diet of a heterotrophic dinoflagellate Oxyrrhis marina Dujardin, 1841 — an inhabitant
of the Black Sea coasts — of MP that correspond in size to cells of microalgae (the main food item
of this species under natural conditions). O. marina was chosen as an object of study due to the fact
that this dinoflagellate inhabits the coastal zone most exposed to MP pollution and, therefore, is at risk.
Moreover, it is one of the main phyto- and bacterioplankton consumers in coastal marine ecosystems
and the species actively involved in carbon recycling [Hansen, 1991; Roberts et al., 2010]. O. ma-
rina is successfully used in aquaculture production to feed copepods [Stgttrup et al., 1986] — the main
and highest quality feed for fish larvae [Khanaichenko, Bityukova, 1999]. Interestingly, 90% of aquacul-
ture equipment is made of various types of plastics, and this, due to the factors described above, inevitably
leads to MP pollution of the environment where hydrobionts are cultured. The possibility of MP incor-
poration into food webs significantly reduces the quality of final aquaculture products [Wu et al., 2020].
Thus, the heterotrophic dinoflagellate O. marina can serve as a model object to study plastic consumption
by unicellular organisms.

The aim of this work was to study the presence/absence in O. marina of grazing selectivity to-
wards MP and cells of the haptophyte microalga Isochrysis galbana Parke, 1949 in their food mixture
and to quantify several trophic indicators of each of these food items, including the medium clearance
rate (F) and grazing rate (G).

MATERIAL AND METHODS

We carried out a comparative analysis of the main indicators of cell consumption of the haptophyte
I. galbana and plastic microspheres by the dinoflagellate O. marina: the clearance rate (captured volume
per cell per time unit) (F); grazing rate (cell abundance per cell per time unit) (G); and selective grazing
of one or another “prey” in the mixture.

In the experiment, we used O. marina and I. galbana cultures from the working collection of IBSS
aquaculture and marine pharmacology department, as well as Polychromatic Red polystyrene dyed
microspheres, 5.6 um in diameter (excitation, 491 nm; manufacturer, Polysciences, Inc., the USA).
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Microalgae were cultured on Walne medium [Coutteau, 1996] at (24 *+ 1) °C, constant irradiance
of 5,000 lux, without aeration. Aliquots of cultures were used in the exponential growth phase. O. marina
culture was pre-adapted to the experimental conditions and maintained for a day without feed.

Experimental scheme. . galbana, microspheres, and their mixture (hereinafter ISO, MS,
and ISO-MS, respectively) were introduced as food items into prepared O. marina culture (hereinafter
OXY) so that the total volume of the medium was 18 mL. The incubation in conical glass vessels lasted
for 3 h under constant stirring.

To account for MS loss due to their settling and adhering to vessel walls, an additional glass ves-
sel was placed — the one containing only nutrient medium and MS. Thus, the abundance dynamics
of microorganisms and MS was studied in four types of vessels (each in three replicates): 1) OXY-ISO;
2) OXY-MS; 3) OXY-ISO-MS; and 4) MS. The initial abundance of O. marina, 1. galbana, and MS
in the experimental vessels was as follows: from 25 x 10° to 50 x 10% cells-mL™" (OXY); from 10 x 10°
to 50 x 10? cells-mL™" (ISO); and from 5 x 10° to 10 x 10> MS-mL"™".

Cell condition monitoring and quantification of microorganisms and MS were performed by mi-
croscopy techniques and flow cytometry. Specifically, 1 mL of a sub-sample was taken from every
experimental vessel at the very beginning and then every 20 min.

The clearance rate (F) and grazing rate (G) were calculated according to [Frost, 1972], but a feeding-
independent process — MS adhering to vessel walls — was taken into account as well. To study the graz-
ing selectivity of O. marina with a mixture of I galbana and MS (the OXY-ISO-MS experiment),
the selectivity index was used [Ivlev, 1961]. It was calculated as follows: (Ri — Pi) / (Ri + Pi),
where R; is the proportion of the i-th food item in the predator diet; P; is the proportion of the i-th
food item in the medium. The values of the selectivity index varied from —1 (complete avoidance)
to +1 (maximum preference).

Microscopy. MS and microorganisms were microphotographed under a Nikon Eclipse TS100-F
microscope equipped with a digital camera, in epifluorescence mode (a set of light filters for excitation
in the blue area of the spectrum). Due to bright green fluorescence, MS were clearly visible in the nutrient
medium and in O. marina digestive vacuoles (see Fig. 2).

Cytometric analysis. A CytomicsTM FC500 flow cytometer (Beckman Coulter, the USA),
equipped with a 488-nm single-phase argon laser, and CXP software were used to study abundance dy-
namics of MS and abundance and size of O. marina and I. galbana cells in the experimental vessels. Total
microalgae abundance was determined in unstained samples by gating a cell population on 2-parameter
cytograms — forward scatter (FS) and autofluorescence in the red (FL4, 675 nm) and green (FL1, 525 nm)
areas of the spectrum on dimensionless logarithmic scales (Fig. 1).

MS and microalgae concentrations were calculated from sample flow rates (15 and 60 pL-min!,
respectively), time of counting (100-360 s), and the abundance of cells (or MS) recorded during this
time interval (in microalgae samples, a minimum of 3,000 cells for each replicate). Measurement qual-
ity was controlled using Flow-Check™ calibration fluorospheres (Beckman Coulter) with a known
concentration in the sample.

RESULTS

A rapid decline in the abundance of MS indicated high rates of their grazing by the dinoflagel-
late. Specifically, within the first hour of the experiment, MS abundance dropped to extremely low
values (< 10> MS-mL™) in all vessels (see Fig. 3A, C). O. marina cells containing MS in their digestive
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vacuoles acquired green fluorescence. As a consequence, a subcluster of points with high FL1 values
was formed on the cytograms (Fig. 1).
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Fig. 1. Gating of the heterotrophic dinoflagellate Oxyrrhis marina (OXY) and its food objects [polystyrene
microspheres (MS) and the haptophyte Isochrysis galbana (1SO)] on two-parameter cytograms — of forward
scatter (FS) and of red (FL4, 675 nm) and green (FL1, 525 nm) fluorescence. OXY* denotes dinoflagellate

cells grazing both I galbana and microspheres; OXY**, dinoflagellate cells with microspheres in their
digestive vacuoles

MS grazing by Oxyrrhis marina cells was recorded under a microscope as well. In some cases,
up to 5-6 brightly fluorescent microspheres could be identified in digestive vacuoles of one cell (Fig. 2).

Fig. 2. Cells of the dinoflagellate Oxyrrhis marina with one (A) and several (B) microspheres in its digestive
vacuoles in bright field (images on the left) and in epifluorescence mode (images on the right)

During the first 2 hours of the experiment, the dinoflagellate almost completely grazed I. gal-
bana (Fig. 3B). MS abundance in the medium was restored with time and reached about 10°> MS-mL™
by the end of the experiment (Fig. 3A, C). Such an unusual dynamics occurs since MP cannot be di-

gested in digestive vacuoles. An increase in MS abundance meant that the dinoflagellate excreted them
back into the medium.
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Fig. 3. Dynamics of the abundance of microspheres (MS), the haptophyte Isochrysis galbana (ISO),
and the heterotrophic dinoflagellate Oxyrrhis marina (OXY) in the experimental vessels with different
diets: A, microspheres only (OXY-MS); B, haptophytes only (OXY-ISO); C, the mixture (OXY-ISO-MS).
Dynamics of O. marina cell abundance with MS in their digestive vacuoles (OXY**) is shown separately
in plots A and C

Thus, a sharp drop in MS concentration in the medium at the initial stage of the experiment resulted
from MS rapid grazing and their accumulation in digestive vacuoles. Then, MS were excreted back into
the medium, and this led to a “compensation” of their abundance, which, however, did not reach the initial
values. In accordance with this scheme of the processes, the abundance of O. marina cells containing
MS in their vacuoles first increased and then reached a certain plateau (Fig. 3A, C).

The values of O. marina abundance in all series of the vessels remained almost the same throughout
the experiments (Fig. 3A, B, C). This could indicate the lack of negative effect of MS on the dinoflagellate
division rate. However, the duration of the experiments may have been insufficient to reveal such an effect.

Calculations of the clearance rates (F) by the dinoflagellate showed as follows. In the OXY-ISO
series, the F value was (0.12 = 0.04) pL-cells_l-h_l; this was lower than in the OXY-MS series
[(0.19 + 0.06) pL-cells"-h™']. So, in the first case, O. marina cells captured a smaller volume per time
unit than in the second case (Fig. 4). Moreover, O. marina cells spent less time on capturing /. galbana
cells than on capturing MS.

The same pattern, though to a lesser extent, was maintained in the series with the mixture
of microalgae and microspheres as the feed (OXY-ISO-MS). The clearance rate calculated tak-
ing into account the haptophyte microalgae [(0.17 * 0.02) pL-cells™-h™'] was slightly lower than
the value obtained for MS [(0.19 * 0.003) pL-cells"-h™] (Fig. 4). The grazing rates (G) of these
two “preys” in the OXY-ISO-MS mixture were (0.21 * 0.01) MS-cells.h™! (+ standard devia-
tion) and (0.38 * 0.01) ISO-cells"-h™!. These values were significantly lower than in the OXY-ISO
and OXY-MS mono-diet experiments [(1.93  0.68) ISO-cells"-h™ and (0.45 £ 0.04) MS-cells™-h™, re-
spectively], i. e., the expansion of the range of food items resulted in a decrease in the grazing rate (Fig. 4).
The maximum of G was observed in the OXY-ISO experiment [(1.93 * 0.68) ISO-cells™'-h™!] (Fig. 4),
which means that O. marina consumed 1. galbana with the highest efficiency.

However, differences in the grazing rates and clearance rates did not affect O. marina grazing selec-
tivity. The values of the Ivlev selectivity index obtained for I. galbana and MS were close to zero (—0.03
and 0.05, respectively), which reflected the lack of grazing selectivity: the dinoflagellate ingested MP
on a par with live food. This result indicated that MP could be incorporated into the food web of marine
ecosystems at the lowest trophic levels.
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Fig. 4. Grazing rate (G) for the heterotroph Oxyrrhis marina (OXY) [the “preys” are the haptophyte
Isochrysis galbana (1ISO) and polystyrene microspheres (MS)] and clearance rate (F) for O. marina cells
in the experimental vessels with different diets: OXY-MS, microspheres only; OXY-ISO, microalgae only;
OXY-ISO-MS, the mixture of microalgae and microspheres

DISCUSSION

To date, reports on MP consumption by multicellular hydrobionts (detritophages, Artemia, copepods,
mussels, crabs, efc.) are quite numerous [Batel et al., 2016; Egbeocha et al., 2018; Procter et al., 2019;
Watts et al., 2014; Wu et al., 2020], whereas the incorporation of artificial particles into the diet of uni-
cellular organisms has been studied poorly [Christaki et al., 1998; Rillig, Bonkowski, 2018]. Our results
fill this gap to some extent by demonstrating the ability of marine protists to actively consume MP. How-
ever, we had to question the ability of the heterotrophic dinoflagellate O. marina to distinguish artificial
particles from its normal food items — unicellular microorganisms.

The ideas of chemotactic or other warning signals in heterotrophic protists, which enable them to rec-
ognize plastic particles and prevent their phagocytosis, remain rather controversial. Specifically, O. ma-
rina is known for size-selective grazing [Hansen et al., 1996]. It has also been noted in several studies
that O. marina may reject certain types of food items after capturing prey, at the stage of grazing [Flynn
et al., 1996; Hansen et al., 1996; Wolfe et al., 1997]. Moreover, it was established that O. marina has
receptors on the cell surface, with which it recognizes a prey [Martel, 2009]. According to preliminary
experimental data [Hartz, 2010], O. marina plasma membrane contains rhodopsin, which makes this het-
erotroph capable of recognizing photoautotroph cells by red chlorophyll autofluorescence. The presence
of such a prey recognition mechanism indicates O. marina ability to distinguish microalgae from other,
non-pigmented food objects, inter alia MP.

Only three experimental studies are known in which artificial particles were incorporated into O. ma-
rina diet. Specifically, E. Wootton et al. [2007] established a new biochemical mechanism for prey recog-
nition in unicellular protists, including O. marina. The core of this mechanism is in the presence of a spe-
cial receptor — mannose-binding lectin — on the predator cell surface. As found, blocking this receptor sig-
nificantly inhibited O. marina feeding on the microalga I. galbana, and application of mannose to the sur-
face of plastic microspheres doubled the grazing rate. Pre-incubation of the dinoflagellate with mannose
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solution completely deprived it of the ability to identify any plastic particles coated with a polysaccha-
ride layer. The characteristic feature of this study was that plastic microspheres were used in exper-
iments only after a special treatment — application of sugars on their surface [Wootton et al., 2007].
Thus, the results presented by the authors did not allow making a confident conclusion on the ability
of O. marina to consume MP.

In the second investigation [Hammer et al., 1999], artificial particles (silicon and plastic micro-
spheres, albumin microbeads, etc.) were offered to the heterotrophic dinoflagellate as prey along with
its natural food items (live phytoplankton). O. marina was found to confidently consume artificial parti-
cles, but the rate was significantly lower than when feeding on regular food. The authors explained this
selectivity by the magnitude of a charge on the surface of a prey: a more negative potential of an arti-
ficial particle prevented its capture by the predator. Differences between surface charges for O. marina
and its prey increased the probability of collision and duration of their contact; consequently, the grazing
rate rose [Hammer et al., 1999]. The initiation of the capture of the prey with a more negative surface
charge occurred at a shorter distance from the prey (only 0.5 to 2 um), whereas that with a higher
potential occurred at significantly greater distance (6 to 10 um), which increased the capture probabil-
ity [Hammer et al., 1999]. In any case, this study established the incorporation of artificial particles into
O. marina diet. However, the ability of the dinoflagellate to identify these food items was shown as well,
which contradicts our results.

Finally, D. Lyakurwa [2017] demonstrated in his experiment that O. marina ingested plastic micro-
spheres just as intensively as a natural prey — the cryptophyte alga Rhodomonas baltica Karsten, 1898.
These observations are fully consistent with our results. In both cases, O. marina did not reject the plastic
microspheres proposed. Equally high grazing rates by the heterotrophic dinoflagellate both of artificial
and natural food items suggested a very limited ability of these protist to distinguish MP from its natural
prey. We can only assume that selective grazing failed to be revealed both by us and [Lyakurwa, 2017]
due to rapid adsorption of biopolymers (microalgae exometabolites and bacteria) on MP surface, which
are abundant in the experimental medium. “Packaging” microspheres in an organic “film” disguised
them as an “edible” prey and thus could hinder their identification by the predator.

The sorption properties of plastic particles have recently become the subject of much research at-
tention as they determine their vector function — the ability to accumulate and transport organic pollu-
tants [Ateia et al., 2020]. We believe that a thin organic film on MP surface, the same as a bacterial
film or fouling community, increases MP bioavailability and facilitates their incorporation into trophic
processes. At the same time, “taste quality” of particles may depend on the rate of formation of an or-
ganic film and its chemical composition. These characteristics are difficult to control even under ex-
perimental conditions since they can vary greatly in different nutrient media and cultured microorgan-
isms. Accordingly, the phagocytosis rate of MP is an unpredictable value. This hypothesis well explains,
on the one hand, the fact of MP consumption by predatory protists and, on the other hand, contradictory
data on the ability of protists to distinguish MP from food items.

Interestingly, in the OXY-ISO series, where O. marina fed on I. galbana cells only, the grazing rate
was higher than that for MS in the OXY-MS series (Fig. 4). This may be due to the fact that MP, having
entered O. marina digestive vacuoles, stayed in the predator cell for a longer time as they could not be
digested. Therefore, the grazing rate decreased in this case. I. galbana cells were rapidly digested, which
allowed the predator to maintain a high rate of food consumption. The mobility of 1. galbana cells could
also increase their attractiveness to O. marina.

