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Abstract: The studies of seasonal phytoplankton dynamics, its growth rate, and microzooplankton
grazing were conducted on two stations in the western Black Sea coastal waters near Sevastopol from
January 2021 to December 2022. The phytoplankton species composition has remained relatively
the same during recent years compared to the end of the last century and the beginning of the
2000s. However, significant changes have occurred in the ratio between different species of diatoms,
and the proportion of dinoflagellates was increased, especially in the autumn. Large diatoms and
dinoflagellates play a crucial role in forming the phytoplankton biomass seasonal peaks. The first
central maximum was observed in July, and the second smaller one was in September-November.
Whereas two decades ago, the small diatoms generated three peaks annually: in February, May,
and September—October. The maximum values of the phytoplankton growth rate and the rate of its
consumption by microzooplankton decreased 2-3 times compared to the beginning of the 2000s. The
relative share of primary production consumed by microzooplankton annually averages 35%, two
times lower than before.

Keywords: phytoplankton dynamics; nutrients; anthropogenic pollution; growth rate of phytoplank-
ton; microzooplankton grazing; Black Sea

1. Introduction

Phytoplankton is a primary component of any aquatic ecosystem, and variability
determines the development and dynamics of all subsequent trophic levels. Phytoplankton
is responsible for approximately half of the global primary production [1] and for 90%
of primary production in the ocean [2]. The main share of the Black Sea phytoplankton
primary production is formed in the coastal areas, and the greatest values of this parameter
are observed in the bays [3]. The total annual value of primary production depends signifi-
cantly on the seasonal dynamics of phytoplankton biomass. In the Black Sea coastal waters
near Sevastopol during the period between 1960 and 2007, the seasonal phytoplankton
community biomass was usually characterized by the presence of three peaks: the first
one in February, the second at the end of May at the beginning of June, and the third in
September—October. The first peak was formed by the small diatom Skeletonema costatum
(Greville) Cleve. Two others were conditioned by the bloom of small diatom species, Chaeto-
ceros socialis H.S.Lauder and Chaetoceros curvisetus Cleve [4,5]. In addition, coccolithophore
Emiliania huxleyi (Lohmann) W.W.Hay & H.P. Mohler regularly reached the bloom level
from late May to early June, corresponding to the blooming period of the small diatoms [4].
However, in 2010, when in all seasons the water temperature was 1-3 °C higher than
previously, during a significant part of the year, dinoflagellates dominated and created the
summer maximum of phytoplankton biomass. Only in February, when a small biomass
peak was observed, S. costatum predominated [5]. In 2014, large diatom species created two
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biomass maxima at the end of summer and late autumn. In the summer peak, Pseudosole-
nia calcar-avis (Schultze) B.G.Sundstrom prevailed; in the autumn maximum, Cerataulina
pelagica (Cleve) Hendey dominated. However, during the year bloom of S. costatum, genus
Chaetoceros representatives and coccolithophore E. huxleyi were not also observed [6]. The
results of our research in the Black Sea coastal waters near Sevastopol in 2020 indicated
that the seasonal phytoplankton biomass dynamic at different stations is characterized by
one or two peaks in the summer and autumn periods [7]. They were conditioned by the
intensive growth of the large diatom species P. calcar-avis and Proboscia alata (Brightwell)
Sundstrom. Thus, since 2010, the number of seasonal peaks of phytoplankton biomass has
decreased from three to two and, in some cases, to one.

We consider that the revealed changes in Black Sea coastal waters phytoplankton could
be partially caused by interannual variability in the phytoplankton community. However,
the two factors probably, play a key role. The first one is an increase in surface water
temperature, and the second is rapidly growing anthropogenic pollution of coastal marine
areas. In the Black Sea coastal areas near Sevastopol, a positive temperature trend has been
detected since the beginning of the current century [8,9]. In addition, as a result of the
steep increase in the population of Sevastopol during recent years, anthropogenic pollution
of the coastal marine area has increased significantly [9,10]. Probably, these two factors
affected not only phytoplankton but also trophic relationships between phytoplankton and
its main consumer—microzooplankton [7,9]. In order to understand whether the changes
in phytoplankton identified in recent years are sustainable, it is necessary to continue
regular studies.

Our paper aims to study the features of seasonal variability of the phytoplankton
chlorophyll concentration, its biomass, dominant species, growth rate, as well as mi-
crozooplankton grazing under conditions of the combined influence of the climate and
anthropogenic pollution in the coastal waters of the Black Sea near Sevastopol during
2021-2022. This goal’s accomplishment will assist in identifying the main strategies for
adapting phytoplankton to current environmental conditions and establishing patterns of
coastal ecosystem transformation in these conditions.

