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Abstract: Seasonal and long-term variability of phytoplankton in the Middle Caspian was studied
based on remote sensing data of the sea by SeaWiFS and MODIS-Aqua scanners in 1998-2021 and
the results of field observations in 2004-2021. The seasonal variability of chlorophyll “a” (CHL)
calculated from satellite data using a regional algorithm indicated that the autumn and winter
seasons were the main phytoplankton production periods of the year. In summer, a period of
stagnation was observed in phytoplankton growth in the surface layer. However, according to
satellite data in the first months of each year, winter blooms were observed recurrently in the Middle
Caspian Sea, as confirmed by the results of field observations in 2004-2021. The phytoplankton
biomass during the winter vegetation period reached 4.5-5.0 g/m3. In the first decade of the
century (2004-2006), winter blooms were almost entirely (as much as 96%) formed through the
mass growth of the alien diatom Cerataulina pelagica. In the modern period (2021), the winter bloom
was formed both by three endemic diatom species Thalassionema nitzschioides, Cyclotella comta and
Dactyliosolen fragilissimus and by two alien species Pseudo-nitzschia seriata and Cerataulina pelagica.
In spring, the diatom Cyclotella caspia and the dinoflagellate Prorocentrum micans, both endemics,
dominated. In summer, the phytoplankton biomass was composed of the mass growth of small
flagellates and dinoflagellates in the seasonal thermocline layer, which current remote sensing
methods cannot record. The diatoms’ contribution to the community’s total biomass in summer did
not exceed 3%. In the autumn phytoplankton, the main role was played by a diatom component
represented by alien species, mainly Chaetoceros peruvianus.

Keywords: phytoplankton; remote sensing; diatoms; dinoflagellates; alien species; Caspian Sea

1. Introduction

The Caspian Sea is a highly productive basin with unique biological resources. In the
first decades of the 21st century, structural deformations are noted at all trophic levels in
the ecosystem of the Caspian Sea, which are caused by both global climate change and
anthropogenic factors [1-7]. As the primary production link, phytoplankton determines the
functioning of higher trophic levels and is the most sensitive and vulnerable component
of the marine ecosystem. In recent decades, the anthropogenic impact associated with
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expanding hydrocarbon resource exploitation has increased [8]. In addition, biological
pollution by invasive alien organisms plays a no less important role in transforming the
Caspian ecosystem [9-21]. The functioning of the ecosystem of the Caspian Sea is largely de-
termined by the river flow regime, the volume and the chemical composition of river runoff
affecting the primary production link of the marine ecosystem by determining the structure
and functional characteristics of phytoplankton. This influence is especially pronounced
in the Northern Caspian Sea and the western part of the Middle Caspian Sea [22-26].
Phytoplankton research in the Caspian Sea has a long history. In the period from 1955 to
2000, regularities in the formation of the structure of Caspian phytoplankton were studied,
dominant forms were identified, the level of productivity of communities was determined,
and the role of invasive species and of potentially toxic algae was determined [27-38].

From 2000, phytoplankton has been one of the least studied components of the Caspian
ecosystem. Studies of the seasonal dynamic of phytoplankton in recent decades are ex-
tremely few and insulfficiently supported by field observations. Modern experience shows
that the use of remote-sensing chlorophyll “a” (CHL) data can fill significant gaps in the
study of the dynamics of marine phytoplankton and makes it possible to link the results of
local observations to the regional and general ecological situation in the sea [39—42]. The
reliable interpretation of CHL satellite data is possible, provided that the results of remote
sensing are verified, and synchronous field observations of the state of phytoplankton
are undertaken. However, with rare exceptions [43,44], the remote sensing of CHL in the
Caspian Sea [45—48] has been conducted without in situ data validation. One of the previ-
ous studies has pointed to a progressive eutrophication of the Caspian Sea [46]. Remote
studies based on regional algorithms for the calculation of chlorophyll concentrations only
make it possible to reveal generalized patterns of spatial and seasonal development of
phytoplankton across the entire area of the sea [49]. Moreover, to date, the dynamics of pro-
duction processes in the Caspian Sea, as extrapolated from satellite data on the chlorophyll
variability, have not been compared with the quantitative and structural characteristics of
the Caspian phytoplankton. The current work is one of the first steps towards solving this
problem by analyzing the seasonal dynamic of phytoplankton in the Middle Caspian Sea
by integrating satellite data and field observations.