Mopckoii 6uosorrueckuil xypHai Marine Biological Journal 2023 vol. 8 no. 1



Ingestion of microplastics by the heterotrophic dinoflagellate Oxyrrhis marina 71

The abundance dynamics of O. marina cells with microspheres inside (Fig. 3A, C) indicated recap-
tures of MS after their excretion. This occurred both in the absence of an alternative food source (1. gal-
bana) in the OXY-MS series and in its presence in the OXY-ISO-MS series. It can be assumed that
O. marina did not identify MP upon re-encounter as a less suitable food object and captured them
for the second time on a par with I galbana cells. So, no trophic adaptation occurred. At the same
time, MS consumption had no negative effect on the dinoflagellate: there were no significant differ-
ences in O. marina abundance in all experimental series within the time range studied (Fig. 3A, B, C).
The same result was obtained in another experiments [Lyakurwa, 2017]. The negative effect of MS con-
sumption could be manifested over longer exposure time; this assumption requires further experimental
verification.

It should be noted that microspheres used in the experiment were microgranules of polystyrene,
which is a major contributor to the chemical composition of microplastic pollution in marine coastal
waters [Cordova et al., 2019]. This type of plastic is widely used in various human activities and is an un-
stable product [Cooper, Corcoran, 2010; Koelmans, 2015]. Thus, under solar radiation, its brittleness
increases; at high temperatures, the polymer disintegrates to form a monomer [Cooper, Corcoran, 2010].
So, we can argue that polystyrene microgranules are capable of incorporating into the microbial food
web, being food items even for unicellular organisms. The results obtained in this work highlight the need
for further study of MP incorporation into trophic webs, MP effect on the physiological state of the small-
est hydrobionts, and the possibility of biomagnification of persistent organic pollutants by planktonic
organisms.

Conclusions:

1. The heterotrophic dinoflagellate Oxyrrhis marina ingests plastic microspheres even in the presence
of alternative food objects from its natural diet.

2. Consumption rates of Isochrysis galbana cells and microspheres by the dinoflagellate in the OXY-
ISO-MS mixture were significantly lower than in the OXY-ISO and OXY-MS mono-diet
experiments, i. e., the expansion of the range of food items led to a decrease in the grazing rate.

3. The high clearance rate when the dinoflagellate fed on live prey (I. galbana) indicated that it takes
less time for the predator to capture microalga cells than to capture plastic microspheres.

4. The values of the Ivlev selectivity index obtained for 1. galbana and microspheres indicated the lack
of selective grazing in O. marina. This confirms the possibility of incorporation of microplastics into
the microbial food web.

5. Trophic adaptation of O. marina cells to microplastics did not occur: cells consumed polystyrene
microspheres for the second time even in the presence of an alternative food item.

6. No significant differences in the dynamics of O. marina abundance when feeding on live prey
(I. galbana) and microplastics were revealed. Thus, there was no negative effect of microplastics
on the predator, at least on the time scale of the experiment (hours).

This work was carried out within the framework of IBSS state research assignment “Investigation of mech-
anisms of controlling production processes in biotechnological complexes with the aim of developing scien-
tific foundations for production of biologically active substances and technical products of marine genesis”
(No. 121030300149-0) and “Structural and functional organization, productivity, and sustainability of marine
pelagic ecosystems” (No. 121040600178-6).
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WCIIOJIb30BAJIA ranTo(hUTOBYI0 MUKPOBOAOPOCIE Isochrysis galbana (ISO), MOMMCTHPOIbHBIE MUKPO-
ceprt (MS) pazmepom 5,6 MKM, a Takxke ux cMmech (ISO-MS). [IMHaMUKYy YMCIEHHOCTH MUKPOOP-
TaHU3MOB ¥ MUKpOcep M3yJaan ¢ MOMOIIbI0 MPOTOYHOTro muromerpa. [lokazaHo, uto reteporpod
O. marina notpedasn yactuipl MIT fgaxe B yCIOBUSIX HAJIMYUSI CBOMX OOBIYHBIX XEPTB — MUK-
poBogopocneit; mpu 3toM MII He oka3piBal Ha HEro HEeraTUBHOTrO BaMsHUSA. CKOPOCTH BBIETAHUS
«xkeptB» B cMect OXY-ISO-MS cocrapmwm (0,21 + 0,01) MS-kn~ 'y~ (+ cranmaprHoe oTKIOHE-
uue) 1 (0,38 £ 0,01) ISO-x1~-u~! 1 6buH JIOCTOBEPHO HUXKE, YEM B IKCIIEPUMEHTAX C MOHOAUETAMU
OXY-ISO [(1,93 % 0,68) ISO-k1~'-u™'] 1 OXY-MS [(0,45 + 0,04) MS-kn~!-u™!], T0 ectp ycnoxne-
HHUe cocTaBa (pacliMpeHue CIIeKTpa) MUIIEBbIX 0OBEKTOB BEJIO K CHUKEHUI0 CKOPOCTH MX TOTpedIie-
HusA. CKOpOCTh OCBETIIEHUS cpefibl AuHOo(Iare/uisToll 0. marina B SKCIIEPUMEHTaX ¢ MOHOJUETaMH
cocraBuia (0,12 = 0,04) u (0,19 = 0,06) MK a! gmg OXY-ISO u OXY-MS COOTBETCTBEHHO,
a 3HA4YuT, Ha MOMMKY KjeTok ISO nuHodmnarennara O. marina 3aTpayvBaia MEHbIIIE BPEMEHH, YEM
Ha MOUMKY MS. DTy ke 3aKOHOMEePHOCTh HAOMIOIATA U B SKCIIEPUMEHTAX CO CMEChIO THUITIEBBIX 00b-
exktoB (OXY-ISO-MS): ckopocTh ocBeTiieHus cpeisl B cocyaax ¢ ISO [(0,17 = 0,02) MKJT-KT a1
Obl1a HE3HAYMTEIILHO HIKE, YeM B cocynax ¢ MS [(0,19 £ 0,003) MKJTKIT a1, Tpocuueckoit agan-
tanmu O. marina K MS He IPOUCXOAWIIO, HAa YTO YKa3biBasl (hakT UX BTOPUYHOIO MOTPEOIICHUs Jake
B YCJIOBHSIX HAJIMUUSI AJIbTEPHATUBHOTO KOPMOBOTO 00bekTa — I. galbana. He Oblia BIsIBIEHA U CEJICK-
TUBHOCTb MUTaHUsA O. marina HU K OJTHON U3 «XKepTB», Oy1b TO I. galbana iy njaacTUKOBbIE MUKPO-
cepsl. [TomydeHHbIE pe3yIbTaThl YKa3bIBAIOT HA BO3MOXHOCTH (M BBICOKYIO BEPOSITHOCTD ) BKJTIOUCHUSI
MII B MUKpPOOHYIO NIMITIEBYIO TIETb ¥ HA BaXHYIO POJIb OJJHOKJIETOYHBIX OPraHU3MOB B nepenaue MIT
Ha GoJiee BBICOKUE TPOPHUECKUE YPOBHU.

KuirodueBble c10Ba: MUKPOIUIACTHUK, MOMIOIIEHNE, MUKPOChEphl, MUKPOBOJOPOCIH, CTOWKHE Opra-
HUYECKHE 3arpsi3HUTENH, Tpodudeckuil iepenoc, Oxyrrhis marina, Isochrysis galbana
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The bivalves of the family Mytilidae — Crenomytilus grayanus (Dunker, 1853) and Modiolus kurilen-
sis Bernard, 1983 — are Pacific, Asian species and mass representatives of upper sublittoral epi-
fauna in coastal waters of Peter the Great Bay (the Sea of Japan). C. grayanus is a traditional com-
mercial species, and M. kurilensis is a promising one; resources of both molluscs are significant.
The aim of the work is the comparative analysis of spatial distribution and biomass of C. grayanus
and M. kurilensis on different types of bottom sediments and habitat depths in Peter the Great Bay.
The investigation was carried out in 2007-2019 by scuba diving hydrobiological techniques at depths
of down to 20 m. The data were analyzed for 5,911 stations; Mytilidae representatives were found
at 1,635 stations. For mytilids, vital mass of each individual was determined, and mean biomass
was estimated. The landscape diversity of Peter the Great Bay bottom determines an almost ubiq-
uitous distribution of C. grayanus and M. kurilensis, and this reflects good adaptation of molluscs
to conditions typical for this part of their area. Monospecific aggregations of C. grayanus prevailed
both on hard and soft bottom sediments (78.6 and 38.2% of total stations with Mytilidae, respec-
tively), while mixed aggregations of both species prevailed on soft bottom sediments (38.3%). On soft
bottom sediments, monospecific aggregations of M. kurilensis were more common (23.5%) than
on hard ones (8.1%). In Peter the Great Bay, mean biomass of C. grayanus on hard bottom sediments
was (728 +47) g-m™2 varying from 524 g-m~2 (the Amur Bay) to 922 g-m™2 (eastern Peter the Great Bay).
The value for mean biomass of C. grayanus on soft bottom sediments was (491 + 51) g-m™ varying
from 228 g-m™2 (the Ussuri Bay) to 829 g-m™ (the Amur Bay), except for southwestern Peter the Great
Bay and Boisman Bay, where the value was below 50 g-m™. Mean biomass of M. kurilensis on hard
bottom sediments was (370 + 74) g-m™ varying from 18 g-m~ (Baklan Bay) to 656 g-m™ (the Em-
press Eugénie Archipelago water areas). The value for mean biomass of M. kurilensis on soft bot-
tom sediments was (335 + 37) g-m™ varying from 77 g-m™? (southwestern Peter the Great Bay)
to 456 g-m™2 (the Amur Bay), except for Boisman and Baklan bays where the species was rare. In Pe-
ter the Great Bay, maximum values of the mean biomass for both species were recorded at depths
of 1-10 m (C. grayanus, 664-805 g-m‘z; M. kurilensis, 347-485 g-m‘2); with increasing habitat depth,
the abundance of both species decreased. The mean biomass of C. grayanus inhabiting hard bottom
sediments at 10-20 m was quite high as well — 431-507 g-m™2. On soft bottom sediments, with a shift
in depth from 10-15 to 15-20 m, its mean biomass decreased from (204 * 33) to (27 + 11) gm™.
The mean biomass of M. kurilensis inhabiting both types of bottom sediments at 10-15 m was
121-194 g-m™, and at 15-20 m, the value was 11-60 g-m™.

Keywords: mytilids, Mytilidae, Gray mussel, Crenomytilus grayanus, horsemussel, Modiolus kurilensis,
biomass, distribution, bottom sediments, habitat depth, Peter the Great Bay, Sea of Japan
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The bivalves of the family Mytilidae — the Gray mussel Crenomytilus grayanus (Dunker, 1853)
and horsemussel Modiolus kurilensis Bernard, 1983 — are Pacific, Asiatic species and mass represen-
tatives of upper sublittoral epifauna in coastal waters of the Peter the Great Bay (hereinafter the PGB),
the Sea of Japan. C. grayanus is a low-boreal species capable of entering subtropical waters, while
M. kurilensis is a subtropical boreal species [Golikov, Skarlato, 1967; Skarlato, 1981]. Low-boreal
species tend to inhabit bays and open shelf areas; warm-water (subtropical) species prefer the warmest
areas of bays. C. grayanus and M. kurilensis coexistence in the PGB is due to the location of the bay
at the junction of two climatic zones: there, waters of the cold Primorsky Current, which mostly affects
this area, meet waters of the East Korea Warm Current [Zuenko, 2008]. During winter, the PGB waters
have the characteristics of Arctic ones; during summer, of subtropical ones [Manuilov, 1990].

Off the coast of Primorsky Krai, the Gray mussel is a traditional commercial species [Razin, 1934;
Sedova, 2020], while the horsemussel is a promising one. The resources of these species in the PGB
are significant: C. grayanus, 54.8 thousand tons; M. kurilensis, 27.1 thousand tons [Sedova, Sokolenko,
2019, 2021a]. At present, these species are often not separated when harvesting the Gray mussel: vi-
sually, their shells and sizes are similar, as well as their taste qualities. However, there are several
differences (Fig. 1).

(<GS cramm)

Fig. 1. Crenomytilus grayanus (A) and Modiolus kurilensis (B)

In C. grayanus, the upper edge of the shell is arcuate, and the lower is usually concave. The vertex
is pulled down; the shell surface is smooth. In M. kurilensis, the front of the shell protrudes in front
of the vertexes. The valves are covered with black and brown periostracum, with its brush-shaped
setae being long and thick, which is more pronounced in younger molluscs [Volova, Skarlato, 1980].
With the same length, C. grayanus has a more massive shell.
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Mpytilidae are rarely found as single individuals; they usually form druses (Fig. 2) consisting of mol-
luscs fastened with byssus filaments (the abundance of mussels can reach tens or even hundreds).
Sometimes, druses form “brushes” of significant length or “banks.”

Fig. 2. Aggregations (druses) of Crenomytilus grayanus (A) and Modiolus kurilensis (B)

C. grayanus and M. kurilensis distribution in the PGB depends on both the variety of bottom sed-
iments in the coastal area and hydrological conditions [Manuilov, 1990; Preobrazhensky et al., 2000;
Razin, 1934; Skarlato, 1981]. An essential factor determining the composition of bottom sediments
is the isolation of water areas which results from the indentation of the PGB coastline with secondary
bays and adjacent islands. Due to different abilities of C. grayanus and M. kurilensis to inhabit hard
and soft substrates, these species usually occur in different biotopes; however, they can form monospe-
cific and mixed settlements on various types of bottom sediments [Kutishchev, Gogolev, 1983; Sedova,
Sokolenko, 2018a, b, c, 2020a, b, 2021b; Selin, 2018a; Selin, Vekhova, 2002]. In the published works,
Mpytilidae settlement are considered only in certain PGB areas. To date, there is no complete picture
of C. grayanus and M. kurilensis distribution throughout the PGB depending on the type of bottom sed-
iments and the habitat depths. Interestingly, this is of great practical importance for organizing rational
harvesting and planning measures to preserve Mytilidae resources.

The aim of this work is to conduct a comparative analysis of C. grayanus and M. kurilensis spa-
tial distribution and abundance on different types of bottom sediments and habitat depth in the Peter
the Great Bay.

MATERIAL AND METHODS

The work is based on the results of regular research carried out on the RV “Ubezhdenny”
of the TINRO Base of Research Fleet in August—October 2007-2019 in different PGB sections by scuba
diving. Mytilidae settlements that have an attached lifestyle maintain for a long time their spatial struc-
ture and abundance in the absence of unfavorable abiotic conditions, anthropogenic load, and intensive
harvesting [Sedova, Sokolenko, 2019].

Mopckoii 6uosorrueckuil xypHai Marine Biological Journal 2023 vol. 8 no. 1



Features of spatial distribution of Crenomytilus grayanus and Modiolus kurilensis. .. 79

The bay was conditionally divided into following sections: 1, the southwestern PGB (from the Tumen
River mouth to Cape Suslov); 2, Posyet Bay (from Cape Suslov to Cape Gamov); 3, Boisman Bay; 4, Bak-
lan Bay; 5, the Amur Bay (the southern border is a line connecting the Cape Bruce and the Zheltukhin
Island); 6, the Empress Eugénie Archipelago water areas (Russky, Shkot, Popov, Reyneke, and Rikord
islands, as well as adjacent smaller islands); 7, the Ussuri Bay (the southern border is a line connect-
ing southern tips of the Zheltukhin and Askold islands); 8, the eastern PGB (from the Cape Sysoev
to the Cape Povorotny, including water areas of Putyatin and Askold islands) [Lotsiya severo-zapadnogo
berega Yaponskogo morya, 1984] (Fig. 3).

EF ar East Marine Reserve
! o SCUBA diving sampling station
@ Hard bottom sediments

() Soft bottom sediments

43°0'N —1

131°0'E 132°0'E 133°0'E

Fig. 3. Map of the research and sampling area; ratio of hard and soft bottom sediments in Peter the Great
Bay (the Sea of Japan)

Standard scuba diving hydrobiological techniques were applied to obtain data on spatial distribution
and abundance of molluscs. Depending on the orography and nature of bottom landscapes, the distance
between the stations on the cuts perpendicular to the coastline was of 100500 m [Sedova, Sokolenko,
2019]. In the vast areas of the relative flat bottom of bays, a regular grid of stations was used. Considering
this and taking into account the areas of the studied spots at depths of 1-20 m, a different number
of stations was carried out (Table 1). In total, the data from 5,911 stations located along the entire coast
of the PGB were analyzed, except for areas prohibited for navigation (Fig. 3).