2. Materials and Methods
2.1. Study Area and Processing

The results were obtained within a period of studies conducted during 2021-2022 in
the Black Sea coastal waters near Sevastopol at two stations (Figure 1). The first station was
located at the exit from the Quarantine Bay (St. 1), and the second was in Sevastopol Bay
(St. 2). The total depth at the stations was 14-18 m.
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Figure 1. Map of the sampling stations: 1—the exit from the Quarantine Bay (St.1); 2—Sevastopol
Bay (St. 2).
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In the second decade of each month, seawater samples (10 L) were taken in a
0-1 m layer using Niskin bottles. For the nano- and microphytoplankton analysis, 2 L
volume samples were concentrated to 50-70 mL by the soft filtration method, using track
membranes (1 pum pore size) in the closed inverse filtering funnel. Phytoplankton samples
were fixed with neutralized 40% formaldehyde (final concentration in the sample—2%).

The algae cells count and their linear dimensions were measured in a 0.1 mL Naujotte
counting chamber in three replications under a light microscope Carl Zeiss Primo Star. We
used the equations to calculate the carbon biomass of phytoplankton by cell volumes [11].
Phytoplankton species identification was carried out using the manual [12]. The diatom
Skeletonema costatum (Greville) Cleve, which is found in the studied waters in mass quanti-
ties, was identified using scanning electron microscopy. For this purpose, a Hitachi SU3500
scanning electron microscope (Japan) was used.

The growth rate of phytoplankton and microzooplankton grazing was determined by
the dilution method [13]. Surface seawater was collected and pre-screened with 200 pm
nylon netting for dilution experiments at each station. Particle-free seawater was obtained
by filtering the seawater through a filter with a pore size of 0.22 um. Four dilutions of initial
seawater samples were used with dilution factor (DF) equal to 0.2, 0.4, 0.8, and 1.0 in two
replications. After preparation, the samples were poured into 1 L polycarbonate bottles
without supplementary addition of nutrients and exposed in situ during the day. After
the daily exposition, initial samples were filtered through Whatman GF/F fiberglass filters
(25 mm in diameter). Then the filters were placed into 90% acetone for the chlorophyll
a extraction. Its concentration was measured using the Trilogy Laboratory Fluorometer
(USA) and calculated according to the equation presented in the work [14]. The daily net
phytoplankton growth rate, i), for each dilution was evaluated by the Equation:

H(net) - n(Chl ﬂ(o) ( )

where Chl 4y and Chl 4 are the initial and final concentrations of chlorophyll a. Based
on the obtained values p ) for all four dilutions and the corresponding values of DF the
linear regression equations were calculated, which were used for the estimation of true
phytoplankton growth rate (p, day’l) and microzooplankton grazing rate (g, day’l):

H(net) = B — g-DF ()

Parameters p and g used in Equation (2) showed a standard error that usually ranged
from 5 to 15%.

The nutrient concentrations in the water were determined using the methods de-
scribed in detail [15]. For example, the Morphey—Riley method was used with ascorbic
acid as a reducing agent to determine phosphorus. Determination of nitrite was carried
out by the method of Bendschneider and Robinson with sulfonamide in a solution of
1.2 N hydrochloric acid and N-(1-naphthyl)ethylenediamine. The determination of nitrate
is based on reducing nitrate to nitrite using copper-plated cadmium. Disodium EDTA
salt (Trilon B, Lenreaktiv, St. Petersburg, Russia) was used as a complexing agent. The
method for determining silicate in seawater is the Koroleff method, which is based on the
colorimetry of a blue silicon-molybdenum complex. Ammonium nitrogen was determined
by the Grasshoff-Johanssen method, which is based on the reaction of ammonium in
an alkaline solution with an excess of 1,3-dichloroisocyanuric acid (trione) resulting in
mono chloramine. The latter in phenolic and nitroprusside solution yields indophenol
blue. Dissolved organic matter content in water was conducted using the permanganate
oxidizability method [16]. This method involves heating the sample in a boiling water bath
with a known amount of potassium permanganate and concentrated sulphuric acid for a
fixed time (10 min). Part of the permanganate reduces by oxidizable material in the sample.
The consumed permanganate was determined by adding an excess of oxalate solution,
followed by titration with permanganate.
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2.2. Data Analysis

The average value of the parameters, standard deviation (SD) and standard error (SE)
was calculated using MS Excel 2010. The Student’s criterion (t-criterion) was used to assess
the significance of the differences between the average values. The normality of the value
distribution in the statistical sampling was evaluated using the Sigma Plot version 12.5.
The Grafer version 7.0 was used for plotting graphs, and the Surfer version 8.0 was used
for plotting maps.