Addressing these tasks clarifies the scope of satellite data for analyzing phytoplank-
ton variability. Furthermore, it creates a scientific basis for developing approaches to the
remote assessment of the quantitative characteristics of phytoplankton and the identifi-
cation of mass algae species that form the structure of communities in crucial periods of
seasonal succession.

2. Materials and Methods
2.1. Satellite Data

In order to assess the variability of phytoplankton according to satellite data and
identify the main production periods in the development of phytoplankton of the Mid-
dle Caspian Sea, data from the second-level color scanners SeaWiFS (1998-2002) and
MODIS-Aqua (2002-2021) were used [50] (https:/ /oceancolor.gsfc.nasa.gov) (accessed on
20 December 2022).

The initial bio-optical characteristics, used for calculations, had a discreteness of one
day and a 1 km spatial resolution. Therefore, a bank of bio-optical characteristics of the
sea surface was created for 1998-2021. To estimate the concentration of chlorophyll “a”
in the waters of the Caspian Sea, a regional algorithm developed at the IO RAS [48] was
used. This regional algorithm was verified based on data from previous and synchronous
expeditionary studies. The averaged data allowed the identification of the main and most
stable patterns of seasonal variability of phytoplankton in the Caspian Sea.

For the solution of the study tasks, phytoplankton samples were analyzed, which
were collected at different seasons of the year during the research periods of 2004—2008 and
2019-2022 at 25 stations in the deep-water areas of the Middle Caspian Sea (Figure 1).
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Figure 1. Stations of studies of phytoplankton in the Middle Caspian Sea.

2.2. Sampling

Water samples for phytoplankton analysis were collected using 5 L Niskin bottles
mounted on a carousel water sampler (SBE 32). Samples were taken from the surface, the
middle of the upper mixed layer, the seasonal thermocline, and below the thermocline.
Phytoplankton samples (0.5 1 volume) were fixed with neutralized formaldehyde (final
concentration 1.0%). A lower final concentration of formaldehyde was used for a better
preservation of cells, including flagellates, while considering their processing within one
month from the moment of sampling. The samples were stored in the dark, at room
temperature, for two weeks. After that, the samples were slowly decanted. An Ergoval
light microscope (Karl Zeiss, Jena, Germany) with a magnification of 160x and 400 x
was used to identify species and cell counting. Nano-phytoplankton: cells with linear
dimensions <20 um were counted using a Naujott chamber (0.05 mL). The counts were
considered statistically sufficient if at least 100 cells of each species were counted. A
Nauman chamber (1 mL) was used to count larger cells; usually, the entire chamber volume
was counted. In matters of nomenclature [51,52], WoRMS (http:/ /www.marinespecies.org)
(accessed on 5 October 2022) served as a guide. Cells with an unknown taxonomic affiliation
ranging in size from 4 to 10 um were classified as “small flagellates”, assuming that this
was a size class. Biomass was determined by the “true volume” method, equating the
cell configuration to a geometric figure [53]. The total biomass was calculated as the sum
of the biomass of all species. The dominant species was the one whose biomass was the
highest at the station. When converting raw biomass units into carbon units, formulas for
a specific systematic group were used [54] (http:/ /www.marinespecies.org) (accessed on
5 October 2022). A total of 300 phytoplankton samples were processed and analyzed.

3. Results
3.1. Remote Research

Maps of average monthly CHL values were constructed based on color scanner data
and diagrams of chlorophyll variability in the Middle Caspian Sea for the entire period of
the remote observations. The average climatic distribution of chlorophyll concentrations
in the sea by months and diagrams of seasonal variability of chlorophyll in the Middle
Caspian are shown in Figures 2 and 3.
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Figure 2. “Average climatic” distribution of chlorophyll in the Caspian Sea in 1998-2021.
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Figure 3. Average monthly values of chlorophyll “a” concentration (mg/m3 green columns), standard

deviation (vertical black lines) and temperature in °C (red line) in the Middle Caspian (average
for the period from 1998 to 2021).