In areas with dense mollusc settlements, the diver used for sampling a measuring frame
from one m? (in three replicates). In sparse settlements, the transect method was applied: the calculation
and periodic sampling of animals were carried out in the field of view on a certain bottom area. The type
of bottom sediments was determined visually. Sandy, silty-sand, and silty substrates were attributed
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to soft bottom sediments. Rocks, blocks, boulders, stones, and pebbles were attributed to hard bottom
sediments. In total, 1,708 stations were carried out on hard bottom sediments, and 4,203 were carried out
on soft ones (Table 1).

All sampled hydrobionts were analyzed onboard the RV. Druses were disassembled, the species
composition of molluscs was determined, and lifetime mass of each mytilid was established. The mean
Mpytilidae biomass was determined considering the stations where the mussels were found (Table 1).
Then, live molluscs were released back to the spots of sampling. C. grayanus and M. kurilensis were
recorded at 1,635 stations (Table 1).

To prepare cartographic material, GIS Maplnfo Pro software (https://mapinfo.ru/product/mapinfo-
professional) was used. The obtained data were statistically processed in Microsoft Excel and Sta-
tistica (http://statsoft.ru/). The mean values of indicators, standard deviation, and standard error
of the mean (SEM) with a significance level of 0.05 were determined. The ratio of Mytilidae
biomass was evaluated by the two-sample independent ¢-test. To compare biomass of C. grayanus
and M. kurilensis living under different conditions, Mann—Whitney U test was used — a non-parametric
analogue of the r-test [Borovikov, 2003]. The null hypothesis was rejected at a significance level
of 0.05 (p £0.05).

RESULTS

C. grayanus and M. kurilensis spatial distribution depending on the type of bottom sediments.
The PGB stretches from the Tumen River mouth in the west to the Cape Povorotny in the east in the north-
western Sea of Japan [Lotsiya severo-zapadnogo berega Yaponskogo morya, 1984] (Fig. 3). Bottom sedi-
ments in the bay are very diverse. Rocks, blocks, and boulders are common off the steep shores and capes
at depths of down to 10—14 m. With an increase in depth, those are replaced by pebbles or sandy, silty-
sand, or silty substrates. In the tops of the bays, soft bottom sediments prevail — sand, silty-sand, and silt.
The bottom sediment composition for each PGB section is described in detail in our previous publi-
cations [Sedova, Sokolenko, 2018a, b, ¢, 2020a, b, 2021b]. Throughout the PGB at depths of down
to 20 m, the prevalence of soft bottom sediments was noted: on them, 71.1% of stations were carried
out (on hard bottom sediments, 28.9%, respectively) (Table 1). For individual PGB sections, this ratio
varied. Hard bottom sediments were most represented (42.3—47.4%) in the southwestern and eastern
PGB and in the Empress Eugénie Archipelago water areas (Table 1, Fig. 3).

In other PGB sections, the number of stations carried out on hard bottom sediments varied
from 8.3% (Baklan Bay) to 23.3% (Posyet Bay). Mytilidae were found at 27.7% of all the surveyed
stations (Table 1). There were both monospecific and mixed druses of molluscs.

In different PGB sections on hard bottom sediments (rocks, boulders, stones, and pebbles), monospe-
cific druses of the Gray mussel accounted for 47.4-90.7%:; for monospecific druses of the horsemussel,
the value ranged within 2.7-13.7% (except for Baklan Bay); mixed druses accounted for 1.7-18.6%;
and in Baklan Bay, the value was 52.6% (Table 2). The occurrence of monospecific druses of the Gray
mussel on soft bottom sediments was 25.0-73.1%; monospecific druses of the horsemussel, 9.7-50.0%;
and mixed druses, 7.7-48.7%. On both types of bottom sediments, monospecific druses of the Gray mus-
sel prevailed in the southwestern PGB and the Amur and Ussuri bays; monospecific druses of the horse-
mussel prevailed on soft substrates in Boisman Bay and the eastern PGB (Table 2). Mixed druses pre-
vailed on soft bottom sediments in Posyet Bay and the Empress Eugénie Archipelago water areas, as well
as on hard substrates in Baklan Bay.
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In total for the PGB (Fig. 4), the prevalence of monospecific druses of the Gray mussel was revealed
at 783 stations (79% of the total stations with Mytilidae) on hard bottom sediments which this species
prefers; the prevalence of mixed druses was recorded on soft substrates. These differences are statistically
significant (p = 0.001 and p = 0.002, respectively). There were no noticeable differences in M. kurilensis
distribution on hard and soft bottom sediments (p = 0.341).

Table 2. Ratio of stations with monospecific and mixed aggregations of Mytilidae and biomass values
for Crenomytilus grayanus and Modiolus kurilensis on hard and soft bottom sediments in Peter the Great

Bay
Number of stations, Mean Mytilidae biomass + SEM,
in parentheses, percentage of stations in parentheses, standard deviation,
Section with Mytilidae below the line, range of values, g-m™
C. grayanus M. kurilensis idg;ﬁ::;: C. grayanus M. kurilensis
Hard bottom sediments
97 7 3 743 +166 (1,637)] 88 + 21 (56)
1. Southwestern PGB (90.7%) (6.5%) (2.8%) 4-14,120 1-121
> Posvel B 133 18 24 731 +87(1.085) | 393 + 185 (1.197)
- rosyet bay (76.0%) (10.3%) (13.7%) 0.1-6,000 1-6,000
3. Boi B 50 8 1 639 + 137 (976) | 7765 (196)
- boisman bay (84.7%) (13.6%) (1.7%) 1-4,555 0.1-600
9 10 743 + 196 (832) 18 + 15 (46)
4. Baklan Bay (47.4%) 0 (52.6%) 1-2.600 1-150
S Amur B 70 13 12 524 + 147 (1,309)| 115 %30 (148)
- Amur bay (73.7%) (13.7%) (12.6%) 0.1-9,610 0.1-580
6. Empress Eugénie 202 21 51 614 + 84 (1,336) | 656 + 177 (1,498)
Archipelago water areas (73.7%) (7.7%) (18.6%) 0.1-11,180 0.1-8,512
7 Ussuri B 97 3 15 907 + 140 (1.477)| 362 £ 119 (506)
- Lssurt bay (84.3%) (2.7%) (13.0%) 1-9,500 0.1-1,940
. Easiorn PGB 125 11 16 922 + 158 (1.874)| 113 + 77 (402)
- wastermn (85.2%) (7.2%) (10.6%) 0.1-11,448 0.1-2,068
Soft bottom sediments
19 5 2 41 +20 (86) 77 £ 43 (95)
1. Southwestern PGB (73.1%) (19.2%) (1.7%) 4-353 12-242
> Posvet B 57 38 82 374+76 (901) | 203 * 42 (464)
- rosyet bay (32.2%) (21.5%) (46.3%) 0.1-5,040 1-3,110
3 Boi B 2 4 2 3.3+ 1.1(2.1) 1.3+0.2 (0.4)
- poisian Bay (25.0%) (50.0%) (25.0%) 1-5 1-2
4 Baklan B 5 2 1 411 £204 (500) | 1.8+0.6(1.1)
- pakian bay (62.5%) (25.0%) (12.5%) 2-1,199 1-3
S AmurB 43 26 30 829 + 198 (1,692)| 456 + 169 (1.263)
- Amur bay (43.4%) (26.3%) (30.3%) 0.1-8,000 1-8,000
6. Empress Eugénie 69 49 112 575+ 88 (1,180) | 420+ 56 (710)
Archipelago water areas (30.0%) (21.3%) (48.7%) 0.1-7,252 0.1-3,762
 Ussuri B 28 4 9 228 + 114 (692) | 320 + 180 (649)
- Lssutl bay (68.3%) (9.7%) (22.0%) 0.1-3,870 1-2,360
21 22 7 379 + 155 (823) | 334+ 115 (620)
s (42.0%) (44.0%) (14.0%) 2-3,843 1-3,018
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Hard bottom sediments Soft bottom sediments

,

23538% N\ 244385

m C. grayanus WM. kurilensis ~Mixed druses

Fig. 4. Ratio of monospecific and mixed aggregations of Crenomytilus grayanus and Modiolus kurilensis
on hard and soft bottom sediments in Peter the Great Bay (number of stations; percentage of total stations
with Mytilidae)

The values of C. grayanus and M. kurilensis biomass in individual PGB sections, as well as ra-
tios of hard and soft bottom sediments there, differed (Fig. 3, Tables 1, 2). On hard bottom sedi-
ments, the mean value of C. grayanus biomass varied from 524 g-m™ in the Amur Bay to 922 g-m™
in the eastern PGB (Table 2). On soft substrates, the highest value of the mean biomass of C. grayanus
was recorded in the Amur Bay (829 g-m™), while the lowest ones (< 50 g-m™2) were registered in Bo-
isman Bay and the southwestern PGB. On hard bottom sediments, the mean biomass of M. kurilensis
varied from 18 g-m~2 (Baklan Bay) to 656 g-m~ (the Empress Eugénie Archipelago water areas); on soft
bottom sediments, the value varied from 77 g-m™2 (the southwestern PGB) to 456 g-m™2 (the Amur Bay),
except for open Boisman and Baklan bays, where the species was rare (Table 2). In the Amur, Posyet,
and Ussuri bays, the Empress Eugénie Archipelago water areas, and the eastern PGB, the mean biomass
of each of two species was > 100 g-m~2 both on hard and soft bottom sediments.

In the PGB, the mean values of the biomass of C. grayanus and M. kurilensis were statistically sig-
nificantly different (p = 0.0004), amounting to 645 and 347 g-m™2, respectively (Table 1). Comparison
of species biomass values separately on hard and soft bottom sediments showed noticeable differences
as well (p = 0.001 and p = 0.019, respectively). The values of the mean biomass of C. grayanus in-
habiting hard and soft substrates differed significantly (» = 0.001), amounting to 728 and 491 g-m,
respectively. Interestingly, there were no noticeable differences in the values for M. kurilensis — 370
and 335 gm™ (p = 0.643) (Table 3).

Table 3. Mean Mytilidae biomass on hard and soft bottom sediments in Peter the Great Bay, g-m~>

C. grayanus M. kurilensis
Bc.)ttom . Mean Standard Range . Mean Standard Range
sediments biomass £ deviation of values biomass + deviation of values
SEM SEM
Hard 728 £47 1,422 0.1-14,120 370+ 74 1,070 0.1-8,512
Soft 491 £ 51 1,134 0.1-8,000 335+37 741 0.1-8,000

Vertical distribution. On hard bottom sediments in the southwestern PGB, Posyet Bay, and Bo-
isman Bay, higher values of the mean biomass for C. grayanus were recorded at depths of 1-14.9 m;
in Baklan Bay, at 1-20 m; in the Empress Eugénie Archipelago water areas and the eastern PGB, at 1-9.9
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and 15-20 m; and in the Ussuri Bay, at 1-9.9 m (Table 4). On soft bottom sediments, C. grayanus was
not registered at all in the southwestern PGB and Boisman and Baklan bays at depths of down to 5 m.
In Ussuri Bay and the eastern PGB, the biomass of the Gray mussel was low. Higher values were noted
at depths of 1-9.9 m in the Amur and Posyet bays and in the Empress Eugénie Archipelago water areas,
as well as at depths of 5-9.9 m in Baklan Bay and the eastern PGB (Table 4). On hard bottom sedi-
ments, M. kurilensis settlements with the biomass of > 300 g-m™2 were found at depths of down to 10 m
in Posyet Bay and the Empress Eugénie Archipelago water areas, as well as at depths of 10-14.9 m
in Boisman Bay. On soft bottom sediments, those were registered at depths of 5-9.9 m in the Amur Bay
and the eastern PGB, as well as at 1-10 m in the Empress Eugénie Archipelago water areas (Table 5).

Table 4. Distribution of mean biomass of Crenomytilus grayanus on hard and soft bottom sediments
depending on the habitat depth in Peter the Great Bay, g-m~>

Depth 1-49m 5-99m 10-149m 15-20 m
Mean biomass + SEM; in parentheses, standard deviation;
Section below the line, range of values
Hard bottom sediments
| Southwestern PGB 767 £ 161 (992) 791 £ 394 (2,367) 800 £ 302 (1,209) 239 £ 155 (409)
4-3,530 4-14,120 4-3,883 4-1,059
2. Posyet Bay 610 £+ 104 (849) 856 + 168 (1,232) 930 + 278 (1,390) 395 +£220 (731)
0.3-3,900 0.3-6,000 1-5,100 1-2,500
. 480 + 191 (787 862 £259 (1,217 545 £ 216 (683 3£203)
3. Boisman Bay 1—2,612’ ) 1-4,5§5 : 1—2,07E) : 1-5
592 £ 405 (993) 613 + 124 (351 977 £ 813 (1,408
4. Baklan Bay 12,592 190—1,0(98 : 80—2,6(00 : 1,000
639 + 234 (1,533) 418+ 177 (1,019) 58 £ 46 (80)
5. Amur Bay 0.2-9.610 0.7-5,760 3.4-150 0
6. Empress Eugénie 858 £ 158 (1,661) 483+ 119 (1,109) 278 £ 103 (654) 479 £ 241 (965)
Archipelago water areas 1-11,180 1-7,854 0.4-2,882 2-2,892
7. Ussuri Bay 506 210 (1,092) 994 + 326 (1,459) 325 £ 169 (478) 282 + 278 (393)
0.6-5,325 1-5,000 1-1,320 3-560
% Bastern PGB 964 +225(1,770) | 1,162 £ 310 (2,280) | 200+ 138 (572) 502 + 333 (941)
0.1-9,562 1-11,448 0.1-2,336 1.2-2,450
Soft bottom sediments
1. Southwestern PGB 0 107 £ 82 (165) 2_8325 3165 4 342 17(55) 2_1177755
2. Posyet Bay 5554208 (1,247) 392 +£119 (916) 248 £ 71 (421) 29 £ 20 (61)
0.3-5,040 0.3-5,000 0.7-1,582 0.6-189
3. Boisman Bay 0 0.6 2.5 5
i akdan iy : ERED6CN) | 2473 245 G :
5. Amur Bay 693 +£ 305 (1,139) | 1,045 +302 (2,026) | 290+ 115 (414) 20
0.9-4,000 0.9-8,000 0.1-1,200
6. Empress Eugénie 1,012 £280 (1,731) | 736 + 147 (1,246) 218 £ 57 (408) 32+£25(104)
Archipelago water areas 1-7,252 0.2-7,200 0.2-2,060 0.5-436
7. Ussuri Bay 77 £ 63 (166) 221 % 146 (506) 8+3(8 0.8+0.3(0.4)
0.2-450 0.1-1,800 1.5-22 0.5-1.1
13£10(14 1,030 + 475 (1,344 194 + 74 (257 3+£0.4(0.9)
8. Eastern PGB 3—22( ) 2—3,84é : 3—744(1 : 1.6-3.7
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Analyzing the entire PGB, it has to be noted that C. grayanus forms settlements with the highest
biomass at depths of 1-20 m on hard substrates (mean value is 431-805 g-m™2) and at depths of down
to 10 m on soft ones (Fig. 5). At the same time, mean biomass values at depths of 1-4.9 and 5-9.9 m
did not differ significantly for C. grayanus inhabiting both types of bottom sediments (p = 0.495
and p = 0.425, respectively). There were no noticeable differences in these indicators (Fig. 5) in mol-
luscs inhabiting hard substrates at depths of 10-14.9 and 15-20 m as well (p = 0.920). Interestingly,
mean biomass values for C. grayanus inhabiting soft bottom sediments at same depths were significantly
different (p = 0.0002).