3. Results
3.1. Research Conducted during 2021

At St.1, one peak of phytoplankton biomass (510 mg C-m~2) was observed during the
year. It was received in the summer period in July (Figure 2A) at a water temperature of
22 °C. At the same time, the maximum concentration of chlorophyll (2.50 mg-m~3) was
revealed. Sufficiently high concentrations of nitrates (4.50 uM) and phosphates (0.30 uM) in
the previous period in June (Figure 3A,B) contributed to the formation of the summer phy-
toplankton maximum, in which the relative diatoms proportion in the total biomass of algae
was only 15% (Figure 2A). At that time, the base of phytoplankton biomass was formed
by dinoflagellates, among which species Prorocentrum cordatum (Ostenfeld) J.D. Dodge,
Prorocentrum micans Ehrenberg, Prorocentrum compressum (Bailey) T.H.Abé ex ].D. Dodge,
Gymnodinium simplex (Lohmann) Kofoid & Swezy and Gymnodinium variabile E.C. Herdman
dominated (Table 1). A sufficiently high specific growth rate of phytoplankton (0.90 day 1),
a shallow rate of microzooplankton grazing (0.09 day '), and an insignificant relative share
of primary production consumed by microzooplankton, which amounted to only 10%
(Figure 2B), contributed to the formation of the summer peak of phytoplankton biomass.
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Figure 2. Seasonal dynamics of phytoplankton, its growth rate and microzooplankton grazing:
(A,C)—biomass (1-blue), chlorophyll a concentration (2-red), the relative biomass of diatoms
(3-black); (B,D)—growth rate, u (1), microzooplankton grazing, g (2), ratio g/ (3) in Station 1
(A,B) and Station 2 (C,D).
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Figure 3. Seasonal dynamics of nutrient concentrations and the permanganate oxidizability (Oxid.):
(A,C)—nitrates (1), ammonium (2), temperature (3); (B,D)—silicates (1), phosphates (2), Oxid. (3) in
Station 1 (A,B) and Station 2 (C,D).

Table 1. Dominant phytoplankton species at Station 1 and Station 2 in 2021.

Month Bacillariophyceae Dinophyceae
Skeletonema costatum (Greville) Cleve, Chaetoceros subtilis Cleve, Scrippsiella trochoidea (F. Stein)
January Dactyliosolen fragilissimus (Bergon) Hasle, Coscinodiscus granii A.R. Loeblich III, Gymnodinium wulffii ]. Schiller, Prorocentrum
Gough micans Ehrenberg
S. costatum, Proboscia alata (Brightwell) Sundstrom, Prorocentrum cordatum (Ostenfeld) ].D. Dodge, P. micans,
February . ! e ;
Pseudo-nitzschia sp. Gymmodinium sp., S. trochoidea
P.alata, S. costatum, P. micans, Tripos furca (Ehrenberg) F. Gomez, Diplopsalis lenticula
March Lo
Pseudo-nitzchia sp., Bergh
April P. alata, Pseudo-nitzschia sp., Chaetoceros affinis Lauder, P. micans, P. cordatum, Prorocentrum compressum (Bailey) T.H.Abé
P Chaetoceros curvisetus Cleve, D. fragilissimus ex ].D.Dodge
Pseudosolenia calcar-avis (Schultze) B.G. Sundstrom, P. alata, C. . ‘P' mlca?as,'P cordatum, D. lenticula, ..
May affinis Gymmnodinium variabile E.C.Herdman, Gymnodinium sp.,
Gyrodiniym pingue (F.Schiitt) Kofoid & Swezy
June C. affinis, Chaetoceros peruvianus Brightwell, C. curvisetus, C. Gymnodinium wulffii ].Schiller,
pelagica Gymmnodinium sp., P. micans
D. fragilissimus, Cyclotella caspia Grunow, C. affinis, Thalassionema Gymnodinium simplex (Lohmann) KOfOId & SWeZY' P. micans, P
July nitzschioides (Grunow) cordatum, P. compressum, G.variabile, Akashiwo sanquinea
(K.Hirasaka) Gert Hansen & Moestrup
. . S. trochoidea P. cordatum, T. furca, Gymnodinium variabile
August P. calcar-avis, P. alata, C. caspia E.C.Herdman, G, simplex
September P. calcar-avis, P. alata, Cerataulina pelagica (Cleve) Hendey P. cordatum, P. micans, Procentrum nanum J. Schiller, D. lenticula
October P. alata, D. fragilissimus, P. cordatum, P. micans, T. furca
Chaetoceros compressus Lauder
November  C @ffinis, Cerataulina pelagica (Cleve) Hendey, Hemiaulus hauckii Tripos fusus (Ehrenberg) FGémez, P. cordatum, P. micans
Grunow ex Van Heurck, P. calcar-avis
S. costatum, T. nitzschioides, Cylindroteca closterium (Ehrenberg) P. micans, P. cordatum
December

Reimann & J.C. Lewin, C. peruvianus

Procentrum lima (Ehrenberg) F.Stein
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The low values of phytoplankton biomass (50-70 mg C-m~2) were observed during
January-May and in December at a water temperature of 8-15 °C and different concentra-
tions of nutrients. In January-May, from 40 to 95% of phytoplankton biomass consisted
of various species of diatoms, and in December, dinoflagellates P. micans, P. cordatum and
Procentrum lima (Ehrenberg) F.Stein dominated (Table 1).