values

Considered in its entirety, the autumn season was the most productive for phyto-
plankton in the Middle Caspian Sea (Figures 3 and 4). The chlorophyll content varied in
the deep part of the Middle Caspian between 0.25 and 1.0 mg/m?, and rarely exceeded
2.0 mg/m?>. According to satellite data, the values of chlorophyll concentrations increased
in open waters from August to October and peaked during the weakening insolation
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period and the beginning of active wind mixing. As to its spatial aspect, the zone of active
development of phytoplankton in the waters of the Middle Caspian extended from west to
east from summer to autumn (see Figure 2). According to remote sensing data, a winter
period of active phytoplankton growth was also noticeable (see Figures 2 and 3). A detailed
analysis of satellite data further showed that winter blooms of phytoplankton repeatedly
occurred in the Middle Caspian over twenty years, as reflected in maps of the average
climatic variability of CHL (see Figure 2). It should be noted that winter blooms in the
Middle Caspian Sea were irregular and had a localized, patchy character. Nevertheless, in
terms of CHL concentrations >1.5/m? in these patches, some of the winter-spring blooms,
for example, those of 2004, 2012, and 2021 (Figure 4), were comparable to the autumn peaks
of phytoplankton development.
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Figure 4. Chlorophyll “a” concentrations (mg/m?) in the surface layer of the Caspian Sea during the
winter blooms of phytoplankton in 2004, 2021, and the immediately succeeding years.

A characteristic feature of the annual succession of phytoplankton in the surface
layer of the Middle Caspian, especially in the deep part of this subregion, was a period
of summer stagnation, which lasted from May to July (see Figures 2 and 3). According to
remote sensing data, minimal concentrations of chlorophyll were observed in the surface
layer of the sea in the summer season.

The western part of the Middle Caspian, especially its coastal zone, was characterized
throughout the year by a higher productivity and higher chlorophyll concentrations com-
pared to the deep part of the waters. This was most pronounced from August to November
when a band of high CHL concentrations (1.0-2.0 mg/m?) formed along the entire west
coast from north to south and reached the South Caspian Sea.

According to satellite data, at the same time, in the eastern part of the Middle Caspian,
the formation of a band of anomalously low CHL concentrations was recorded (see Figure 2).
Geographically, this coincided with the zone of seasonal upwelling, which is formed
annually along the eastern coast of the Caspian Sea. The intensity of upwelling could be
judged by a drop in the temperature of the surface layer by more than 10 degrees during
the period of its most significant growth (May-July). This hydrological situation negatively
affects the development of phytoplankton in the surface layer in the east of the Middle
Caspian. As a result, in some years, the band of low CHL concentrations (0.2-0.4 mg/ m?)
significantly expanded from the east to the west of the Middle Caspian. It covered a
significant part of the subregion.

Based on field observations, the quantitative and structural characteristics of phytoplank-
ton corresponding to the main stages of its seasonal succession were further studied. In
addition, based on the available field data, attention was also paid to the factor of long-term
variability of the phytoplankton structure during distinct periods of seasonal succession.
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3.2. Phytoplankton Community Structure in Winter

The structural and taxonomic characteristics of phytoplankton during the winter were
studied based on field observations conducted in February 2004 and 2021 (Tables 1-3).
Figure 4 shows the chlorophyll distribution in the Caspian Sea’s water area in the winter
season corresponding to the dates of field observations and the state of phytoplankton.
Data from neighboring years are also presented, illustrating the interannual variability in
the development of phytoplankton in winter.

Table 1. Taxonomic composition of phytoplankton (N—number of species; % of the total number).

Year Diatoms Dinoflagellates Blue-Green Green Algae 1\(/_;2};?;3; Euglenoids Coccolithophores Chrysophyta Total
N % N % N % N % N % N % N % N % N %
May-June
2004 21 48.8 14 326 0 0 2 47 1 2.3 0 0 3 7 1 23 43 100
2021 11 44 32 44 4 16 2 8 0 0 0 0 0 0 0 0 25
August
2004 22 29.7 30 40.5 11 14.9 5 6.8 2 2.7 2 2.7 0 0 1 13 74 100
2022 10 43.5 7 304 3 13.2 1 4.3 0 0 1 4.3 0 0 0 0 23 100
October
2004 22 37.9 24 414 5 8.6 3 5.2 1 17 0 0 3 7.1 0 0 58 100
2020 16 55.2 6 20.7 3 10.4 2 6.9
January-February
2005 24 50 14 29 4 8 4 8 1 2 0 0 1 2 0 0 48 100
2021 17 51.5 9 27.3 5 15.2 1 3 0 0 1 3 0 0 0 0 33 100
Table 2. Dominant species of phytoplankton.
May August October February
2004 2004 2004 2005
Dominants
. Gonyaulax spinifera . .
Dominants Y P f Dominants Dominants
Chaetoceros peruvianus . .
Prorocentrum cordatum ; : . small flagellates Cerataulina pelagica
. ) . Microcystis aeruginosa )
Pseudo-nitzschia seriata Cyclotella caspia