Table 5. Distribution of mean biomass of Modiolus kurilensis on hard and soft bottom sediments depending
on the habitat depth in Peter the Great Bay, g-m~>

Depth 1-49m 5-99m 10-14.9 m 15-20 m
) Mean biomass + SEM in parentheses, standard deviation;
Section below the line, range of values
Hard bottom sediments
+
1. Southwestern PGB 81 I_41(; 169 121 121 12
)P (B 341 £216 (1,146) 860 =507 (1,717) 22+ 14 (24) 2.4 %0.4(0.8)
- rosyet bay 1-6,000 1-5,048 6-50 2-3.3
. 14+1(2) 151 () 301 £ 299 (423)
3. Boisman Bay 1-15 14-17 7600 0.4
5+4(8) 24 £ 21 (56)
4. Baklan Bay 1-15 1-150 0 0
5 A B 132 + 54 (179) 128 + 38 (127) 1.3 +0.4 (0.6) 0
- Amurbay 0.1-580 0.2-350 0.8-2
6. Empress Eugénie 1,002 + 369 (2,055) 490 + 174 (936) 155 £ 59 (166) 182 + 180 (360)
Archipelago water areas 0.4-8,512 1-4,204 1-417 0.5-722
. 29 £ 14 (24) 190 £ 187 (266)
7. Ussuri Bay 40 7-50 7378 0
8. Bastern PGB 205 + 186 (618) 57 £53 (151) 85 + 82 (143) 18 £17 (39)
- mastern 0.7-2,068 0.1-432 2-250 0.7-88
Soft bottom sediments
+
1. Southwestern PGB 242 61 0 28 121_66 128
267 + 83 (557) 205 £ 68 (467) 116 £ 50 (229) 72 (6)
2. Posyet Bay 0.5-3,110 0.6-2,496 0.5-900 1-16
3. Boisman Bay 0 0.7 1.4 1.5
4. Baklan Bay 0 1.1 1.2 3.0
271 £ 127 (458) 615 =280 (1,609) 235+ 71 (188) 18 £ 15 (27)
S Amur Bay 0.5-1,640 0.9-8,000 22500 2-50
6. Empress Eugénie 668 + 185 (1,095) 464 + 68 (584) 254 + 82 (506) 13 £ 10 (36)
Archipelago water areas 1.6-3,762 0.3-2,738 0.3-1,933 0.6-126
. 157 £ 87 (150) 1.4 £ 0.3 (0.5)
7. Ussuri Bay 0 1-300 8 11-18
3 Fastern PGB 219 + 68 (205) 609 + 276 (917) 168 £ 136 (332) 1.2 £0.03 (0.05)
- mastern 1-532 1-3,018 1-834 1.2-13
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300 - B C. grayanus WM. kurilensis
o
=
o 600 -
.
< B
& 400
.2
Q200 -
0 ,
1-4.9 5-9.9 10-14.9 15-20
Depth, m
Species Mean biomass + SEM; in parentheses, standard deviation; below the line, range of values, g-m‘2
1, hard bottom sediments
c 805 + 72 (1,460) 760 £ 88 (1,579) 507 £ 85 (952) 431 £ 118 (806)
- grayanus 0.1-11,180 0.1-14,120 0.1-5,100 1-2,892
M. krilensi 485 + 136 (1,357) 347 £ 98 (842) 121 £37 (175) 60 £51(192)
- Kurienss 0.1-8,512 0.1-5,048 1-600 0.1-722
2, soft bottom sediments
c 727 + 141 (1,418) 664 + 94 (1,348) 204 + 33 (374) 27+ 11(72)
- grayanus 0.1-7,252 0.1-8,000 0.1-2,060 1-436
M. kurilensi 415 £ 76 (787) 415 + 66 (874) 194 £ 44 (392) 11 £4(25)
- Kuritenss 1-3,762 0.1-8,000 0.1-1,933 1-126

Fig. 5. Distribution of mean biomass of Crenomytilus grayanus and Modiolus kurilensis depending
on the habitat depth in Peter the Great Bay

M. kurilensis prevailed at depths of 1-10 m on both types of bottom sediments (Fig. 5). There
were no significant differences in mean biomass values for M. kurilensis inhabiting both hard and soft
substrates at depths of 1-4.9 and 5-9.9 m (p = 0.508 and p = 0.985, respectively), while at 10-14.9
and 15-20 m, mean biomass values for this species were noticeably different (p = 0.019 and p = 0.001,
respectively).

DISCUSSION

The results of the study and analysis of literary sources confirmed the existence of both monospe-
cific and mixed settlements of C. grayanus and M. kurilensis. According to the data obtained,
in the PGB, monospecific druses of C. grayanus prevailed both on hard and soft bottom sedi-
ments, while mixed druses prevailed on soft substrates (Fig. 4). Similar studies on spatial distribution
of Mytilidae on different types of bottom sediments throughout the PGB have not been carried out
earlier.

The stable position of mytilids on bottom sediments is ensured by their byssus filaments which reduce
unfavorable hydrodynamic load of the environment [Vekhova, 2007]. C. grayanus is known to attach
more successfully to hard bottom sediments, while M. kurilensis, to soft ones [Rees et al., 2008; Selin,
2018b; Selin, Vekhova, 2002, 2004; Vekhova, 2013, 2019]. It is related to the morphology and size
of byssus filaments. The Gray mussel — with its streamlined mytiloid-shaped shell and strong attachment
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to substrates with the help of a powerful byssus apparatus — prefers to settle on hard rocky and boul-
der sediments in coastal areas with moderate wave action [Skarlato, 1981]. On soft bottom sediments,
the Gray mussel can form settlements only when it finds a hard base: rare boulders, stone-strewn area,
or mollusc shells [Selin, Vekhova, 2004]. The horsemussel — with its wide and light shell with perios-
tracum setae and numerous long and thin byssus filaments (those are capable of penetrating deep into
bottom sediment, thereby facilitating the mollusc staying on its surface) — usually inhabits deeper areas
of bay bottom sheltered from waves [Selin, 2018a; Vekhova, 2007]. When a single horsemussel tries
to attach to hard substrates, the thickness of its byssus filaments does not allow either to stay on their
surface or to form druses.

The formation of mixed druses is due to the fact that C. grayanus and M. kurilensis larvae can set-
tle on druses of both species; this allows molluscs to inhabit unusual biotopes [Kutishchev, Gogolev,
1983; Lindenbaum et al., 2008; Selin, 1977, 2018a; Tsuchiya, 2002]. According to the literature
data, in mixed druses formed on hard substrates, the structure of C. grayanus druses is usually pre-
served; on soft bottom sediments, the structure of M. kurilensis druses is preserved. More stable ag-
gregations are formed mainly on hard substrates (rocks, blocks, boulders, and stones) and consist
of medium and large druses with a dense spatial structure, which increases the efficiency of Mytili-
dae larvae settling [Kutishchev, Gogolev, 1983; Vigman, 1983]. In mixed druses on hard substrates,
the horsemussel can live due to the compensation of its attachment by a more powerful byssus apparatus
of the Gray mussel.

C. grayanus and M. kurilensis larvae settle on bottom settlements of adult mussels. After the metamor-
phosis is complete, those attach with their byssus filaments to a shell surface, to byssus filaments of larger
Mpytilidae, or among the periostracum setae of the horsemussel [Selin, 2018a]. However, on soft bottom
sediments, the conditions for juvenile settling are hampered by the fact that adults are contaminated
with silty sand (therefore, the larvae settle less than on hard substrates). Settling of C. grayanus larvae
on M. kurilensis druses occurs annually; when the horsemussel specimens are displaced from mixed
druses, the Gray mussel can form monospecific druses on soft bottom sediments [Selin, 1991]. Under
favorable conditions of hydrodynamic load, C. grayanus can form extensive settlements on soft substrates
as well [Selin, 2018a; Selin, Vekhova, 2003; Skarlato et al., 1967]. The successful coexistence of Mytil-
idae on different types of bottom sediments was shown by N. Selin [2018a] for a local area of Vostok
Bay (the PGB).

The ratio of C. grayanus biomass (of the total biomass of two species) in different PGB sections
ranged within 54.8-97.9%, averaging 76.9% throughout the bay. On hard substrates, the value was
higher (79.0%); on soft ones, it was lower (61.0%). The lower mean values of M. kurilensis biomass,
compared to that of C. grayanus (Table 3), can be explained by its subtropical origin as well, since
the water area of most of the PGB is suitable for the habitat of low-boreal species, while subtropical boreal
species inhabit mainly shallow coastal areas, which are well warmed up during summer, and sheltered
bays [Golikov, Skarlato, 1967; Skarlato, 1981].

At depths of 1-10 m, the biomass of the studied species in the PGB, both on hard and soft substrates,
mostly reached its highest values; at depths of 10-20 m, only C. grayanus biomass on hard bottom
sediments reached its maximum (Fig. 5). This is consistent with the literature data. As known, with
increasing depth, there is a decrease in the occurrence and biomass of almost all benthic species, except
for boreal-Arctic ones [Golikov, Skarlato, 1967]. As a rule, subtropical species inhabit the depths of down
to 5 m; deeper (down to 20 m), low-boreal species prevail [Skarlato et al., 1967].
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In the southwestern PGB, as well as in Posyet, Boisman, and Baklan bays, the highest biomass
of the Gray mussel on hard bottom sediments was recorded at depths of down to 15 m; in other sec-
tions, down to 10 m; on soft substrates in the Amur and Posyet bays, down to 10 m; and in Baklan Bay
and the eastern PGB, at depths of 5-10 m (Table 4). The highest biomass of the horsemussel was reg-
istered at depths of down to 10 m in Posyet Bay on hard bottom sediments; in the Empress Eugénie
Archipelago water areas on both types of bottom sediments; and at depths of 5-10 m in the Amur Bay
and the eastern PGB on soft substrates (Table 5).

Conclusion. The landscape diversity of the bottom of the Peter the Great Bay (the Sea of Japan)
is the reason for the almost ubiquitous distribution of C. grayanus and M. kurilensis, and this reflects good
adaptation of molluscs to the conditions typical for this part of their area. C. grayanus and M. kurilensis
abundance in different sections of the bay varies widely. However, the mean biomass of the Gray mussel
on hard bottom sediments exceeds its value for soft substrates by 1.5 times, and the biomass of the horse-
mussel, both on hard and soft bottom sediments, by 2 times. There was no difference in mean biomass
values of M. kurilensis on hard and soft substrates. Both on hard and soft bottom sediments, monospecific
druses of the Gray mussel prevail; on soft substrates, mixed druses prevail.

When planning Mytilidae harvesting in the Peter the Great Bay, it should be taken into account as fol-
lows: both species form settlements with a maximum biomass at depths of down to 10 m (C. grayanus,
on hard bottom sediments; M. kurilensis, on soft substrates). This makes it possible to collect molluscs
by diving.

Acknowledgement. The authors are sincerely grateful to the anonymous reviewers for their constructive

comments and recommendations, which were taken into account when preparing this article for publication.
REFERENCES

gicheskii zhurnal, 2019, vol. 98, no. 3,
pp- 245-259. (in Russ.). https://doi.org/
10.1134/S0044513419020193

5. Vigman E. P. Structure of Gray’s mussel

1. Borovikov V. P. STATISTICA. Iskusstvo
analiza dannykh na komp’yutere. 2™ ed.
Moscow [et al.] Piter, 2003, 668 p.
(in Russ.)

. Vekhova E. E. Comparative morphology
of byssal threads in three Mytilidae (Bivalvia)
species from the Sea of Japan. Zoologicheskii
zhurnal, 2007, vol. 86, no. 2, pp. 154-162.
(in Russ.)

. Vekhova E. E. The peculiarities of growth
and shell morphology of three Mytil-
idae (Bivalvia) species from the Sea
of Japan. Zoologicheskii zhurnal, 2013,
vol. 92, no. 4, pp. 399-408. (in Russ.).
https://doi.org/10.7868/S0044513413040181
. Vekhova E. E. Byssus adaptive morphol-
ogy in Mpytilus coruscus, Crenomytilus
grayanus and Modiolus modiolus (Mytilidae,
Bivalvia) from the Sea of Japan. Zoolo-

clumps. In: Biologiya midii Greya. Moscow :
Nauka, 1983, pp. 88-108. (in Russ.)

. Volova G. N., Skarlato O. A. Dvustvorchatye

mollyuski zaliva Petra Velikogo. Vladivostok :
Dal’'nevostochnoe knizhnoe izdatel’stvo, 1980,
95 p. (in Russ.)

. Golikov A. N., Skarlato O. A. Molluscs

of the Possiet Bay (the Sea of Japan) and their
ecology. Trudy Zoologicheskogo instituta
AN SSSR, 1967, vol. 42, pp. 5-154. (in Russ.)

. Zuenko Yu. L. Promyslovaya okeanologiya

Yaponskogo morya. Vladivostok : TINRO-
Tsentr, 2008, 227 p. (in Russ.)

. Kutishchev A. A., Gogolev A. Yu. Interaction

of Crenomytilus grayanus and Modiolus

Mopckoii 6uosorrueckuil xypHai Marine Biological Journal 2023 vol. 8 no. 1


https://doi.org/10.7868/S0044513413040181
https://doi.org/10.1134/S0044513419020193
https://doi.org/10.1134/S0044513419020193

Features of spatial distribution of Crenomytilus grayanus and Modiolus kurilensis. ..

89

10.

11.

12.

13.

14.

15.

difficilis  mussel species under different
ecological conditions. In: Biologiya midii
Greya. Moscow : Nauka, 1983, pp. 115-118.
(in Russ.)

Lotsiya severo-zapadnogo berega Yaponskogo
morya. Ot reki Tumannaya do mysa Belkina.
Saint Petersburg : Gl. upr. navig. i okeanogr.,
1984, 319 p. (in Russ.)

Manuilov V. A. Podvodnye landshafty za-
liva Petra Velikogo. Vladivostok : Izdatel’stvo
Dal’nevostochnogo universiteta, 1990, 168 p.
(in Russ.)

Preobrazhensky B. V., Zharikov V. V.,
Dubeikovsky L. V. Basics of Underwater
Landscape Studies. Management of Marine
Ecosystems. Vladivostok : Dal’'nauka, 2000,
352 p. (in Russ.)
Razin A. L
lyuski yuzhnogo Primor’ya : Predvaritel'nye

Morskie promyslovye mol-

rezul’taty Yaponomorskoi ekspeditsii TIPKha
po izucheniyu promyslovykh mollyuskov
v 1931-32 gg. / V. V. Zaostrovskii (Ed.).
Moscow ; Khabarovsk : Dal’nevostochnoe
kraev. izd-vo, 1934, 106 p.
/ Tikhookeansk. inst.
khozyaistva ; vol. 8). (in Russ.)

(Izvestiya

nauch. rybnogo

Sedova L. G. Bivalve mollusks fishery
and resources at the coast area of Pri-
morsky Krai (Japan Sea). In: Prirod-

nye resursy, ikh sovremennoe sostoyanie,
okhrana, promyslovoe i tekhnicheskoe is-
pol’zovanie materialy XI Natsional’noi
(vserossiiskoi) nauchno-prakticheskoi konfer-
entsii, 24-25 March, 2020. Petropavlovsk-
Kamchatsky : KamchatGTU, 2020, pp. 54-58.
(in Russ.)

Sedova L. G., Sokolenko D. A. Distribu-
tion and resources of mussel Crenomytilus
grayanus and horsemussel Modiolus kurilen-
sis in the Amur Bay (Peter the Great
Bay, Sea of Japan). In: Urgent Problems
of the World Ocean Biological Resources De-

velopment : proceedings of the V International

16.

17.

18.

19.

scientific & technical conference, Vladivostok,
22-24 May, 2018 : [in 2 pt.]. Vladivos-
tok : Dal’rybvtuz, 2018a, pt. 1, pp. 184-1809.
(in Russ.)

Sedova L. G., Sokolenko D. A. Distribution
of mussel Crenomytilus grayanus and horse-
mussel Modiolus kurilensis in the Posyet
Bay (Peter the Great Bay, Sea of Japan). In:
Prirodnye resursy, ikh sovremennoe sostoy-
anie, okhrana, promyslovoe i tekhnicheskoe
ispol’zovanie materialy
skoi  nauchno-prakticheskoi
20-22  March, 2018.
Kamchatsky KamchatGTU,
pp- 88-92. (in Russ.)

Sedova L. G., Sokolenko D. A. Stock
and distribution of mussel Crenomytilus

IX Vserossii-

konferentsii,
Petropavlovsk-
2018b,

grayanus and horse mussel Modiolus kurilen-
sis in the Boysman and Baklan bays (Peter
the Great Gulf, the Sea of Japan). In: Ak-
tual’nye voprosy rybolovstva, rybovodstva
(akvakul’tury) i ekologicheskogo monitoringa
vodnykh ekosistem : materialy Mezhduna-
rodnoi nauchno-prakticheskoi konferentsii,
posvyashchennoi 90-letiyu  Azovskogo
nauchno-issledovatel’skogo instituta rybnogo
khozyaistva, 11-12 December, 2018. Rostov-
on-Don : AzNIIRKh, 2018c, pp. 215-219.
(in Russ.)