One of the phytoplankton species involved in forming the chlorophyll peak in February
was the diatom S. costatum, which did not reach the bloom level. However, its species
identification was clarified for the first time using light and scanning electron microscopy.
The light microscopy showed that in the algal species in question, lenticular-shaped cells
with a diameter of 10-12 um are linked in long chains through a marginal annulus of
straight outgrowths. In addition, there is one lamellar chromatophore adjacent to the valve
(Figure 4A). The scanning electron microscopy images show that the intercalary outgrowths
are flattened tubes with an outer pore at the base and a longitudinal seam running from the
pore to the end of the outgrowth (Figure 4B,C). Connections of the intercalary outgrowths
of two adjacent cells can be of two types. One is an outgrowth connected to only one
outgrowth of the opposite valve forming a straight line. The other one is the lateral
extensions of the outgrowth tip connected to extensions of adjacent outgrowths of the
opposite valve. In both cases, a solid line is visible at the level of the outgrowth junctions
(Figure 4B,C). Terminal outgrowths end with a claw-like protrusion. At some distance from
the center valve, there is a rimoportula with an external process (Figure 4D). Comparing our
data with the previously taken light and electron microscopy images of representatives of
the genus Skeletonema [17-19] allows us to conclude that the species under consideration
is S. costatum.

A

MM@NGMM_Q . £ |
S R iy

10pum
o

Figure 4. Skeletonema costatum: (A)—light microscopy, fragment of chain; (B-D)—SEM: (B,C)—valves
of two cells connected by fultoportula processes: intercalary fultoportula processes (red arrow),
external pore (white arrow); (D)—rimoportula (red arrow), claw-like protrusion (white arrow).

At St. 2, located in Sevastopol Bay, similar changes were observed in the phytoplankton
species composition (Table 1), biomass, chlorophyll a concentration, the phytoplankton
growth rate, microzooplankton grazing and the share of primary production, consumed by
the microzooplankton (Figure 2C,D).

At both stations during a year, the biomass of coccolithophore E. huxleyi was extremely
insignificant, and its abundance did not exceed 100 thousand cells- L1, which is an order
of magnitude lower than the bloom level. Similar results were obtained for small diatoms
of the genus Chaetoceros.
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The permanganate oxidizability, reflecting the overall level of water pollution by
dissolved organic substances, at St. 1 changed from 1.98 to 4.78 mg O-L~! (Figure 3B), at St.
2 from 2.00 to 5.20 mg O-L~! (Figure 3D).

3.2. Research Conducted during 2022

During most of 2022, the primary biomass of phytoplankton was created by diatoms
(Figure 2A,C), which probably was caused by the increased silicon concentration in the
water compared to 2021 (Figure 3B,D).

At St.1, two peaks of phytoplankton biomass were observed during the year. The
first peak of this parameter (750 mg C-m~3) and a peak of chlorophyll a concentration
(6.20 mg-m~3) were observed in July (Figure 2A) at a water temperature of 25.1 °C. High
concentrations of nitrates (4.00 uM), silicates (4.10 pM) and phosphates (0.45 pM) in
this period (Figure 3A,B), as well as the highest value of the phytoplankton growth rate
(1.75 day 1) and its relatively weak consumption by the microzooplankton (0.50 day 1),
contributed to forming the summer algae peak. In this period, a significant share of phyto-
plankton biomass (60%) was formed by large diatoms and, first of all, P. calcar-avis and P.

alata (Table 2). The rest of the biomass was created by dinoflagellates.

Table 2. Dominant species in the phytoplankton of station 1 and station 2 in 2022.