Pseudosolenia calcar-avis

Chaetoceros peruvianus
Cylindrotheca closterium

. Subdominants
Subdominants Dactyliosolen fragilissimus
Chaetoceros peruvianus Y 8 Subdominants Subdominants
. Prorocentrum cordatum . . . .
Cyclotella caspia Pseudosolenia calcar-avis Pseudosolenia calcar-avis
Prorocentrum scutellum
Cryptomonas sp.
May August-September October February
2021 2022 2020 2021
Dominants .
Dominants .
small flagellates . Dominants
) picoplankton
Cyclotella caspia small flagellates .
) . . small flagellates ; ) Dominants
Diplopsalis lenticula Lyngbya limnetica

Subdominants
Prorocentrum micans
Prorocentrum cordatum
Cyclotella comta
Coscinodiscus perforatus
Binuclearia lauterbornii
Phormidium sp.

Phormidium sp.
Lyngbya limnetica
Cyclotella caspia
Microcystis

Subdominants
Thalassionema nitzschioides
Prorocentrum cordatum
Pseudo-nitzschia seriata

Binuclearia lauterbornii

Subdominants
Chaetoceros peruvianus
Thalassionema nitzschioides
Cyclotella comta
Prorocentrum micans
Phormidium sp.

Thalassionema nitzschioides
Cyclotella comta
Pseudo-nitzschia seriata
Cerataulina pelagica
Subdominants
Dactyliosolen fragilissimus
Coscinodiscus perforatus
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Table 3. Maximum total biomass of phytoplankton (B mg/m3), biomass of the main systematic and
dimensional groups (B mg/ m?), contribution to the total biomass (%), and the depth of the maximum
biomass (H max).

Small

Year Diatoms Dinoflagellates Blue-Green Green Algae Picoplankton Total
Flagellates
B/% HMax B/% HMax B/% HMax B/% HMax B/% HMax B/% HMax B H Max
May

878 534 167 115.2

2004 843 50 m 480 1m 0 0 0 1m 15.0 25m 6.4 1m 1113 Im
241 369 156 19 39.1

2021 395 10 m 804 1m 82 20m 1.0 20 m 86 10m - - 611 10 m

August

17.0 820 1269 514

2004 34 0m 65.0 1m - - - - 56.0 10m 114 1m 2245 25m
120 2308 205 14 18.0

2022 54 40m 98 30m 92 40 m 8.8 0m 377 0Om - - 2353 30 m

October

565 144 441 115.2

2004 414 25m 87 50 m - - - - 450 50 m 140 50 m 1124 0Om
227 587 1623 4.8 94.2

2020 350 30m 340 1m 740 10m 3.0 10m 78.0 10m - - 281 0m

January-February

4900

2004 99.0 0-50 m - - - - - - - - - - 5000  0-50m
4600 48.0 le64 4.0

2021 96.0 047 m 24 1m 05 7m 01 1m 128.6 47 m - - 4800 047m

During the cold period of the year, the development of the phytoplankton commu-
nity in the Caspian Sea occurred under the conditions of temperature convection and an
active enrichment of the surface layer with nutrients. Over twenty years, winter phy-
toplankton blooms were repeatedly observed in the Middle Caspian through satellite
data (see Figure 4). Their role in the seasonal cycle of phytoplankton growth was also
reflected in the average climatic maps of chlorophyll distribution (see Figure 2). However,
in about half the cases, the winter development of phytoplankton was weakly expressed
(see Figure 4). Field observations showed that the phytoplankton biomass in a winter
bloom patch could reach 4.8-5.0 g/m? (Table 3) and exceed the corresponding values
for the autumn production period. The mass growth of diatom algae during winter
blooming accounted for more than 50% of the community’s biomass. In February 2021,
the bloom was formed both by the endemic marine species Thalassionema nitschioides,
Cyclotella comta, and Dactyliosolen fragilissimus and by the alien species Pseudo-niztschia
seriata and Cerataulina pelagica. The large centric diatom Coscinodiscus perforatus was a
subdominant species (Tables 1 and 2).