Sedova L. G., Sokolenko D. A. State of set-
tlements, resources and fishery of Gray
mussel Crenomytilus grayanus at the coast
of Primorsky Region (Japan Sea). Izvestiya
TINRO, 2019, vol. 198, pp. 33—45. (in Russ.).
https://doi.org/10.26428/1606-9919-2019-
198-33-45

Sedova L. G., Sokolenko D. A. Distribu-
tion and resources of mussel Crenomytilus
grayanus and horsemussel Modiolus kurilensis
in the Ussuri Bay (Peter the Great Bay, Sea
of Japan). In: Promyslovye bespozvonochnye :
materialy IX Vserossiiskoi nauchnoi konferen-
tsii, Kerch, 30 September — 2 October, 2020.

Mopckoii 6uosnornueckuii xypHain Marine Biological Journal 2023 vol. 8 no. 1


https://doi.org/10.26428/1606-9919-2019-198-33-45
https://doi.org/10.26428/1606-9919-2019-198-33-45

90

L. G. Sedova and D. A. Sokolenko

20.

21.

22.

23.

24.

Simferopol : ARIAL, 2020a, pp. 102-107.
(in Russ.)

Sedova L. G., Sokolenko D. A. Distribution
of mussel Crenomytilus grayanus and horse-
mussel Modiolus kurilensis in the north-
eastern Peter the Great Bay (Sea of Japan).
In: Biologicheskoe raznoobrazie: izuchenie,

sokhranenie, vosstanovlenie, ratsional noe
ispol’zovanie : materialy II Mezhdunarodnoi
nauchno-prakticheskoi konferentsii, Kerch,
27-30 May, 2020. Simferopol : ARIAL,

2020b, pp. 436—441. (in Russ.)

Sedova L. G., Sokolenko D. A. Resources
and structure of horsemussel Modiolus
kurilensis settlements in Peter the Great Bay
(the Sea of Japan). Morskoj biologicheskij
zhurnal, 2021a, vol. 6, no. 2, pp. 83-94.
(in Russ.). https://doi.org/10.21072/
mbj.2021.06.2.06

Sedova L. G., Sokolenko D. A. Distribution
of mussel Crenomytilus grayanus and horse-
mussel Modiolus kurilensis in the waters
of Archipelago of Empress Eugenia (Peter
the Great Bay, Japan Sea). In: Prirodnye
resursy, ikh sovremennoe sostoyanie, okhrana,
promyslovoe i tekhnicheskoe ispol’zovanie :
materialy XII  Natsional’'noi  (vserossii-
skoi) nauchno-prakticheskoi konferentsii,
28-29 April, 2021 : [in 2 pt.]. Petropavlovsk-
Kamchatsky : KamchatGTU, 2021b, pt. I,
pp- 71-75. (in Russ.)

Selin N. I. Stroenie druz midii Graiana
na zailennykh gruntakh. In: Vsesoyuznaya
konferentsiya po ispol’zovaniyu promyslovykh
bespozvonochnykh na pishchevye, kormovye
i tekhnicheskiye tseli, Odesa, 22-25 Novem-
ber, 1977 : tezisy dokladov. Moscow : [s. n.],
pp- 83-84. (in Russ.)

Selin N. I. Population structure and growth
of the Crenomytilus
in the subtidal zone of the Sea of Japan.

mussel grayanus

Biologiya morya, 1991, no. 2, pp. 55-63.
(in Russ.)

25.

26.

27.

28.

29.

30.

31.

Selin N. I. The composition and structure
of a mixed population of Crenomytilus

grayanus (Dunker, 1853) and Modio-
lus  kurilensis (Bernard, 1983) (Bivalvia:
Mytilidae) in Peter the Great Bay,

Sea of Japan. Biologiya morya, 2018a,
vol. 44, no. 5, pp. 307-316. (in Russ.).
https://doi.org/10.1134/S0134347518050029
Selin N. I. Ontogenetic variation in byssal
attachment strength of Modiolus kurilensis
F. R. Bernard, 1983 (Bivalvia: Mytili-
dae) in connection with spatial organiza-
tion in druses. Biologiya morya, 2018b,
vol. 44, no. 6, pp. 418-420. (in Russ.).
https://doi.org/10.1134/S106307401806010X
Selin N. I, Vekhova E. E. Morphology
of the
grayanus and Mpytilus coruscus in relation
to their spatial distribution in the upper
subtidal zone. Biologiya morya, 2002,
vol. 28, no. 3, pp. 228-232. (in Russ.).
https://doi.org/10.1023/A:1016809823033

bivalve mollusks  Crenomytilus

Selin N. I, Vekhova E. E. Mor-
phological adaptations of the mussel
Crenomitilus  grayanus (Bivalvia) to at-
tached life. Biologiya morya, 2003,

vol. 29, no. 4, pp. 262-267. (in Russ.).
https://doi.org/10.1023/A:1025480725601

Selin N. I., Vekhova E. E. Dynamics of byssal
thread production in Crenomytilus grayanus
and Modiolus modiolus (Bivalvia) upon reat-
tachment to substrate. Biologiya morya, 2004,
vol. 30, no. 6, pp. 476-478. (in Russ.).
https://doi.org/10.1007/s11179-005-0008-7

Skarlato O. A. Dvustvorchatye mollyuski
umerennykh shirot zapadnoi chasti Tikhogo
okeana. Leningrad : Nauka, 1981, 480 p.
(Opredeliteli po faune SSSR, izdavaemye
Zool. in-tom AN SSSR ; iss. 126). (in Russ.)
Skarlato O. A., Golikov A. N,
Vasilenko S. V., Tsvetkova N. L., Gru-
zov E. N., Nesis K. N. Composition, structure
and distribution of bottom biocoenoses

Mopckoii 6uosorrueckuil xypHai Marine Biological Journal 2023 vol. 8 no. 1


https://doi.org/10.21072/mbj.2021.06.2.06
https://doi.org/10.21072/mbj.2021.06.2.06
https://doi.org/10.1134/S0134347518050029
https://doi.org/10.1134/S106307401806010X
https://doi.org/10.1023/A:1016809823033
https://doi.org/10.1023/A:1025480725601
https://doi.org/10.1007/s11179-005-0008-7

Features of spatial distribution of Crenomytilus grayanus and Modiolus kurilensis. ..

91

32.

in the coastal waters of the Possjet
Bay (the Sea of Japan). In: Explorations
of the Fauna of the Seas, 1967, vol. 5 (13),
pp- 5-61. (in Russ.)

Lindenbaum C., Bennell J. D., Rees E. I. S.,
McClean D., Cook W., Wheeler A. J.,
Sanderson W. G. Small-scale variation
within a Modiolus modiolus (Mollusca:
Bivalvia) reef in the Irish Sea: I. Seabed
mapping and reef morphology.
nal of the Marine Biological Association
of the United Kingdom, 2008, vol. 88,
iss. 1, pp. 133-141. https://doi.org/10.1017/

S0025315408000374

Jour-

33.

34.

Rees E. I. S., Sanderson W. G,
Mackie A. S. Y., Holt R. H. F. Small-
scale variation within a Modiolus modiolus
(Mollusca: Bivalvia) reef in the Irish Sea.
III. Crevice, sediment infauna and epifauna
from targeted cores. Journal of the Marine
Biological Association of the United King-
dom, 2008, vol. 88, iss. 1, pp. 151-156.
https://doi.org/10.1017/S0025315408000052
Tsuchiya M. Faunal structures associated with
patches of mussels on East Asian coasts.
Helgoland Marine Research, 2002, vol. 56,
pp. 31-36. https://doi.org/10.1007/s10152-
001-0099-2

OCOBEHHOCTHU INTPOCTPAHCTBEHHOTI'O PACIIPEJIEJIEHUA
CRENOMYTILUS GRAYANUS 1 MODIOLUS KURILENSIS (BIVALVIA, MYTILIDAE)
B 3AJIMBE IIETPA BEJINKOT'O (AITIOHCKOE MOPE)

JI.T'. CenoBa, 1. A. CokoJieHKO

Tuxookeanckuii punuan PI'BHY «BHUPO» («TUHPO»), Bnagusoctok, Poccuiickas ®epepanus
E-mail: ludmila.sedova@tinro-center.ru

IBycTBOpUaThle ~ MOJUTIOCKM  ceMeiictBa  Mytilidae @ —  wummsa Ipes  Crenomytilus
grayanus (Dunker, 1853) u mommonyc kypwisckuit Modiolus kurilensis Bernard, 1983 — Tmxo-
OKEaHCKHe, TpHUa3sHaTCKUe BHU[bl, MAcCOBbIE IPEICTABUTENM SMH(ayHbl BEpXHEH CyOaMTopaim
npuOpexHbIX BoA 3anuBa [lerpa Benukoro Anonckoro Mopsi. Muaus I'pest siBnsieTcst TpaguLMOHHbIM,
a MOJMOJyC — MEPCHEKTUBHBIM OOBEKTOM MPOMBICIA; 00a BHOA UMEIOT 3HAUYMTENIbHBIE PECYpPCHI.
Lenb pabOThl — BBHIIOJHUTH CPABHUTENBHBIN aHAIM3 TPOCTPAHCTBEHHOTO paclpeie/eH s 1 OOUIHs
C. grayanus v M. kurilensis Ha pa3HBIX THIAaX TPyHTa W [IyOuMHax oOuTaHus B 3aiuBe [leTpa
Benukoro. UccnepnoBanus nposoguwiu B 2007-2019 1r. ¢ Mcnonb30BaHUEM CTaHAAPTHBIX BOJOJA3-
HBIX THUIPOOMOJIOTMYECKMX MeTOAOB Ha riyomHax no 20 M. BemomHeno 5911 cranmmit; Ha 1635
U3 HUX OOHapyXeHbl MUTWINIBL. Y MUTHIMI, ONPEAE/sIM NPYKU3HEHHYI0 Maccy KakIOW 0coOu
U cpeaHoio 6uomaccy. JlannmadgTHoe pasHooOpasue aHa 3ammBa [lerpa Benmkoro oOycnaBiuBaet
MOYTH TIOBCeMecTHoe pacrnpocTpaHenue C. grayanus w M. kurilensis, 4T0 OTpaxkaeT XOpPOIIYIO
a/IanTaIyio MOJUTIOCKOB K YCIIOBUSIM, XapaKTepPHBIM IS 9TOH YacTH UX apeasa. MOHOBUIOBHIE IPY3bI
C. grayanus nipeodjiagany Kak Ha TBEPIBIX, TaK U HA MATKHMX cyocTparax (78,6 u 38,2 % ot ob1iero
KOJIMYECTBA CTAHLMH C MMUTWJIMAAMH COOTBETCTBEHHO), a CMEIUaHHBIE OpY3bl OOOMX BHAOB —
Ha MATKUX rpyHTax (38,3 %). MoHoBUAOBHE Npy3bl M. kurilensis Ha MSITKHX cyOCTpaTax BCTPEYAIUCh
varie (23,5 %), yem Ha TBEPIBIX (8,1 %). B 3aimuBe [erpa Bemukoro cpennsisi ouomacca C. grayanus
Ha TBEPABIX IPyHTaX cocTapisia (728 + 47) r-m~2, Bapeupya oT 524 r-mM~2 (AMypckuii 3auB)
10 922 r-M~2 (BocTouHas 4acTh 3amuBa Iletpa Benmkoro); Ha MArkux rpyHTax — (491 + 51) M2,
u3MeHssAch ot 228 r-M > (Yccypuiickuii 3amiB) 0 829 r-M~2 (AMypCKuii 3aJIMB), 32 MCKJIIOUEHMEM
foro-3anajiHoi yacTy 3anua Ietpa Benukoro u 6yxTh BoiicMaHa, rje 3HaueHue 6bu10 Huke 50 r-M~2.
Cpennsa 6uomacca M. kurilensis Ha TBEpABIX TpyHTax cocTapisia (370 + 74) r-M~2, Bapeupys
or 18 rm? (6yxra Bakman) mo 656 r-M™> (akBaTopum apxunenara Wmmeparpuisl Ebrenun);
Ha MATKUX TpyHTax — (335 + 37) r-M~2, u3Menssck oT 77 r-M ™2 (foro-3anaaHas yacThb 3amupa IleTpa
Bemukoro) no 456 M2 (AMypckwuii 3a1B), 32 UCKI0YeHHueM OyxT BoiicMaHa u BakiaH, roe Bua
BCTpevasicss equHnyHo. B 3amuBe [lerpa Benukoro makcuManpHble 3HAUEHHs CpeJHEN OHOMAcChI
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000MX BHIOB OTMeueHHl Ha Tayomnax 1-10 m (C. grayanus — 664805 r-m~2, M. kurilensis —
347-485 r-M%); ¢ BO3pacTaHMEM TTyOMHBI MX OOMIIME CHUKANOCh. 3HAUYEHUS CpelHel Onomacchl
C. grayanus, oburaoieii Ha rmyouHax oT 10 mo 20 M Ha TBEpABIX cyOCTparax, Takke J0CTATOYHO
BBICOKH — 431-507 r-M~2. Ha MATKHX IpyHTaX ¢ M3MeHeHHeM ryouns ot 10-15 0 15-20 M e cpes-
Hsisl 6uoMacca ymeHbianach ot (204 + 33) mo (27 + 11) M2, Cpennsiss 6momacca M. kurilensis
Ha rmy6unax 10—15 m cocraBnsama 121-194 r-m~2, a Ha ry6unax 15-20 M — 11-60 r-M~2 Ha o6oux
TUIAX TPyHTA.

KuroueBrble cioBa: mutwmmasl, Mytilidae, munus ['pes, Crenomytilus grayanus, MOIHOTYC KypUJIb-
ckuil, Modiolus kurilensis, 6uomacca, pacrpenesieHue, TPyHT, TiIyOnHa oOuTaHusi, 3aiuB [leTpa
Bemukoro, fInoHckoe mope
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In July 2018, during Black Sea hydrobionts sampling, a crab of the family Pilumnidae was detected
in the coastal area of the southwestern Crimea. Bottom sediments in the spot of crab finding are repre-
sented by a solid substrate. At the time of sampling, the water temperature was +24 °C, and the salinity
was 18.0%o0. According to morphological characteristics, the specimen we found was classified as a hairy
crab Pilumnus cf. vespertilio (Fabricius, 1793) — a representative of the Indo-Pacific. In the work,
photographs of alive and fixed crab are given.

Keywords: crab, alien species, Pilumnidae, Pilumnus cf. vespertilio, Black Sea

Over the last century, a marked intensification in all areas of human activity throughout the world re-
sulted in sharp transformation of local ecosystems and distribution of alien species. For modern ecology,
their introduction has become one of the global problems.

Out of decapods, crabs account for the highest number of alien species detected. About 7,100 species
of crabs and craboids (representatives of the orders Brachyura and Anomura) have been recorded world-
wide; out of them, 73 species are regarded as invasive [Brockerhoff, McLay, 2011]. These hydrobionts
penetrate mainly with ship ballast water and ship-bottom fouling.

To date, there are 5 species of alien crabs in the Sea of Azov-Black Sea basin: Rhithropanopeus
harrisii (Gould, 1841), Callinectes sapidus Rathbun, 1896, Eriocheir sinensis H. Milne Edwards, 1853,
Dyspanopeus sayi (Smith, 1869), and Hemigrapsus sanguineus (De Haan, 1835) [in De Haan,
1833-1850] [Zalota, 2017; Guchmanidze et al., 2017]. Out of them, one species, Rh. harrisii, can be
classified as fully naturalized in this area [Slynko et al., 2017; Zalota et al., 2016]. The crab C. sapidus
is caught regularly [Giil et al., 2021]. For E. sinensis, several records are described in the Sea of Azov
and Black Sea [Murina, Antonovsky, 2001]. Crabs D. sayi and H. sanguineus are known due to their
single findings in the Black Sea waters (Romanian coast) [Micu et al., 2010a, b].

The detection of another crab species, which is an inhabitant of the Indo-Pacific and was not pre-
viously recorded in the Mediterranean basin, in the Black Sea off the Crimean coast is interesting
and unusual. For the Black Sea, the Mediterranean basin is often a donor of new species [Boltachev,
Karpova, 2014; Galil et al., 2002].
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MATERIAL AND METHODS

The material for the study was a crab specimen caught in July 2018 in the southwestern Crimea
area (Sevastopol, Karantinnaya Bay) (Fig. 1) during the sampling of Black Sea hydrobionts. The crab
was transported alive to the Sevastopol Marine Aquarium Museum and lived there until April 2020.