Month Bacillariophyceae Dinophyceae
February 5. COSt“t”’.“' Entomo.nez's paludosa (W'Sm.lth) Reimer, P P. compressum, P. cordatum, S. trochoidea
calcar-avis, Thalassiosira parva Proschkina-Lavrenko
S. costatum, C. curvisetus
Licmophora gracilis (Ehrenberg) Grunow, Licmophora . . L
March flabellata (Greville), C.Agardh, Licmophora abbreviata S. trochoidea, D. lenticula, Gymnodinium sp.,
C.Agardh, C. closterium
Chaetoceros socialis H.S.Lauder, Chaetoceros simplex S. trochoidea, D. lenticula, Ceratium tripos
April Ostenfeld, Chaetoceros paulsenii Ostenfeld, (O.FMuiller) Nitzsch, Prorocentrum maximum
Chaetoceros wighamii Brightwell, L. flabellata (Gourret) Schiller
P. micans, P. cordatum, D. lenticula,
May P. calcar-avis, P. alata, C. affinis, C. closterium Gymnodinium varqu?le E.C.Herdman,
Gymnodinium sp.,
Gyrodiniym pingue (F.Schiitt) Kofoid & Swezy
June C. affinis, Chaetoceros peruvianus Brightwell, C. Gymnodinium wulffii ].Schiller,
curvisetus, C. pelagica Gymnodinium sp., P. micans
Jul P. calcar-avis, P. alata, L. flabellata, Halamphora hyalina Glenodinium paululum Lindemann, P. micans, P.
y (Kiitzing) Rimet & R.Jahn cordatum, P. compressum, G.variabile, G. simplex
P. calcar-avis, C. caspia, Thalassiosira excentrica
August (Ehrenberg) Cleve, Pseudo-nitzchia sp., C. affinis, C. Gyrodinium fusiforme Kofoid & Swezy, P. micans
closterium
Pseudo-nitzchia sp., P. calcar-avis, Chaetoceros insignis
September Proschkina-Lavrenko, H. hauckii, Chaetoceros socialis S. trochoidea,P. cordatum, P. micans, D. lenticula
H.S.Lauder, S. costatum, C. compressus
October H. hauckii, P. calcar-avis, C pelagica, S. costatum, C. P. cordatum, P. compressum
affinis,
Ceratium tripos (O.F.Miiller) Nitzsch, T. furca, T.
November C. compressus, C. pelagica fusus, P. cordatum, P. micans, Protoceratium
reticulatum (Claparéde & Lachmann) Biitschli
December T. nitzschioides, C. closterium, C. pelagica P. cordatum, P. micans, T. furca, T. fusus

The second peak of biomass (280 mg C-m~3) and chlorophyll a concentration
(2.20 mg-m~3%) was detected in September (Figure 2B). During this period, the biomass
of diatoms was 90% (Figure 2A), and among the species, both the large and small algae
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were presented (Table 2). However, the relative share of primary production consumed
by microzooplankton varied from 0 to 68%. In the summer biomass maximum in July, it
was 30%, while during the autumn pealk, it increased to 50% (Figure 2B). The low phyto-
plankton biomass (20-50 mg C-m~3) and the chlorophyll concentration (0.20~0.50 mg-m~3)
were seen from February to March and November to December at a water temperature of
8.0-12.5 °C.

At St. 2, the first maximum of phytoplankton biomass (330 mg C-m~3) was observed,
as well as at St. 1, in July (Figure 2C). The specific growth rate of phytoplankton was
0.75 day !, and microzooplankton grazing was extremely low (0.03 day 1), contributing
to the biomass peak formation. During this period, the relative diatoms’ share in the total
phytoplankton biomass was equal to 55% (Figure 2C). Large species were dominated,
while the rest of the biomass was created mainly by dinoflagellates (Table 2). The second
weak peak of biomass (85 mg C-m~2) and chlorophyll a concentration (1.20 mg-m~2) was
revealed in November. It was formed by various dinoflagellate species (98%).

The relative coccolithophores biomass was no higher than 2-4% at both stations during
the year. Coccolithophore E. huxleyi dominated this algae group; however, its abundance
was not exceeded 150 thousand cells-L~!, which is approximately seven times lower than
the bloom level for this species.

The permanganate oxidizability value at St. 1 changed from 3.06 to 4.82 mg O-L~!
(Figure 3B), and at St. 2, it changed from 2.67 to 6.01 mg O-L~! (Figure 3D).

The summarization of all hydrobiological and hydrochemical data obtained at two
stations of the coastal waters near Sevastopol in 2021-2022 indicated that the main phy-
toplankton biomass is created within this area in the summer, composing an average of
343 mg C-m~3 (Table 3). The lowest values of algae biomass (on average 45 mg C-m73)
were observed in winter. Intermediate values of phytoplankton biomass were obtained
in spring and autumn. In the autumn period, the relative biomass of diatoms decreased
to an average of 42%. This value is significantly lower than in spring (p = 0.045). In
autumn, the average content of nitrates in the water, necessary for intensive diatoms devel-
opment, is lower than in spring (at p = 0.014). The silicon deficiency relative to nitrogen
(5i/N = 0.71) in the autumn period also contributed to the decrease of the diatom role.
The average value of the permanganate oxidizability in autumn was highest, on average
4.14mg O -L~1, and significantly differed from the average values of this indicator obtained
for winter and spring (p = 0.016).

Table 3. Hydrobiological and hydrochemical parameters in the different seasons of 2021-2022.