In winter, phytoplankton blooms occupied the water layer from the surface to a depth
of 50 m, sometimes extending to 100 m. Representatives of dinoflagellates and green and
blue-green algae were only observed in small numbers in the surface water layer. A more
significant abundance of small flagellates of undetermined taxonomy was noted at the
lower boundary of the mixed layer. In February 2004, the winter bloom in the Middle
Caspian Sea was formed exclusively by the alien species Cerataulina pelagica and occupied
the entire upper 50-metre water layer (Tables 2 and 3). An analysis of the species structure
of this phytoplankton indicated that the winter period was characterized by the most
remarkable species diversity of the community, primarily constituted by diatoms (Table 3).
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3.3. Phytoplankton and Community Structure in the Early Summer

According to satellite data, the development of phytoplankton throughout the year
was characterized by a summer period of stagnation (Figure 5), which began in May and
continued until July (see Figures 1 and 2). The level of chlorophyll concentrations and the
nature of its distribution in the waters of the Middle Caspian during the summer stagnation
period had characteristic features. The surface layer became biologically impoverished
during these months, and pigment concentrations decreased to 0.2-0.3 mg/m?. Field
observation material of the development of phytoplankton for the early summer period is
presented here with data collected in May 2004 and May 2021.
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Figure 5. Distribution of chlorophyll “a” in the Caspian Sea during the summer stagnation period in
the phytoplankton growth.

In May 2004, the structure of phytoplankton in the study area was determined by the
formation of a seasonal thermocline that prevented the vertical mixing of waters and the
replenishment of the surface layer with biogenic elements. The endemic small-celled diatom
Cyclotella caspia, which forms winter-spring blooms, settled in May-June in the lower layers
(45-50 m), where the maximum abundance of this species was observed (1.6 x 104 cells/L.
Diatoms and dinoflagellates dominated in terms of the number of species in the community
(see Table 1). In May 2004, the dominant phytoplankton species were diatoms, the alien
Pseudo-nitzschia seriata and Cerataulina pelagica, which formed the winter-spring diatom
bloom. In addition, the large diatom (4.0 x 104 cells/L) was among the biomass dominants.
Most of these algae were recorded in the layer of the seasonal thermocline at a depth of
25 m. Dinoflagellates (4.0 x 10° cells/L) predominated in the surface water layer, primarily
the endemic species Prorocentrum cordatum (see Table 2). The high abundance of this species,
at 50%, constituted the maximum phytoplankton biomass (Table 3).

At the beginning of the 2021 summer season, a later stage of phytoplankton succession
was noted in the surface water layer with the dominance of Diplopsalis lenticula and the
massive development of the large diatoms Coscinodiscus perforatus and Cyclotella comta
(Table 2). Diatoms and dinoflagellates predominated, regarding the number of species
in the community (see Table 1). In May 2021, the maximum biomass level was recorded
in the surface water layer and was formed by dinoflagellates (Table 3). The maximum
phytoplankton biomass was two times less than in the corresponding period of 2004.
Studies conducted in May 2021 also indicated the dominance of two endemic marine
forms in early summer phytoplankton, the diatom Cyclotella caspia and the dinoflagellate
Prorocetrum micans. The maximum abundance of C. caspia (5.0 x 10* cells/L), as in 2021,
was recorded at depths of 35-40 m.

3.4. Phytoplankton and Community Structure in the Late Summer

According to satellite data, the summer—autumn period of phytoplankton growth
began in August. It was reflected in the chlorophyll’s distribution in the sea’s surface layer
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(Figure 6). The increase in CHL concentrations gradually spread from the western part of
the Middle Caspian Sea to its open areas. The timing and intensity of the summer—autumn
growth of phytoplankton differed from year to year (see Figure 3).
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Figure 6. Monthly averaged distribution of chlorophyll “a” in the Caspian Sea during the summer-—
autumn period of phytoplankton growth.