The dimensional characteristics of the crab were determined using a caliper with an accuracy
of 0.1 mm. The individual weight was measured in an electronic balance with an accuracy of 0.01 g.
The detected specimen was identified according to the species guides [Awaad et al., 2019; Emmerson,
2016; Naderloo, 2017]. The crab specimen fixed in 96% ethanol is stored in the World Ocean hydrobionts
collection at IBSS.

@%R@ ™

e ’ Azov Sea

<
. >
I Crimea ; %

,,,,,,,,,,,,,

Black Sea

Fig. 1. Map of the crab finding spot (the location is marked with a black dot)

RESULTS AND DISCUSSION

Material. The crab was detected on 11.07.2018 in the coastal area of the southwestern Crimea near
Sevastopol (44°37°02.12”N, 33°30"12.38”E) on a rocky bottom among thickets of seagrasses and algae.
The water temperature at the time of sampling was +24 °C, and the water salinity was about 18.00%o.
The crab specimen found is a mature female (Fig. 2a, b), with a carapace width of 39.4 mm and a length
of 27.2 mm, with a total weight of 31.7 g.

Description. The carapace is hexagonal, with rounded edges (Fig. 2c, d). Its front is convex; the back
is flatter. The width of the carapace is about 1.4 times the length. The body surface is densely cov-
ered with setae of various length, with longer ones at margins. The frontal lobe is divided by a me-
dial notch into two parts, with each having a distinct supraorbital angle. The eye orbits are small, with
two notches on the dorsal margin. The anterolateral margin is slightly shorter than the posterolateral
margin and is armed with three teeth (without an external orbital).

Mopckoii 6uosorrueckuil xypHai Marine Biological Journal 2023 vol. 8 no. 1
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Fig. 2. Hairy crab: a, general view; b, ventral side; ¢, d, dorsal side

Chelipeds are asymmetrical, with long setae (Fig. 2b). Claw fingers are black, with blunt teeth along
the cutting edge. II-V pairs of walking limbs are flattened, abundantly covered with setae (Fig. 2d).
The setae are brown to golden yellow.

The caught specimen belongs to the genus Pilumnus Leach, 1816 (hairy crabs), the family Pilumnidae.
Among the representatives of this genus, there are several species with similar morphological structure
and setae coverage.

The detected specimen was classified by us as the hairy crab Pilumnus cf. vespertilio (Fabricius, 1793)
based on the following peculiarities:

* The only representative of the family in the Black Sea — Pilumnus hirtellus (Linnaeus, 1761) — has
short club-shaped setae on the dorsal surface of the carapace, while the caught crab has the cara-
pace densely covered with even setae of different length. In P. hirtellus, the anterolateral margin
of the carapace is armed with four teeth (without an external orbital); in P. vespertilio, there are three
teeth (without an external orbital).

* From the closely related species Pilumnus minutus De Haan, 1835 [in De Haan, 1833-1850],
the found specimen differs in a longer setae coverage, maximum size, and some structural features.
Unlike P. vespertilio, the crab P. minutus is a small species, with a carapace length of about 10 mm;
moreover, it has thin, elongated pereopods [Galil et al., 2002; Pilumnus minutus, 2020].

* Another representative of the genus — Pilumnus scabriusculus Adams & White, 1849 — also has
a dense setae coverage; its carapace is covered with long yellowish hairs. In P. scabriusculus,
the anterolateral margins of the carapace have three rounded low teeth (the first and second are al-
most equal, and the third is the smallest, triangle-shaped). In P. cf. vespertilio, the lateral margins
have three teeth; out of them, the first is triangle-shaped, and the second and third are sharp (the last
tooth is sharper) [Ng, Clark, 1849].

Mopckoii 6uosnornueckuii xypHain Marine Biological Journal 2023 vol. 8 no. 1
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The crab P. scabriusculus inhabits the coast of Australia, New Guinea, the Philippines, and the Sey-
chelles; moreover, it was registered for the Sea of Japan. The crab P. vespertilio is widely distributed
in the warm-water areas of the Indo-Pacific; it is found from the coast of East Africa to the Philip-
pines [Awaad et al., 2019; Emmerson, 2016; Kyomo, 2002], recorded off the coast of Australia and Sin-
gapore [Siddiqui, Tirmizi, 1992], and detected in New Caledonia [Emmerson, 2016]. Also, this species
was registered in the Red Sea, the Gulf of Suez, and the Suez Canal [Awaad et al., 2019], and this makes
the detection of the crab off the Crimean coast possible.

P. vespertilio is an inhabitant of sublittoral rocky areas and mangroves. It occurs in the coastal
areas from the water edge to a depth of 10 m, under stones, in crevices, and among coral frag-
ments. This crab, due to its dense setae coverage, becomes almost invisible on the substrate. It spends
most of time in burrows, which it builds on both hard and soft bottoms [Emmerson, 2016; Kyomo,
1999, 2001]. It is most active at night. The name of the crab species was inspired by the name
of the genus of bats Vespertilio Linnaeus, 1758 — due to external similarity of the setae coverage of these
animals [Emmerson, 2016].

Males are larger than females and can reach 25.5-30.8 mm in width and 18.0-25.5 mm in length;
females are up to 25 mm in width and 18.1 mm in length [Dai, Yang, 1991]. Some individuals can
reach 40.1 mm in length [Teddy bear crab, 2020]. They are continuous breeders, with maximum ac-
tivity during summer months [Kyomo, 1999; Litulo, 2005]. In temperate latitudes, the breeding season
is shorter and lasts May to October [Kyomo, 1999]. In the coastal area near Okinawa Island (Japan),
the duration of embryogenesis for hairy crabs averages 21.2 days [Kyomo, 2002]. This species has four
larval stages — three zoeal and one megalope [Clark, Paula, 2003; Siddiqui, Tirmizi, 1992]. Off the coast
of Japan, the hairy crab mainly feeds on algae, most often red Gelidium pusillum (Stackhouse) Le Jo-
lis, 1863 (Rhodophyta), and on small invertebrates [Kyomo, 1999]. Moreover, P. vespertilio can feed
on toxic Zoantharia (coral polyps), and the poisons accumulated while feeding on these coral polyps
make the crabs toxic [ Pilumnus vespertilio— Hairy crab, 2021]. Interestingly, when catching the specimen
considered, the second author of the article suffered burns to his fingers.

The occurrence of the hairy crab in the Black Sea can be explained by economic activity. Specifically,
larvae (planktonic stage of crab development) could be transferred through ballast water. An indirect
confirmation of this fact is that the crab was detected in the immediate vicinity of the Sevastopol Bay
mouth, where various ships are based for many years.

The studies were carried out under the RFBR grant No. 18-44-920016 “Dynamics and consequences of the intro-
duction of alien species of fish and invertebrates into biocenoses of Sevastopol coast and bays” and partially within
the framework of IBSS state research assignment No. 121040600178-6 “Structural and functional organization,

productivity, and sustainability of marine pelagic ecosystems.”
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OBHAPYKEHUE 9YKEPO/JHOI'O BUJIA KPABA CEMEHCTBA PILUMNIDAE
YV BEPEI'OB CEBACTOIIOJIA (UEPHOE MOPE)

C. B. Ctarkesnu', A. B. Epmos?

'®I'BYH ®UIL «HCTUTYT G1OJIOrMH I0KHBIX Mopeii umenn A. O. Kopanesckoro PAH»,
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B wmione 2018 1. B mpuOpexnoit 3oHe IOro-3anmagnoro Kpeima Bo Bpems cOopa oOpasloB
YepHOMOPCKHMX THAPOOMOHTOB OOHapykeH Kpab® cemeiictBa Pilumnidae. [loHHBIE OTJIOXeHHS
B pailioHe TOUMKHU Kpada TMpejcTaBieHbl TBEpabIM cyOctparom. Ha momeHT cOopa Mmarepualia
Temrieparypa BoAbl coctaBistia +24 °C, conénoctb — 18,0 %o. TloiiMaHHBIA 3SK3EMILISP
1o MOP(OIOTHYECKOMY CTPOSHHIO ObLT MAEHTU(DUITMPOBAH HAMM KaK BOJIOCAThIN Kpad Pilumnus cf. ve-
spertilio (Fabricius, 1793), npencraButens Mugo-Tuxookeanckoro peruoHa. B pabore npuBeneHsl

(ororpadum xuBoro u pruKcUpoBaHHOTO Kpada.

Keywords: crab, alien species, Pilumnidae, Pilumnus cf. vespertilio, Black Sea
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AND AGE-SPECIFIC CELL STATE IN ONTOGENESIS
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The article presents a quantitative model of the dependence of the morphological structure of the contin-
uous microalgae culture on external lighting and species-specific cell parameters. The modeling is based
on the concept of two main phases that make up the cell life cycle — interphase and division phase.
The interphase is regarded as a light-dependent process during which cell biomass increases. The divi-
sion phase does not depend on light and occurs when a cell reaches a certain mass equal to (or higher
than) the sum of masses of daughter cells. The division stage ends with cytokinesis: a cell splits into
daughter cells. The age-specific microalgae cell state is characterized by the value of its biomass, while
transitions from one state to another are characterized by the activity (growth and division). The model
is represented by a system of differential equations that fully describe the dynamics of ontogenesis.
A particular solution of the model for dynamically equilibrium growth of microalgae in the culture
at different light intensity is analyzed. As shown, in the continuous microalgae culture under photo-
lithotrophic conditions, the specific growth rate is related to the morphological structure of the cell
population by simple directly proportional equations with species-specific coefficients. These coeffi-
cients are the maximum growth rate in the interphase (at saturating light intensity) and cell division
activity in mitosis.

Keywords: microalgae, ontogenesis, age-specific cell state, interphase, mitosis, probabilistic model,
growth rate, morphological structure of culture

Considering a microalgae monoculture as a population of individual cells, one can speak about
the age population structure, or rather morphological population structure, which is determined by the re-
lationship of age groups (the same as in all plants). The difference between microalgae and higher plants
is as follows: in the strict sense, there is no age concept for individual microalgae cells in a population.
To characterize age groups and individual cells, the concept of an age-specific state, or ontogenetic state,
is applied. The transition from one state to another is one-sided and directed towards growth; it can occur
at the same or different rate depending on the actual ontogenetic state and the cell environment.

The microalgae growth in culture is directly related to the growth of each individual cell and the rate
of division, i. e., to cell cycle, the duration of which is determined by the properties of the cell environ-
ment. The study of ontogenesis of individual microalgae cells is a difficult task since they are microscopic
in size. Ideally, ontogenetic investigations can be carried out with a coeval cell population [Helmstetter,
2015]. Methodically, it can be done; the possibility is connected with occurrence of light-dependent
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and light-independent phases of microalgae cell development in ontogenesis [Tsoglin, Klyachko-Gurvich,
1980]. By establishing the relationship between durations of light and dark regimes for a particular
microalgae culture, the age-specific state for all cells in culture can be synchronized [Tsoglin, 1996;
Tsoglin, Klyachko-Gurvich, 1980]. Significant progress in the work with synchronous Chlorella cultures
is reflected in publications of the researchers [Tsoglin, 1996; Tsoglin, Pronina, 2012].

To date, there are many papers concerning the study of the eukaryotic cell cycle, infer alia early
works [Winter, 1835] and recent large reviews, such as [Cvrckova, 2018]. The latter publication em-
phasizes that current understanding of the processes leading to cell division is based on a limited range
of concepts, although a lot of hypotheses were proposed earlier.

A similar situation is observed when constructing mathematical models for describing the age-
specific cell state in ontogenesis or the cell size distribution within a microbial population [Karlin,
1968; Riznichenko, 2011; Stepanova, 1980]. The most developed kinetic models of eukaryotic regu-
lation of the cell cycle are based on the concept of cyclin-dependent kinases and cyclins [Novék et al.,
1999; Sasabe, Machida, 2014]. However, this refers mostly to the very fact of division and is not directly
related to the growth processes of an individual cell, especially at the initial stage of the life cycle [Wang,
Levin, 2009; Wilkins, Holliday, 2009]. Moreover, the proposed kinetic models include a large number
of differential equations, and this ultimately leads to the need for reducing the systems of equations
to a small amount [Sible, Tyson, 2007; Tyson, Novék, 2001, 2015].

To establish the relationship between the microalgae growth characteristics in culture and its morpho-
logical structure, it is necessary to know the effect of the environment on the life cycle (the age-specific
state of individual cells). This relationship can be quantified in various ways. In this work, the age-
specific cell state and its transitions during the life cycle are modeled by probabilistic methods.

Basic provisions. The life cycle of a microalgae cell, or cell cycle, consists of several periods,
which are combined into two distinct phases — interphase and mitosis or meiosis [Cvrckova, 2018;
Tyson, Novak, 2015]. During the interphase, a cell grows; then, the processes of DNA replication begin,
and a cell enters the division stage; it ends with cytokinesis — a cell splits into daughter cells. During
mitosis, two distinct daughter cells are formed. During meiosis, which can be considered as a sequence
of several mitoses (or autospores), cytokinesis ends with the formation of several daughter cells [Tsoglin,
Pronina, 2012; Wilkins, Holliday, 2009], with their abundance depending on the quantity of mitoses
according to an exponential law.

To characterize the age-specific cell state, various parameters can be applied. Cell biomass (b) can be
considered as the most appropriate quantitative characteristic of the age-specific microalgae cell state.
Indeed: in order for a cell to divide into daughter cells (d), its biomass in the interphase must increase
to a value (b,,) higher than or equal to the sum of masses of daughter cells (by):

b, > dby, d =2,4,8,16...

This inequality may be due to the fact that the process of cell division is accompanied by the internal
energy consumption and, consequently, by the mass loss [Pederson, 2003; Tsoglin, 1996]. Moreover,
the mass loss can result from a cell wall destruction, flagella shedding, etc.

The cell biomass structural form seems to be a more accurate characteristic [Trenkenshu et al., 2018]
if we consider the mass loss during division to be insignificant. In this case, it becomes possible to assess
the biomass structural form by measuring chlorophyl concentration, which is proportional to the cell
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biomass structural form [Trenkenshu et al., 2018]. At the same time, a key point in terms of methodology
is the ability to measure pigments and biomass optically — without damage to the cell structural integrity.

The growth of microalgae in culture is characterized by the rate of change in its density (biomass B
or cell abundance N) over time t. For relatively long constant external conditions, the specific growth

rate u remains constant:
dB _ dN

" Bdt  Ndt’
If, as a result of cytokinesis, an individual cell is divided into d daughter cells, the duration of the life
cycle is related to the specific growth rate of the culture by a simple ratio:

1

_lnd
o

T

Distinguishing two time periods in the life cycle [the growth stage (interphase t,) and the division
stage (mitosis T,,)], we state that their sum is equal to the duration of the life cycle:

T, =Ty + Ty

Probabilistic model of ontogenesis. The life cycle of an individual microalgae cell can be repre-
sented as a graph of the age-specific states in which the cell can be. To do this, we express the probability
that a cell is in one of its growth states through 0,(t), and the probability that it is in the division stage,
through 0,(t).

A A A A A X
0o 0, 0g-1

> TN Sl 0 o] Ot [smacs | 0o [ 5] On
x A

We denote the activity of transitions from one state to another with subscripts corresponding to the prob-
abilities from which the transition occurs. Thus, the growth transition activity is g, (0 < g < m - 1),
and the activity of complete cell division into daughter cells is p,. Analytically, such a graph can be
outlined by a system of differential equations that completely describes the change in the cell state over
time:

( dec?t(w = _:quO(t) + :umem(t)v
%t(t) = —p161 (t) + pobo(?),
) daq(t)
dt _Nrgg<t> + ug—leg—1<t>; [O < Y <m— 1]7
\ det(t) = _:U’mem(t> + /“Lm—lem—1<t)
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By integrating the obtained system of equations, one can completely describe the dynamics of cell
ontogenesis for any moment of time. However, an exact formal description of cyclic graphs is math-
ematically difficult due to integration problems [Karlin, 1968]. Nevertheless, some particular solu-
tions are possible, and those can be used in assessing the morphological structure of microalgae
populations.