Winter Spring Summer Autumn
P ¢ (December-February) (March-May) (June-August) (September-November)
arameters
Mean + SE Mean + SE Mean + SE Mean + SE
(Range) (Range) (Range) (Range)
B me Com-3 45+ 4 102 4+ 15 343 + 55 163 4 27
, Mg L-m (36-66) (41-190) (96-732) (36-312)
Chi I 121 £0.11 1.26 £0.13 2.06 + 0.42 147 +0.17
f,mg:m (0.90-2.13) (0.56-2.11) (0.64-2.58) (0.30-2.40)
day-] 0.37 + 0.07 0.62 + 0.10 0.94 +0.11 0.41 + 0.08
W, day (0.10-0.63) (0.28-1.15) (0.67-1.73) (0.16-1.00)
day-! 0.20 + 0.04 0.18 + 0.03 0.24 + 0.10 0.11 + 0.02
& cay (0.05-0.48) (0-0.80) (0-0.50) (0-0.40)
Ie % 5447 36 +9 246 2947
w8 T (33-90) (0-70) (0-60) (0-67)
B o 63 £ 11 70 +7 63+9 42+ 11
Bail., 7 (6-96) (40-97) (15-91) (2-93)
NOs, uM 2.49 +0.29 2.21+0.16 2.28 +0.43 1.29 4 0.30
37

(0.80-3.29) (0.42-5.00) (0.45-4.42) (0.40-2.78)
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Table 3. Cont.

Winter Spring Summer Autumn
P ¢ (December-February) (March-May) (June-August) (September-November)
arameters
Mean + SE Mean & SE Mean & SE Mean & SE
(Range) (Range) (Range) (Range)
NHL. uM 0.75+0.15 0.69 +0.11 0.76 +0.21 0.81 +£0.16
s (0.19-1.64) (0.05-1.84) (0.32-2.82) (0.22-1.62)
POL. UM 0.17 £ 0.02 0.23 +0.03 0.22 +0.03 0.23 £ 0.02
ot (0.08-0.25) (0.03-0.50) (0.10-0.45) (0.02-0.55)
Si uM 3.88 + 0.60 2.67 +0.50 2.63 +0.35 1.72 £0.30
as (1.92-7.47) (1.06-7.09) (0.92-4.80) (0.65-3.22)
N/P 29+9 19+4 16 £3 205
(7-83) (1-44) (5-30) (4-47)
Si/N 1.254+0.20 1.42 +0.40 0.68 £ 0.07 0.71 £0.19
(1.00-1.84) (0.68-4.29) (0.39-0.92) (0.41-1.84))
3.33 £0.19 3.34 £0.19 3.85 £0.21 414 £0.24
.1 1 . 71
Oxidizability, mg O-L (1.98-3.96) (1.98-3.95) (2.78-5.19) (3.34-6.01)
T °C 10.0+0.8 11.3+£0.9 228 £1.0 16.6 £ 0.8
! (7.0-12.8) (8.0-15.1)) (18.9-26.1) (13.5-21.0)

Note: B—phytoplankton biomass, Chl a—chlorophyll a concentration, Bg,.j —relative share of diatoms in total
phytoplankton biomass, SE—standard error.

4. Discussion

The analysis of satellite information [20] and data from direct determinations of
species composition and phytoplankton biomass [5,21] shows that significant changes have
occurred in the state of the primary producers of the Black Sea pelagic ecosystem over the
past two decades. These changes probably arose due to increased surface layer temperature
observed in the Black Sea and on the global scale [22,23]. For example, in 80-90 of the last
century, during a year, the maximum biomass of phytoplankton in the Black Sea deep-water
area was observed from late February till early March and was formed by small-celled
diatoms of the genus Pseudo-nitzschia [24]. However, currently, it occurs in September due
to the dominance of the large-cell diatom species P. calcar-avis and P. alata [20]. Changes
have also occurred in the western shelf of the Black Sea, where phytoplankton blooms have
become rarer, and their average annual biomass has decreased [25].

The ecosystem of the Black Sea coastal waters, in addition to climate change, is affected
by growing anthropogenic pollution. In the last few years, the concentrations of nitrates,
ammonium and silicates in the Sevastopol bays have reached their highest values, as we
marked in 2020 [7] and 2021-2022. The main reason is the increased inflow of nutrients
into the sea with riverine discharge, urban wastewater, and terrestrial runoff [10,26]. Water
pollution with organic matter has also increased, as seen in the high permanganate oxi-
dizability values. Until 2004, this parameter was 1-3 mg O-L~! in the water areas under
consideration [27], whereas in 20212022, according to our data, it was much higher, and
in some cases, it reached 5.19-6.01 mg O-L~!. A year earlier, during the warm period,
the value of permanganate oxidizability occasionally increased to 6.01-6.52 mg O-L~! [7].
Along with traditional pollutants (oil, heavy metals, different industrial products) dis-
charged into the sea, various artificial polymers enter the marine environment. Pollution in
the Sevastopol bays has increased significantly due to the rapid growth of the population
of Sevastopol in the last decade [10].