In August 2004, dinoflagellates and, above all, Gonyaulax spinifera, were the principal
phytoplankton components. The maximum abundance of G. spinifera was noted near the
water surface, where the species created up to 65% of the total biomass. The maximum
phytoplankton biomass was noted in the seasonal thermocline layer (2.2 g/m?, Table 3) and
was formed by small flagellates and dinoflagellates. Blue-green algae in phytoplankton
developed locally, constituted from a single species, Microcystis aeruginosa. In the lower
horizons, below the thermocline, diatoms were found to a depth of 75 m; first of all, the
alien species Chaetoceros peruvianus (Table 2). Moreover, the contribution of diatoms to the
total biomass was minimal and did not exceed 3% (Table 3).

At present (2020-2022), in the northwestern part of the Middle Caspian, the leading
role in forming the structure of summer phytoplankton belongs to the large dinoflagellate
Gonyaulax polygramma (Table 2). This species” abundance and biomass maxima (up to
4.8 x 10* cells/L; 2.3 g/m?) were recorded at a depth of 30 m. However, in the surface
layer, the community’s biomass was low. It was determined by small flagellates, the green
algae Binuclearia lauterbornii, and diatoms, including P. calcar-avis (Tables 2 and 3).

3.5. Phytoplankton and Community Structure in Autumn

According to averaged satellite data, the autumn season was the most productive pe-
riod for the Middle Caspian Sea. However, the intensity and timing of the autumn growth
of phytoplankton varied from year to year. In general, October 2004 and 2005 were char-
acterized by higher phytoplankton production rates than the period 2019-2021 (Figure 7).
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Figure 7. The chlorophyll “a” concentration (mg/ m?) in the surface layer of the Caspian Sea during
the autumn production period.

According to the data obtained at the end of October in 2004 and 2005, the phytoplank-
ton biomass in the Middle Caspian reached 1 g/m? or more. During these periods, it was
based on diatoms (Table 2). Among them were observed the two endemics Cyclotella caspia
(upto 2.7 x 10° cells/L) and Cylindrotheca closterium (1.0 x 10° cells/L), as well as the alien
species Chaetoceros peruvianus (1.7 x 10° cells/L). These species dominated the upper 25 m
water layer. In deeper horizons, the role of small flagellates and, in some cases, dinoflagel-
lates, was significant. At the same time, the species diversity of diatoms and dinoflagellates
continued to be relatively high (see Table 1). Compared to 2020, dinoflagellates’ role in
forming the total biomass in October 2004 and 2005 was small (Table 3). Blue greens were
practically absent in phytoplankton composition in autumn 2004 and 2005.

Recent data on the quantitative characteristics of phytoplankton were obtained at the
beginning of October 2020, when the level of quantitative development of phytoplank-
ton did not exceed 300 mg/m3, which was consistent with satellite data. The leading
role in forming the biomass of the surface water layer was played by blue-green algae,
primarily Lyngbya limnetica, small flagellates, and the dinoflagellate Prorocentrum micans.
At the same time, in the seasonal thermocline layer, the role of the diatom community
component increased, represented by Thalassionema nitzschioides and Cyclotella comta, both
endemic to the Caspian, and the alien species Chaetoceros peruvianus (Tables 2 and 3). The
data from the beginning of October 2020 reflected the early stage of the community’s
transition from summer to autumn. A community restructuring from summer to autumn
occurred in the study area at the end of October, as was observed in autumn 2004 and 2005.
It was associated with increased wind mixing and the influx of nutrients into the upper
producing layer. The growth of biomass to the blooming stage in autumn occurred due to
the diatom component. A specific role in the different states of phytoplankton in October
2004, 2005, and 2020 could also be played by an interannual variability in the seasonal
development of phytoplankton, as confirmed by satellite data (see Figure 4).

4. Discussion

Based on the analysis of averaged data on chlorophyll dynamics, at least three primary
and two transitional periods of phytoplankton development in the Middle Caspian Sea
could be distinguished: winter (December—March), spring (April), summer (May-July),
late summer (August), and autumn (October-November). The actual calendar terms of
the periods selected may vary from year to year within the framework of the long-term
variability of the hydrometeorological characteristics of the marine environment, which
determine the succession of phytoplankton. During transitional periods, the hydrological
structure of the waters is restructured, which, in turn, determines the availability of biogenic
elements for phytoplankton.