Stationary case. Of particular interest is the solution of the system of equations for the stationary
case. In a stationary (dynamically equilibrium) process, the state probabilities are equal to their limits:

;0<g<<m— =
Alggoggo by 0<g<m—1), AI?EOG (8) =9

m?

and the derivatives of the probabilities in terms of time are equal to zero:

do,(t) df,,, (t)
9 e : < < — m
5 =00 g m—1), —

=0.

The system of differential equations turns into an algebraic one:

ar 0= _/’LOQO + lu’mem’

do

Tt = 0=—p0; + poyby,
J s

We express the required probabilities for the interphase in terms of the probability of the initial state:

g
6, = Mg, 9, = Log — Holog = g — %90.
My Ho Mo Hq Hg:O Iy

The probability of the age-specific cell state in the division stage is as follows:

9 Ko 90

T

Condition for normalization over all the states is:

7]
09+2Hm1 0, = 1.
Hm g=0 9

Hence, we obtain the dependences of the probability density of cell being in the growth state (©,)
and in the division stage (O,):

(Mgl)g
0 = 99 _ HZ:O Py
9 u m=1 (pg)* o m—1 (pg)*
FL::L 00 + Zgzo H';n:gl iy 90 “7(7)1 + Zg 0 Hg Z Iy
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9 Ho
@ — m — Hom 5
T g o mol_(wg)”
Hom O0 + Zg 0 Hm 1 00 o 29:0 I 1

It is possible to use the model obtained for describing age or size cell distribution in a microalgae
culture, only if we know the relationship between the probabilistic coefficients of the ontogenesis model
and the kinetic characteristics of the culture. First of all, we take into account that the last equations
were obtained for continuous dynamically equilibrium conditions. Thus, the equations can be applied
to continuous microalgae cultures. This means that probability densities of cells being in a growth state
and division stage will show the quantitative ratio of growing cells (ng/N) and the ratio of dividing
cells (n,/N) in their total abundance (N):

ng+nm:N,
(Ng)g Lo
E:@ — Hgoug n_m:@ — ﬂ_m
N 9 uo +Z )¢

7N m I
O+Zg0 Hml

The ontogenetic state of cells is described by a set of probabilistic coefficients that determine tran-
sitions from one state to another. Interestingly, this process is cyclic: in the interphase, it is directed
towards growth; in the division phase, it returns the cell to its initial state. The rate of transitions is taken
into account by activity factors which generally determine the life cycle. As established, there are two
phases in the microalgae life cycle — light-dependent and light-independent [Tsoglin, Klyachko-Gurvich,
1980; Tsoglin, Pronina, 2012]. The first relates to the interphase while the second relates to mitosis.

The continuity of growth, both for a microalgae culture and an individual cell, is characterized
by a constant specific rate, in other words, by an exponential increase in the culture density (biomass
concentration) and the cell biomass. The continuity of biomass growth under constant light allows
simplifying the equation for the probability density of cell being in the growth state and mitosis:

gOHgOMQ

Mo = Mg = const, fi,, = CONSt,

9 m—1 (n,)" 14 M m—1 (u,)’ 14 ’
M_g+zg 0 H7ng1 'U/g/um Iu_g+Zg 0 HnLgl 'U/g/um
__H _ M
%=1 +mM Om =
g m g m

The effect of light on the age-specific cell state. With continuous photolithotrophic [Stukolova,
Trenkenshu, 2020] microalgae growth, the duration of the interphase depends on a light intensity at which
cell grows. This means that the activity of transitions of age-specific states in the interphase is also
dependent on light conditions under which the cell is. The effect of light on the biomass specific growth
rate in the interphase can be described by the equation [Lelekov, Trenkenshu, 2019]:

:uma:r:i_ic CSS]‘
ug:{ mas (i = i)

,ugma:c? i — cp > 1.
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There, pgmax is the maximum specific rate of the cell mass growth at saturating light intensity;
1 1s the light intensity normalized relative to saturating one;
icp 18 the compensation point of photosynthesis in normalized units.

As a result, the probability density of cell being in the growth state or mitosis will depend on non-
saturating light intensity according to the equation:

Mo, . . Hgmaz (7’ - Z‘cp) . .
0 = AL , (1, <1<1); 0, = Eal y (B, <1<1)
g “gmax (7’ o Zcp) + Hom, & " :ngma:c (Z o Zcp) T Moy, -
At light intensities equal to or higher than saturating intensity:
Hom . . Hgmax . .
0,= —"— (i—i,) =10, = — (i —1ig,) > 1.

 gmaz T P gmaz + Mo

Given that the maximum transition activities during growth and division are species-specific con-
stants, their ratio (Ugmax/Um) 1 also a species-specific constant. This allows writing the above equations
in the form:

— 1 ) y . _ HMgmax (iiic )/:U‘m . .

Oy = i llep S1S1); Oy = T T (i <0< 1),
_ 1 S . _ Hamax [Hm .

O = T fim (17 lep) 215 O = T2 T00, (10— 0p) 2 1.

The obtained equations are graphically illustrated in Fig. 1.

J

=

“gll!(l.\'/}fl”l = 0- 5

uglll(l.\'/ ,»llll - 1

M gmax / Lllll = 2

Cell portion in the growth and mitosis phases, r. u.

0 02 04 06 0.8
Light intensity, r. u.

12 14 16 18 2

Fig. 1. Dependence of the cell proportion in the interphase (©,) and in the mitosis phase (©,,) on light

intensity at different species-specific ratios (shown by numbers) of specific growth rate of the cell mass
and mitosis rate (Hgmayx/Mm)

Mopckoii 6uosorrueckuil xypHai Marine Biological Journal 2023 vol. 8 no. 1



Relationship between growth characteristics of microalgae culture. .. 105

Fig. 2 clearly shows how the morphological structure of the microalgae population at saturating light
intensity depends on the species-specific ratio Ugmax/Hm.

5 19 14

8 09— 0.9 —

% — -

.g_ 0.8 — 0.8 —

%) ] N

§ 0.7—— 0.7j

E 06— 0.6

-c =

= 4

© 05— 05—
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E 0.4 — 0.4
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Ratio of specific rate of growth and division, r. u.

Fig. 2. Dependence of the cell proportion in the interphase (©,) and in the mitosis phase (©,)
on the species-specific ratio of specific growth rate of the cell mass and mitosis rate (Lgm,y /Iy, ) at saturating
light intensity

There is an important corollary of the obtained equations. As the last equation shows, it is pos-
sible to experimentally find the quantitative value of the species-specific ratio Ugmax/Um. To do this,
it is necessary to identify the distribution of growing or dividing cells in a continuous microalgae culture
at saturating light intensity:

(Z - Z.cp) > 1,
Mgma:r . 1— @g. :U’gmam o @m
o, O, = Hny 1-0,,

Relationship between specific growth rate in a culture and probability density of the age-

specific cell state. First, we determine the relationship between the specific growth rate and the activities

of cell transitions from one state to another. This requires some transformations:

Ind Ind Ind 1 1 1 m

, p=—t—
g Hm B Mg o fg + o,

Comparing this result with the obtained probability density of age-specific cell states, we finally get:

7 p
Q,=—"—, 0, =—72—,
fig + fhm fg + i

fght
£ :/’L@g::um@m

p=—"—
gty 7
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The obtained relationship equations allow assessing the morphological structure of a microalgae cell
population at different specific growth rates of a microalgae culture. This value is determined by a simple
formula: n

N0y N gy,

Conclusion. Based on the concept of two main phases that make up the cell life cycle — interphase
and division phase, a probabilistic model of the dynamics of changes in the age-specific microalgae cell
state in ontogenesis is developed.

The age-specific microalgae cell state is characterized by its biomass value, while transitions from one
state to another are characterized by the activity of growth and division. For photolithotrophic condi-
tions of microalgae cultivating, the interphase is regarded as a light-dependent process during which cell
biomass grows. The division phase does not depend on light and starts after a cell reaches a certain mass.

A particular solution of the model is found for the dynamically equilibrium microalgae growth
in culture at different light intensities. As shown, the activities of cell transitions from the growth state
to the cytokinesis stage are species-specific microalgae culture parameters, and their quantitative ratio
is constant at saturating light intensity.

It is shown that in a continuous microalgae culture under photolithotrophic conditions, the spe-
cific growth rate is related to the morphological structure of a cell population by simple directly pro-
portional equations with species-specific coeflicients. These coefficients are the maximum growth rate
in the interphase (at saturating light intensity) and cell division activity in mitosis.

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).
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CBsI3b POCTOBBIX XAPAKTEPUCTHK KYJIBTYP MUKPOBOJIOPOCJIE
C BO3PACTHBIM COCTOAHMEM KJIETOK B OHTOI'EHE3E
(BEPOATHOCTHAA MO/IEJIb)

P. I1. TpenkeHnury

®I'BYH PUILL «HucTuTyT GHonoruu 10xkHbX Mopeid uvMenn A. O. Kosanesckoro PAH»,
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B pabote npeacraBieHa KOJMYECTBEHHAS MOZEb 3aBUCUMOCTH MOP(OIOrMYeCKO CTPYKTYPbl Herlpe-
PBIBHOI KyJIbTYpbl MUKPOBOJOPOCIIEH OT BHELIHETO OCBEIIEHHS U BUAOCTIEIM(UIECKUX MTapaMeTPOB
KJIETOK. B OCHOBe MOzenMpoBaHus JIEKHUT MPEACTaBICHHE O ABYX KJIIOUEBBIX (pa3ax, COCTABIISIONINX
KU3HEHHBIN ITUKJI KJIeTKH, — uHTepdase u ¢asze nenenns. MaTEepdaza paccMaTpuBaeTcs Kak CBETO-
3aBUCUMBIH TPOLIECC, IPX KOTOPOM IPOUCXOIUT POCT Oromacchl KieTkd. Pa3za JiesieHus: He 3aBUCUT
OT CBeTa W HACTYIAeT IOCje NOCTHKEeHHUs KJIETKOUM ONpe/IeN€HHOM Macchl, paBHOW (Vv OOJIbIIei)
CyMME Macc JJOYepHMX KJIETOK. 3aKaHUMBaeTCs CTaaus AeJIeHUS UTOKMHE30M — IOJIHBIM pa3zerie-
HUEM KJIETKM Ha JiouepHHe. Bo3pacTHOe cOCTOsTHME MUKPOBOAOPOCIEBON KJIETKH XapaKTepu3yeTcs
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BEJIMYMHOM €€ GMOMacChl, a IePeXO/Ibl M3 OTHOTO COCTOSIHUS B JPYroe — aKTUBHOCTBIO (POCTa U Aerie-
HUs). Mozens npejcTaBiieHa cucTeMoit g bepeHInaIbHbIX YpaBHEHHH, TOJHOCTBIO OMMCHIBAIOIIMX
JAMHAMUKY TIporiecca oHToreHesa. [IpoaHaIM3rpoBaHO YaCTHOE pellieHre MOJEH JUIs JUHAMHYECKH
PaBHOBECHOTO pOCTa MUKPOBOJOPOCIIEH B KyJbTYpe NPH pa3iIM4yHON MHTEHCUBHOCTH cBeTa. [lokaza-
HO, YTO B HENPEPBHIBHON KYJIbType MHUKPOBOAOPOCIEH, pacTyieil (potonuToTpopHo, yaeapHas cKo-
POCTb pocTa CBsi3aHa ¢ MOP(OIOrMIECKOl CTPYKTYPO MOMYJISINN KJIETOK MPOCTHIMU MPSIMO IPOTIOP-
[IMOHAJILHBIMH YPAaBHEHUSIMH C BHIOCHEIM(UIECKUMI KO3 UIMEHTAMI — MaKCHMaJIbHOH CKOPO-
CTBIO pocTa B nHTepda3e (IpH HACHIIIAIOIEH MHTEHCUBHOCTH CBETA) M aKTHBHOCTBIO JIEIEHNUsI KJIETOK
MIPY MHTO3€.

KuiroueBble cJ0Ba: MHUKpPOBOAOPOCHIH, OHTOTEHE3, BO3PACTHOE COCTOSHWE, WHTepasza, MHUTO3,
BEPOSATHOCTHASI MOZIEJ b, CKOPOCTh POCTa, MOP(pOIOTHUecKas CTPyKTypa KyJIbTyphl
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The red alga Lukinia dissecta, previously found in a laboratory marine aquarium containing water
and substrate (bottom stones and broken shells) from the Avacha Bay (the Southeastern Kamchatka),
was first discovered in natural conditions in the Eastern Kamchatka waters. This significantly broadens
the concept of the range of the species, which was previously considered disjunctive and exclusively
insular. Based on new findings, the species range is reported as extended and, apparently, continuous.
The availability of L. dissecta samples from Alaska (USA) in the authors’ possession made it possible
to consider the species as a boreal interzonal pan-Pacific one.

Keywords: Lukinia, Kamchatka, range, pan-Pacific species

The species Lukinia dissecta Perestenko, 1996 (Rhodophyta), described by L. Perestenko [1994]
and assigned by her to the order Gigartinales, long remained a taxon with an unclear systematic position
at the family level. However, recently, the researchers from the Far East [Shibneva et al., 2022] carried out
a radical review of L. dissecta status and came to an unambiguous conclusion that the species belongs
to the family Rhodymeniaceae within the order Rhodymeniales.

During our studies in a laboratory marine aquarium containing substrate and water from the Avacha
Bay (the Southeastern Kamchatka), algae new to this region were found, including L. dissecta [Selivanova,
Zhigadlova, 2022]. We suggested that the presence of unusual algae in the aquarium may indicate their
occurrence in the Avacha Bay water, and it was justified in terms of L. dissecta: the species was soon
discovered in the Kamchatka water area. The data on the findings are shown in Figs 1 and 2 (water areas
2 and 3).

The aim of this work was to clarify the range of L. dissecta taking into account all currently known
data on the distribution of this algae.
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MATERIAL AND METHODS

Aquarium and natural algae sampled near the Southeastern Kamchatka were identified under
an Olympus CX31 light microscope. When identifying the material, a comparison was made with
the original taxon description and data from other publications on this species [Klochkova et al., 2009;
Lopatina, Klochkova, 2016; Perestenko, 1994; Shibneva et al., 2022]. The samples were photographed
with an Olympus SZ-20 digital camera. The studied material is stored in the laboratory of hydrobiology
of the Kamchatka Branch of the Pacific Geographical Institute.

RESULTS AND DISCUSSION

The study of our L. dissecta samples showed their close morphological similarity with representa-
tives of the genera Palmaria Stackhouse, 1802 and Sparlingia G. W. Saunders, I. W. Strachan et Kraft,
1999. L. dissecta also has a narrow wedge-shaped base and a lamellar part widened upwards with varying
degree of the apex dissection (the apex from almost non-dissected to deeply dissected). The polymor-
phic appearance of plants is shown in Fig. 1. However, L. dissecta differs from representatives of closely
related genera in the structure of subcortical and medulla cells, as well as in the structure of the cysto-
carp [Lopatina, Klochkova, 2016; Shibneva et al., 2022]. This allows to reliably distinguish its specimens
from closely related ones.

D

DUPLICATE

Fig. 1. Lukinia dissecta from different habitats: sampled at the Commander Islands (A), at Cape
Baraniy (B), in Vestnik Bay (C), and at Amchitka Island (D). Scale: A, D, 4.5 cm; B, C, 3 cm

Our information on L. dissecta distribution differs from the data obtained earlier. Specifically, it was
considered that L. dissecta occurs in Russian waters of the Far East alone and, in addition to the Com-
mander Islands (its typical habitat), is distributed near Sakhalin and the Kuril Islands [Klochkova et al.,
2009; Lopatina, Klochkova, 2016; Perestenko, 1994]. However, L. dissecta findings first in the laboratory
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marine aquarium containing bottom sediments and water from the Avacha Bay [the Southeastern
Kamchatka] [Selivanova, Zhigadlova, 2022] and then in the Eastern Kamchatka water area [Cape
Baraniy (the Avacha Bay) and Vestnik Bay (the Southeastern Kamchatka) (Fig. 2, water areas 2
and 3, respectively)] significantly expanded the understanding of its range. It is quite natural that
Lukinia described from the Commander Islands and then found much further south, on Sakhalin
and Kuriles, could only get there through the Kamchatka water area. Moreover, our herbarium speci-
mens of this alga, kindly sent by Dr. Sandra C. Lindstrom (University of British Columbia, Canada),
sampled in Alaska (USA) (Fig. 2, water area 6), allowed us to assume an even more extended
and continuous range of L. dissecta in the northern Pacific Ocean [Selivanova, Zhigadlova, 2022].
This is shown in Fig. 2.