The increased anthropogenic pollution of the marine waters we studied probably
contributes significantly to the algae species composition. Experimental studies carried out
by us on marine microalgae cultures showed that the algae placed in water samples from
bays near Sevastopol in other months often experienced either a toxic impact from complex
water pollution or growth stimulation [28,29]. The growth inhibition was observed typically
in the small diatom Phaeodactylum tricornutum Bohlin and coccolithophore E. huxleyi. At
the same time, the growth of the dinoflagellates Prorocentrum pussilum (Schiller) Dodge
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& Bibby, Prorocentrum cordatum (Ostenfeld) J.D.Dodge and Gyrodinium fissum (Levander)
Kofoid & Swezy was more intense in the water from the bays than in control. Probably, this
was one of the reasons for the decrease in the abundance of small diatoms and E. huxleyi in
the Black Sea bays. On the other hand, the large diatom species P. calcar-avis., P. alata, L.
flabellate and H. hyaline are probably also highly resistant to pollution due to the low values
of their specific surface area (0.20~0.30 pum™1).

We assume that both anthropogenic pollution and rising water temperatures had a
significant impact on the changes in phytoplankton that were identified as early as 2010 [5].
According to the data obtained in the last decade, it can be concluded that the seasonal
dynamics of phytoplankton biomass in coastal waters near Sevastopol have changed
significantly, and the number of seasonal peaks has decreased. These peaks were formed,
most often, by dinoflagellates and large diatoms [6,7]. Among diatoms, there is presently
no single small species that would cause algal blooms. However, previously small diatom
species S. costatum and species of the genus Chaetoceros regularly caused blooms in winter,
spring, and autumn [4]. One of the main reasons for these changes in phytoplankton
probably is associated with the weakening of the water masses” dynamic activity in winter-
spring and autumn due to warming. This phenomenon could cause a decrease in the
number of resting spores of small planktonic algae entering the photosynthesis zone from
the lower layers of the sea. For example, in the early 2000s, in February, while S. costatum
bloomed, the surface water temperature was about 7 °C, which caused the high dynamic
activity of water masses [4]. In 2020, it reached 8.2-8.4 °C during the same period [8];
in 2021, it rose to 9.2-9.4 °C, and in 2022 it was 8.2 °C, which reduced the water mixing
process. At that time, the S. costatum abundance was two orders of magnitude lower than
the level typical for a bloom of this species.

The high summer water temperature, which has increased by several degrees in recent
years, directly negatively affects diatoms. This phenomenon is probably conditioned by the
fact that the maximum growth temperature, which, when exceeded, causes the degradation
of their representatives, particularly S. costatum and C. curvisetus, and is 23-25 °C. For
dinoflagellates, this parameter is 4-6 °C higher. However, some diatom species isolated
from the Black Sea plankton, for instance, Thalassiosira weissflogii (Grunow) G.Fryxell &
Hasle and Cylindrotheca closterium (Ehrenberg) Reimann & J.C. Lewin do not differ from
dinoflagellates by their temperature resistance [30]. It is perhaps due to this reason that the
previously dominating diatoms, for example, representatives of the genus Chaetoceros, were
found in small amounts in the researched bays during the summer period. At the same
time, other species, such as P. calcar-avis and P. alata, began to prevail, which may indicate a
high degree of their temperature resistance.

Light is an essential factor regulating the growth of algae. In the Black Sea, during
most of the year, this factor is optimal for surface water phytoplankton [5,6]. However, in
summer, algae, including large diatoms, can be subjected to photoinhibition, as the intensity
of solar radiation there reaches 1000 pmol quantum-m’z-s’1 [5,31]. In this context, the
ability of large cells to resist photoinhibition due to chloroplast packing effects has particular
importance [31-33]. This effect occurs through the formation of chloroplast layers, which
in a large cell leads to internal self-shading and prevents photodamage to the pigment
complex that absorbs light [31,34,35]. At the same time, dinoflagellates, making vertical
migrations, can avoid high light intensities and, in case of nutrient deficiency, switch to
heterotrophic nutrition, including phagotrophy [36,37].

One of the fundamental abiotic factors that regulate the seasonal course of phytoplank-
ton biomass and its species composition is the nutrients and ratio between their primary
forms [38,39]. Some authors believe that relatively high concentrations of nitrates, silicates,
and phosphates are necessary for the intensive growth of diatoms, and the molar ratios
between the mineral forms of nitrogen and phosphorus, as well as the ratios between silicon
and nitrogen, should be close to the modified Redfield ratio: N:P:Si = 16:1:15 [40,41]. How-
ever, in the waters we studied during spring, when diatoms dominated most frequently,
the nutrient concentrations and their molar ratios varied widely (Table 3). At the same
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time, the ratio N:P:5Si averaged 19:1:27. Similar results were obtained for nutrients in the
spring period for the northeastern part of the Black Sea, where small species of diatoms,
such as Pseudo-nitzschia pseudodelicatissima (Hasle) Hasle and Chaetoceros curvisetus Cleve
dominated [39]. On the other hand, in the coastal sea waters near Sevastopol, large species
diatoms P. calcar-avis and P. alata dominated during the summer period with an average
value of N:P:Si = 16:1:11 and at sufficiently high concentrations of nutrients (Table 3).