The results indicated that in the study area, phytoplankton developed most actively
in autumn and winter, with summer stagnating in phytoplankton development. Satellite
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data also showed that winter blooms were often patchy. The supply of nutrients from the
lower layers of water to the upper producing layer due to active wind mixing and winter
convection are the main mechanisms that ensure a high level of quantitative development
of the community in the Middle Caspian Sea.

The growth of the exclusive diatom component of the community ensured a high
biomass level in these seasons. An interesting fact is that, while in 2008, the winter bloom
was formed by the alien species Cerataulina pelagica, in 2021, the role of endemic species
increased: this could be associated with changes in environmental conditions and, possibly,
salinity. Since all alien species were representatives of the Mediterranean—Black Sea flora,
it could be assumed that their mass development in the Caspian Sea would be facilitated
by an increase in salinity and, conversely, the development of endemic species may be
associated with its decrease. Thus, in addition to the spring and autumn maxima of the
abundance and biomass of phytoplankton characteristic of the boreal seas, which were
formed due to diatoms, a significant winter maximum was established for the Middle
Caspian. The maximum biomass level in the winter season exceeded the corresponding
values in autumn and was also formed due to the diatom component. Above the northern
slope of the Derbent Basin and in the area of the ancient riverbed of the Volga River, this
maximum was formed by a single species. This centric diatom, Cerataulina pelagica, usually
determines the development of autumn blooms in this sea area.

In the summer seasons of 2020 and 2022, the species diversity of diatoms and dinoflag-
ellates remained at the same level. From spring to summer, the number of blue-green and
green algae species slightly increased. In the summer period of 2022, as compared to the
summer of 2004, there was a sharp decrease in the species diversity of the community due
to a decrease in the number of species of diatoms and dinoflagellates (Table 1). At the same
time, the total biomass of the community remained at a similar level due to the massive
development of dinoflagellates. Their contribution to the total biomass has increased from
65% to 98% since 2004 (Table 3). In 2004, at this stage of seasonal succession, the species
diversity of phytoplankton was approximately two times higher than in 2020-2022 (see
Table 1). At the end of October, with active wind mixing and temperature convection,
biogenic elements began to enter the upper producing layer again, initiating the autumn
blooming of diatoms. It should be noted that in 2004, one of the dominant species of
autumn blooms was the alien species Chaetoceros peruvianus, while in 2020, small flagellates
dominated. At the same time, the level of quantitative development of C. peruvianus was an
order of magnitude lower and did not exceed the abundance of each of the subdominant
species, Thalassionema nitzschioides and Cyclotella comta, species endemic to the Caspian Sea.
During our research in the spring, autumn, and summer periods of 2019-2021, a decrease in
the species diversity of algae and a decrease in the maximum total phytoplankton biomass
in spring and autumn were recorded compared to 2004 (see Tables 1 and 3). Different stages
of the succession cycle could also explain these differences (before “blooming”, during
“blooming”, after “blooming”). Like other authors [17,18], we determined a sharp decrease
in the abundance of the main Caspian species, the large diatom Pseudosolenia calcar-avis,
which formed the principal component of the phytoplankton biomass until the 2000s. Ac-
cording to our observations, from 2004 to 2021, the maximum abundance of that species in
the study area decreased by about an order of magnitude. In addition, over the same period,
the abundance of Chaetoceros peruvianus, the main dominant of autumn phytoplankton
bloom in the Middle Caspian Sea in previous years, sharply decreased. A similar species
structure and composition of the leading species complex in the spring—summer period
were also given by other authors [17,20,55]. Our data confirmed the sharp decrease in the
number of the main dominant species observed in recent years.

The analysis of field observation data indicated that the highly productive phyto-
plankton status of the study area was fully confirmed for the winter and autumn periods.
We showed for the first time that in winter, in the deep part of the Middle Caspian Sea,
diatom blooms occurred near the northern and western periphery of the Derbent Basin,
as confirmed by satellite data. In the satellite images, the distribution of chlorophyll in
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the studied water area of the Middle Caspian adequately reflected the situation observed
in situ. Alien species continued to participate in the formation of the leading complex of
species in the phytoplankton of the Middle Caspian.