200 miles
200km

Fig. 2. Location map of Lukinia dissecta in the Northern Pacific. Russian water area: the Comman-
der Islands (1); Cape Baraniy (the Avacha Bay) (2); Vestnik Bay (the Southeastern Kamchatka) (3);
the Onekotan Island (the Northern Kuriles) (4); Cape Lopatin (the Sakhalin Island) (5). American sector:
Amchitka Island (the Aleutian Islands, Alaska, USA) (6)

Conclusion. The study of Lukinia dissecta from the Avacha Bay showed that this species has an ex-
tended range in the Northern Pacific (from the Commander Islands to Sakhalin and the Kuriles through
the Eastern Kamchatka), though it was previously considered disjunctive and exclusively insular. The oc-
currence of L. dissecta in Alaska led to the conclusion that this species is even more widespread in the Pa-
cific Ocean and should be considered as a boreal interzonal pan-Pacific (also found in the American
sector).

Acknowledgement. We thank our colleagues for their participation in the algae sampling and Sandra C. Lind-
strom (Canada) for providing alga herbarium specimens.
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O PACIIPOCTPAHEHUHA MOPCKOH BOJIOPOC.JIN
LUKINIA DISSECTA PERESTENKO (RHODYMENIACEAE, RHODYMENIALES)
B CEBEPHOMN INAIIU®UKE

0. H. CeauBanoBa, I'. I'. ZKuragaosa

Kamuarckuit punman Tuxookeanckoro uncturyta reorpacgpuu IBO PAH,

[erponaenosck-Kamuarckuid, Poccuiickas ®epepanus
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KpacHnas Boopocis Lukinia dissecta, KOTOpyI0 paHee HalluU B JJAOOpAaTOPHOM MOPCKOM aKBapuyMe,
cojiepikalieM IpyHT U Boay u3 AaumHckoro 3aiuBa (FOro-Bocrounast Kamuarka), BriepBble 0OHa-
py’XeHa B MPUPOAHBIX YCJIOBHUSX B akBaTopuu Boctounoi KamyaTku. DT0 3HAUMTENHHO pacivpsieT
IIpPeACTaBJIEHH 00 apeasie BUAa, KOTOPBII paHee CUUTAIN AU3bIOHKTUBHBIM M UCKJIIOYUTEIBHO OCTPOB-
HeIM. Ha ocHOBaHMM HOBBIX HaXOJOK apeas BUJa MPU3HAH MPOTSKEHHBIM W, O-BUANMOMY, HEIpe-
PBIBHBIM, a HaIW4ue y aBTopoB o0pasuoB L. dissecta ¢ Ansicku (CILA) mo3Boimio paccMaTpuBath
BUJI KaK OOpeasIbHbII MHTEP30OHAIBHBIA MaHNAIM(PUIECKHIH.

KuaroueBsble cioBa: Lukinia, Kamyatka, apeani, nannauupuyeckuil Buj
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In 2022, Professor Vladislav Khlebovich, a prominent zoologist and hydrobiologist, turned 90.
This essay is a brief review of his diverse activity and contribution to science.

Keywords: Khlebovich, main results, salinity, evolution, ecology

“Without emotions, without passion,

&

there can be no science.’
S. Korolev
(cited from: [Khlebovich, 2017d])

The results of research by D. Sc., Professor Vladislav Khle-
bovich are reflected in scientific publications that have become
classics [Khlebovich, 1974, 1981, 1996], in the articles published
in the last decade [Smirnov et al., 2015; Khlebovich, 2013a, b, c,
2014a,b,2015a,b,c,d, e, f,2016,2017a, b, c,2018,2019, 2020,
Khlebovich, Ivanov, 2018], and in memoirs. All these works
form a whole layer in understanding the physiological, ecologi-
cal, and evolutionary role of the salinity factor, autecology [Khle-
bovich, 2015d], and fine mechanisms of physiological and behav-
ioral reactions of aquatic invertebrates [Khlebovich, 2015b] in-
habiting marine and continental waters, especially the most vari-

able aquatic systems — estuaries [Khlebovich, 2019]. His inter-
ests are so diverse that it is hard to set the boundaries. In 2022, Photo from http://casp-geo.ru/
V. Khlebovich turned 90.
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An outstanding Russian zoologist was born on 27 February, 1932, in Voronezh. He spent his first
years in the Voronezh Natural Reserve, where his father, Vilgelm Khlebovich, worked in 1933-1939
as deputy director for science, and his mother, Vera, was a weather observer. In the autobiogra-
phy [2017d], Vladislav Khlebovich recalls: “When I was a child, the world of the forest cut by the Us-
manka River (in Tatar, beauty) seemed endless... Because of the reserve, I have always wanted to be
a biologist and became one.” In 1939, his father began working at the Voronezh University as an asso-
ciate professor at the zoology department, which was headed by his teacher — Konstantin Saint-Hilaire'.
In the same year, the future biologist went to a Voronezh school. In the years of the war, the family was
evacuated to the Voronezh Nature Reserve (1942). His father joined the militia.

In 1945, the family moved to the city of Braslav (Western Belarus), to the father’s homeland. In 1949,
V. Khlebovich graduated from a Braslav school with a silver medal and realized his dream — entered
the biology and soil faculty of the Leningrad State University and chose the invertebrate zoology de-
partment. His studies at the university began with the lectures of Valentin Dogiel’ — the author of Zool-
ogy of Invertebrates. With this textbook, the university life of most Soviet biology students (belonging
to the generations of the authors of this article) usually began, both in leading and provincial universities.
In 2022, V. Dogiel would have turned 110.

In 1954, Vladislav Khlebovich graduated with honors from the university. His project was fo-
cused on polychaetes. He entered the PhD graduate school at the Zoological Institute of the Academy
of Sciences of the Soviet Union and continued studying polychaetes under the guidance of Pavel
Ushakov (1903-1992). He always talks about his teacher with gratitude and great respect [2017d].
In 1959, he defended his PhD thesis Polychaeta Worms of the Littoral of the Kuril Islands. Af-
ter a vacation spent at the Kaliningrad Biological Station, even prior to defending his PhD thesis,
V. Khlebovich, as he uses to say, “fell ill”: “It was at this ornithological station that I got the virus
of my main scientific interests — Nereididae and the salinity factor.” These interests led him to a se-
ries of discoveries and generalizations that brought fame and respect among colleagues all over
the world. His monograph on polychaetes was published in the Fauna of Russia series [Khlebovich,
1996].

In 1960, he began his research on salinity adaptations; later, he developed the concept of critical salin-
ity of biological processes [Khlebovich, 1974], which received wide international recognition and was
further deepen in his works [Smirnov et al., 2015; Khlebovich, 2014a, 2015c]. In 1971, he defended
his D. Sc. dissertation The Concept of Critical Salinity in Zoology. In three years, Vladislav Khlebovich
published the monograph The Critical Salinity of Biological Processes [1974]. The development of ideas
and the acquisition of new data resulted in the publication of another scientific work — The Acclimation
of Animal Organisms [1981]. In 2008, he was awarded the prestigious prize for biologists “for a se-
ries of works on the topic The Salinity Factor in Zoology” — Pavlovsky Prize of the Russian Academy
of Sciences.

'K. Saint-Hilaire (1866-1941), Russian and Soviet zoologist, hydrobiologist, organizer of the first biological station
in the Russian Empire [in the Kandalaksha Bay of the White Sea (Kovda)], Professor at the Yuryev and Voronezh
universities.

2V. Dogiel (1882-1955), Russian and Soviet zoologist, corresponding member of the Academy of Sciences
of the Soviet Union (1939), D. Sc., Professor, the Lenin Prize winner.
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One of the results of his work in this direction was the creation of a scientific school recognized
by the scientific community: he brought up a whole generation of researchers, inter alia PhD and D. Sc.
Analyzing salinity adaptations and osmoregulation in hydrobionts, he substantiated the concepts of phys-
iologically freshwater animals of marine origin [Khlebovich, Komendantov, 1985]. At present, his
concepts are developed by numerous students and followers, including the authors of this article.

It is impossible not to recall many years of his interest in the issues of phenotypic adaptations
and the theory of evolution in general. Assuming that an individual should be considered as an in-
divisible quantum of life, V. Khlebovich is focused on the ecology of individuals [2012]. He ex-
perimentally showed that modification variability is often based on the inclusion by the environ-
ment of alternative hereditary programs (those are present in the genotype of an individual). He es-
tablished that one of the ways of diversification is the formation of species via sequential creation
and “falling out” of alternative norms of gene expression. To date, this is confirmed by the works
of molecular geneticists.

He was an active participant and organizer of several expeditions aimed at studying the Far Eastern
and Arctic coastal regions of our country. I remember, for example, 1971 (N. Sh.): the Barents Sea,
in the scientific village of Dalnie Zelentsy, on a used hunting schooner, two expeditions of the Zoolog-
ical Institute live and work — Freshwater Life (headed by not yet an Academician A. Alimov) and Salty
Distances (headed by V. Khlebovich). In 1993 and 1994, he headed the Russian—American expeditions
aimed at studying the Arctic estuaries. In his life, there was the Chernobyl period as well. Specifically,
for many years, Vladislav Khlebovich was a member of a complex radioecological expedition in the ecol-
ogy section of the integrated program to eliminate the consequences of the disaster at the Chernobyl
nuclear power plant. In 1987, he was awarded a diploma. In 1997, he was awarded the medal For Saving
the Dying.

Speaking of V. Khlebovich, it is impossible not to mention the versatility of his talents. Accord-
ing to him, after the famous ornithologist Aleksey Malchevskiy’, he was the best bird impersonator
in Leningrad. He is an outstanding organizer of science as well: for 12 years, he headed the Belomorsk
Biological Station of the Zoological Institute and made it the best in the USSR. He wrote the book
Kartesh and Around [2007] about this. Is it worth listing everything that this amazing person has done
and continues to do? He has his own vision of many things that go far beyond the scope of his pro-
fessional scientific activity. He is an incredibly interesting speaker. He became the author of several
popular science books [Khlebovich, 1987, 1991, 2015g]. Through the prism of biology, he is not afraid
to consider human problems, and this is confirmed by his articles in the literary magazine Zarya (no. 5,
2002) This Is Our Beginningless World... Biological Models of Human Societies and in the newspaper
Novaya Gazeta (15.06.2005) In the Structure of the Brain, There Is No President. Moreover, he is one
of the creators of public aquariums in Saint Petersburg.

The concept of active creative longevity is strongly associated with Vladislav Khlebovich. Having
celebrated his 80" birthday, which we wrote about as well [Shadrin et al., 2012], he published a series
of interesting papers on the role of potassium in animal evolution. Developing the ideas of his co-author,

3A. Malchevskiy (1915-1985), one of the leading Soviet ornithologists, dean of the biology and soil faculty of the Leningrad
State University (1969—1973).
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friend, and peer, Academician of the Russian Academy of Sciences Yury Natochin’, he convincingly
showed that life originated in the potassium environment, and Na*/K*-ATPase played a key role in animal
evolution. An insight on the fundamental works, on activity aimed at popularizing scientific knowledge,
and on philosophical reflections of V. Khlebovich in the decade between two jubilees can be gained
from the reference list at the end of this article.

Vladislav Khlebovich is in creative search, and we — his friends, followers, and students — wish him
strong health and success!
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ON THE ANNIVERSARY OF D. SC., PROF. ALEKSANDER SOLDATOV

On 31 October, 2022, the outstanding hydrobiologist
Aleksander Soldatov celebrated his 65" birthday — D. Sc.,
Prof., chief researcher, and head of IBSS animal physiology
and biochemistry department.

A. Soldatov has devoted more than 30 years to work
at the institute. He has been working at the animal physiology
and biochemistry department for more than 20 years and has
headed it since 2008.

Aleksander Soldatov is a highly qualified specialist in eco-
logical physiology and biochemistry of hydrobionts who en-
joys a well-deserved reputation both in Russia and abroad.
He is the author of more than 270 publications, inter alia
3 collective monographs.

He is the supervisor of six successfully defended PhD theses
and leads many research projects. His scientific activity is di-
verse. It was he who proposed a classification of hypoxic conditions for hydrobionts, determined
the mechanisms of short- and long-term regulation of tissue partial pressure of oxygen in marine fish,
and studied the significance of tissue lipid level in correcting the diffusion capacity of skeletal muscles
in terms of oxygen. Moreover, he established the fact of low diffusion capacity of the histo-hematic
barrier in lower vertebrates.

A. Soldatov deeply studied hematopoiesis processes in teleost fish. For the first time, he established
the fact of monocycles in the functioning of the erythroid germ of the hematopoietic tissue during
the annual cycle and showed its relationship with spawning. He discovered and described colony-forming
units in the hematopoietic tissue (anterior kidneys, spleen). Under experimental conditions, he analyzed
the effect of hypoxia and hypothermia on hematopoiesis. He reported the process of balanced inhibi-
tion of membrane and metabolic functions (metabolic arrest) in fish red blood cells during adaptation
to extreme external conditions. Also, he determined the morphological and functional characteristics
of erythroid blood elements during cellular differentiation.

He described the functional effects of the use of anesthetics on teleost fish. Moreover, he developed
a methodology for applying urethane anesthesia during experimental studies.

Under the leadership of Aleksander Soldatov, complex field and experimental research was car-
ried out: functional, metabolic, and molecular bases of adaptation of representatives of the Black Sea
malacofauna to existence under conditions of extreme ecotopes (hypoxia (anoxia), hydrogen sulfide load,
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and hypo- and hyperosmotic environments) were studied. Within the framework of these investigations,
the results were obtained that reflect the state of cellular systems and antioxidant enzymatic complex;
qualitative and quantitative composition of carotenoids was determined.

A. Soldatov is a talented scientist and an outstanding mentor generously sharing his experience with
new generations of researchers. For more than 20 years, he has been teaching at the Sevastopol State
University (department of technogenic safety and metrology) and in several other universities in Sevas-
topol, and he is one of the best lecturers in the city in hydrobiology, physiology, and ecology. Currently,
he supervises the work of four postgraduate students and serves as a professor of IBSS postgraduate
department. At SevSU, he graduated about 15 masters and 30 bachelors.

To date, Aleksander Soldatov is a member of the ex-
pert council of the Higher Attestation Commission
and chairman of IBSS scientific council. Moreover,
he serves on editorial boards of several scientific
journals, as well as dissertation councils of our in-
stitute and V. I. Vernadsky Crimean Federal Uni-
versity. For some years, he was involved in activity
of program committees of key scientific conferences
in hydrobiology and physiology.

For the work done, he was awarded the titles
of Honorary Worker of Science and High Tech-
nologies (Ministry of Science and Higher Educa-
tion of the Russian Federation, 2021) and Professor
of the Year (Russian Professors’ Meeting, 2021).

A. Soldatov is a helpful person and a wonderful fam-
ily man. This eminent hydrobiologist is a true enthusiast
of his work, who inspires with his passion and instills
a love for science in young researchers.

On behalf of all colleagues, friends, and grateful students, we congratulate dear Aleksander Soldatov
on his anniversary! We wish success in further work, new discoveries, great accomplishments, happiness,
and prosperity!

Team of IBSS animal physiology and biochemistry department

K IOBJIEIO TOKTOPA BUOJIOIT'MYECKUX HAVYK, ITPOPECCOPA
AJIEKCAHJPA AVIEKCAHJIPOBHUYA COJITATOBA

31 okrsa6ps 2022 r. ucnonHmioch 65 ner Asekcanapy Anexkcanpposudy ConpgatoBy — nO. 6. H.,
rpod., pykoBoauTeso otaesa (pusnonoruu KuBoTHHIX v Ouoxumun PUIL MHBIOM. Anexcanap
AJleKCaHJPOBUY SIBJISIETCS CIIEIIUAIMCTOM B 00JIACTH SKOJIOTMUYECKOM (PU3UOIOTHH U OUOXUMUM MOP-
CKUX OpraHU3MOB, aBTOpOM OoJiee uyem 270 HaydyHbIX IMyOJIMKALIMiA, peaceaaTeieM yU€HOro Copera
OUILL MuBIOM u 3aMecTuTesIeM MIABHOTO pefakTopa «MOpCcKOro OMOJOru4ecKoro xKypHaia».
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