Large diatoms have several adaptive capabilities that ensure their dominance in the
summer, even with nutrient deficiencies. These algae, having a sizeable intracellular vac-
uole, can store nutrients that ensure their growth without external sources of nitrates,
phosphates, and silicates. As we demonstrated, the P. calcar-avis culture, in the condi-
tion of nutrients absence in the water, can perform five cell divisions using the nutritious
substance contained in a large cellular vacuole, which occupies approximately 80% of
the cell volume [42]. An insignificant cytoplasm volume in the studied species increases
the efficiency of nutrient transport from the external environment into the cell, and the
cytoplasm movement along the cell membrane enhances the intracellular transport of
nutrients [43-45]. Under conditions of nutrient deficiency in stratified waters during the
warm season, P. calcar-avis can derive nutrients from the depths due to periodic weakening
of the temperature stratification of the water column resulting from increased wind activity
and storms [20,46]. A potential additional nitrogen source for the species we study can be
atmospheric nitrogen, the ability to fix which has been demonstrated for cyanobacteria
Richelia intracellularis Schmidt—endosymbiont of some diatom species, including Rhizosole-
nia genus [47]. Additionally, large diatom cells can regulate their buoyancy, permitting
them to migrate into waters with a higher nutrient concentration and absorb them [48-50].

Among the biotic factors contributing to the predominance of large algae, the main
one is the grazing of phytoplankton by micro- and mesozooplankton [51-53]. With a
sufficiently large cell volume and a silicon shell, large diatoms are practically not consumed
by microzooplankton [5,54]. At the same time, the preferred food source for it is small
algae [36,37,55,56]. The nutritional value of large diatoms for zooplankton is lower than that
of small ones due to the lower carbon content in their cells [11,57]. In addition, according to
one of the hypotheses, the presence of a certain lag time before the appearance of a predator
of adequate size allows large diatoms to increase their biomass [58,59]. It is also likely that
large diatoms are more resistant to virus attacks [60,61].

It is considered that microzooplankton is the main consumer of primary phytoplankton
production in the sea. It accounts for an average of 65% of the annual primary production
consumption [5,62,63]. However, in the Black Sea coastal waters near Sevastopol in 2014 [7]
and 2020 [9], as well as in 2021-2022, there was a significant decrease in the primary
production share consumed by microzooplankton. The main reason for such a decrease,
in our opinion, could be a deterioration of the nutrition quality for microzooplankton.
Water pollution is probably the second most important factor. It was found that during
the warm period of 2020, as the content of dissolved organic substances in the waters of
Sevastopol bays increased, microzooplankton predation decreased [9]. Due to the decrease
in microzooplankton grazing, the transfer of matter and energy from phytoplankton to
higher trophic levels through protozoa has decreased in recent years to an average of 35%.

5. Conclusions

In the studied coastal waters of the Black Sea during the last years, significant changes
in the phytoplankton biomass annual dynamics and its dominant species composition have
taken place. At the end of the last century and in the early 2000s, three biomass maximums
during the year were regularly observed due to the intensive development of small species
of diatoms S. costatum, C. socialis, and C. curvisetus. Presently, the share of these species in
total phytoplankton biomass is insignificant. According to our proposal, this is mainly due
to the influence of increased water temperature and growing anthropogenic pollution. At
the same time, interannual variability of phytoplankton parameters cannot be ruled out.
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In recent years, one or two maximums of phytoplankton biomass have been recorded.
The first major maximum is formed in July by dinoflagellates or large species of diatoms,
such as P. calcar-avis and P. alata. The second minor maximum was observed in the autumn
period and is due to the intensive development of various species of either diatoms or
dinoflagellates. Possible mechanisms of adaptation of large diatoms and dinoflagellates to
modern environmental conditions are discussed. These species are able to adapt to strong
light, high temperatures, nutrient deficiencies in the water, and pollution.

Currently, as a result of the phytoplankton species composition restructuring, the
maximum values of the phytoplankton growth rate and microzooplankton grazing have
significantly decreased compared to the respective values in the early 2000s. Reduced
nutrition quality for microzooplankton and the suppressive effects of water pollutants on
them caused a twofold decrease in the relative share of primary production consumed by
microzooplankton. This suggests that the flow of matter and energy from phytoplankton
through microzooplankton to the highest trophic levels has significantly decreased.
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