However, over the past decades, their role in forming the structure of spring and
autumn phytoplankton has decreased against the background of a simultaneous increase
in the abundance of large dinoflagellates of the genera Diplopsalis and Gonyaulax, which
could result from an increase in the proportion of dissolved organic matter in the sea area
studied. In other seasons of the year, the structure of phytoplankton was determined by the
presence of a seasonal thermocline and a deficiency of nutrients in the surface layer. In May,
with the establishment of density stratification, the spring blooming of diatoms ceased,
as confirmed by satellite data. Its remains, which formed the first stage of succession,
settled into the lower horizons, concentrating on the thermocline. During that period,
mixotrophic dinoflagellates belonging to the mass Caspian forms (Prorocentrum cordatum,
Proprocentrum micans and Diplopsalis lenticula) and large-celled diatoms from the genus
Coscinidiscus (the second stage of succession) developed in the upper producing layer,
impoverished in terms of biogenic elements. A similar species structure and composition of
the leading species complex in the summer period were also reported by other authors [54].
This situation usually continued until August. In some years, the hydrological conditions
that determined the summer state of the phytoplankton could persist until early October,
as was noted in the earlier work of the authors, who demonstrated the critical role of the
large dinoflagellate Gonyaulax spinifera in the formation of summer phytoplankton of the
surface layer of the Middle Caspian Sea [35].

The annual formation of a band of low concentrations of chlorophyll and phytoplank-
ton along the eastern coast of the subregion in the zone of seasonal upwelling is of interest.
The reasons for this anomalous phenomenon have yet to be fully elucidated and require
additional hydrobiological and hydrochemical studies. Obviously, in the zone of intense
eastern upwelling, the waters of the surface layer are replaced by cold deep waters depleted
in phytoplankton. A high turbulence in areas of water rise can prevent cells from fixing in
the optimum light zone. The abnormally low temperature of rising deep waters also limits
the growth of that phytoplankton adapted to summer conditions. The chemical composi-
tion of rising deep waters is practically unknown. In addition, phytoplankton in the area
of upwelling can develop in deep layers in the thermocline zone and not be detected by
remote sensing methods, as evidenced by single observations made during the upwelling
relaxation period [20]. No less interesting are the little-studied upwelling phenomena that
manifested in summer in the western part of the Middle Caspian [56,57]. Unlike the eastern
part of the sea, western upwelling in the summer of 2017 caused phytoplankton blooming,
which was recorded by satellite observations [58].

5. Conclusions

This work represents the first instance of studying the structure of the Caspian Sea
phytoplankton community using long-term remote sensing data in the periods identi-
fied. Based on the analysis of these data, it was shown that the autumn and winter
seasons were the main production periods of the year. According to satellite data, win-
ter blooms were recurrently observed in the Middle Caspian. The evidence of winter
blooms was confirmed by the results of field observations in 2004-2021. Phytoplank-
ton biomass during the winter vegetation period at the beginning of the 2000s (2006)
reached 4.5-5.0 g/m?3. It was almost completely (up to 96%) engendered by the mass
development of the alien diatom species Cerataulina pelagica. In the current period (2021),
the winter bloom was formed by the endemic diatom species Thalassionema nitzschioides,
Cyclotella comta, and Dactyliosolen fragilissimus, and by the alien species Pseudo-nitzschia
seriata and Cerataulina pelagica. In spring, the diatom Cyclotella caspia and the dinoflagellate
Prorocentrum micans, endemic to the Caspian Sea, dominated. In summer, a period of stagna-
tion was observed in the development of the phytoplankton community in the surface layer.
In summer, the phytoplankton biomass was engendered by the mass development of small
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flagellates and dinoflagellates in the seasonal thermocline layer, which remote methods
cannot currently record. The diatoms’ contribution to the community’s total biomass in
summer did not exceed 3%. In the autumn phytoplankton, the leading role was played by
the diatom component represented mainly by alien species, Chaetoceros peruvianus. Autumn
blooms, as a rule, covered the entire water area of the Middle Caspian, while winter blooms
often had a patchy character.

The results obtained deepen the understanding of the dynamics of production pro-
cesses in the Caspian Sea and are of both fundamental and applied importance. In addition,
they clarify the scope of remote sensing methods for studying marine phytoplankton and
create a scientific basis for a reliable interpretation of satellite monitoring data and the
development of new approaches to the remote identification of dominants, including toxic,
algal species that form the structure of the phytoplankton community in crucial periods of
seasonal succession.
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