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Abstract: This study aimed to confirm the hypothesis of a floristic identity between the southeastern
Barents Sea and the southwestern Kara Sea. We conducted integrated studies of pelagic microalgae
communities including microscope cell counting and taxonomical identification as well as photo-
synthetic pigments determination and defining of hydrological and hydrochemical characteristics
during a cruise in late August and the first half of September 2020. As far as we are concerned,
no such observations had been carried out in this region at this time of the year before. During
our observations, 35 species were identified, 14 (40%) of which were present in both water bodies.
The communities of both regions were in a state corresponding to the autumn stage of the annual
succession cycle. In the southeastern Barents Sea, the mean abundance of organisms in the water
column varied from 10.650 to 41.840 cells per liter with a biomass of 71.04 to 300.55 ug/L. In the
southwestern Kara Sea, these values were 3.510-28.420 cell /L and 16.31-66.96 ug/L, respectively.
In general, the results of a comparative analysis suggest that the pelagic algal communities in the
regions under comparison, despite the difference in hydrological parameters, demonstrate similar
qualitative and quantitative characteristics and thus may belong to the same phytogeographic region.

Keywords: phytoplankton; Barents Sea; Kara Sea; seasonal succession; phytogeographic regions;
photosynthetic pigments; hydrological characteristics; hydrochemical characteristics

1. Introduction

Phytoplankton is a base for marine food webs and has great impacts both on the whole
world’s oceanic ecosystem and the entire biosphere because it produces more than 45% of
the net primary production of Earth’s photosynthesis [1]. An important issue in studying
the life of pelagic algal communities is the cyclical processes happening in them and their
ties with the variability of different environmental factors. The latter seems obvious to
be determined mainly by the timing of the onset and duration of phases of the seasonal
evolution, which in their turn depend on the biogeographic status of the ecosystem [2,3].

Biogeographic studies on marine phytoplankton have more than a century of history,
however, to date, no unified methodological approach to exploring this field of hydrobiol-
ogy has evolved [4]. Previous researchers have observed that the phytoplankton community
structure in the Barents Sea is structured by abiotic water mass properties [5]. As a result,
major fronts in hydrographic conditions may control the dispersal and development of
different phytoplankton communities [6]. This can be related to the ‘Biotope’ concept
outlined in [7], which implies the identification of some abiotic characteristics between
relatively homogeneous water masses which then are considered phytogeographic regions,
based on the similarity of the characteristics identified.

There also exists an opposite perspective on floristic research that identifies similar
water areas by comparing all the taxonomic inventories of microalgae available in the
literature [8,9]. It looks more relevant to the task of this work but has the same drawback
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as the above-described “biotopic” one, i.e., it artificially divides the environment and
biota. As a result, the overall high species diversity and vast habitats of major organisms
entail conclusions that could hardly be considered proper. This manifests in attempts to
identify biogeographic regions in the Arctic Basin. Almost all phytoplankton communities
inhabiting vortexes of Greenland, Norwegian, Barents, and southwestern Kara Sea largely
originate from the same source, namely the large-scale subarctic circulation located in the
North Atlantic, south of Greenland [10]. Intrusions of rich cosmopolitan marine flora from
the North Atlantic into the Arctic result in high taxonomic similarity [3]. Then, based only
on the species composition, one can make a counterintuitive conclusion that we are dealing
with the same algal community in all the above-mentioned regions. A similar point of
view can be found in Guillard & Kilham [11], Heimdal [12]; moreover, Williams et al. [13]
put forth the concept that the entire World Ocean can be considered as one and the same
habitat and the ocean’s phytoplankton as one and the same community.

In this situation, a comparison of the algal flora in adjacent areas geographically
belonging to different water masses seems the most promising. The southeastern Barents
Sea (SEBS) and the southwestern Kara Sea (SWKS) are notable examples of such seawater
areas. The question of the unity of their biogeographic statuses was discussed earlier in
Druzhkov & Makarevich [14]. The background for this assumption had been provided
by both above-described approaches: these areas are characterized by high similarity of
hydrological and ice regimes and microalgae taxa [15-19]. Low inter-annual variability of
both abiotic and biological parameters in both regions also has great importance [20-23].

To avoid the above-mentioned disadvantages, when making such a comparison, a
prerequisite should be the use of methodological techniques of terrestrial phytocoenol-
ogy. In pelagic ecosystems, representatives of the dominant phytoplankton groups act
as edificators. Being the main primary producers of organic matter, they determine the
overall productivity of the water area, cause bloom events, and also affect most hydro-
chemical parameters due to various metabolism processes. Ultimately, they appear to be an
environment-forming factor for the rest of the biological community components, shaping
a system of consortium ties and, to a large extent, the entire structure of the ecosystem [24].

Choosing the right research season is also important. The above-mentioned taxonomic
similarity of Arctic algal communities is a characteristic feature of the winter stage dom-
inated by cryoflora and the spring stage when the biomass maximum is contributed by
a single set of sea-ice-associated and neritic diatom species [25]. Therefore, for a reliable
comparison of the microalgae composition to be made, observations should be carried out
during the final phase of the annual growth cycle, i.e., in late summer and autumn [26].

Our work aimed to confirm the possible unity of the phytogeographic statuses of two
geographically different seawater areas, the southeastern Barents Sea and the southwestern
Kara Sea, based on a comparative analysis of phytoplankton communities in these bodies
of seawater at the end of the growing season.

2. Materials and Methods

Observations were carried out in the first half of September 2020 during a cruise on
the R/V “Dalnie Zelentsy” to the southeastern Barents Sea and the southwestern Kara Sea
(Figure 1).

Oceanographic parameters of water masses (temperature, salinity, turbidity, and flu-
orescence) were determined by a conductivity-temperature-depth (CTD) continuously
profiling the water column surface to bottom using for this purpose an SBE 19 plus sonde
equipped with a fluorometer. The data acquired were processed using SBE 19 SEACAT
PROFILER manufacturer’s software according to the “SBE 19 SEACAT PROFILER. User-
Manual, Bellevue, WA, USA”. Seawater samples for phytoplankton, chlorophyll-a, and
biogenic elements were collected with 10-L Niskin bottles mounted on a HydroBios multi-
water sampler MWS-12. The sampling was carried out at 6 stations in the SEBS and
8 stations in the SWKS at the surface, pycnocline, and near-bottom water levels (the depth
of the layers are in Appendix A).
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Figure 1. Study area and the location of sampling stations. For this and further schemes, grid-
ded bathymetry data for the Arctic Ocean area (IBCAO) from GEBCO Digital Atlas (version 2.12)
were used.

The material collected was processed according to the standard hydrobiological meth-
ods: 2 L phytoplankton samples were concentrated by reverse osmosis to a final volume
of 4-5 mL and fixed with a 40% formaldehyde solution to a final concentration of 2—4%
for subsequent microscopy [27,28]. Taxonomic identification of organisms and cell counts
were performed on an Amplival light microscope at a magnification of 400 in a 0.05 mL
Nageotte counting chamber according to the standard methodology [29]. The names of
species and systematic groups are given according to the nomenclature adopted in elec-
tronic sources: AlgaeBase, 2022 [30]; WORMS, 2022 [31]. Biomass was calculated using
tables of microalgae mean cell volumes [32].

Seawater sampling, for further chlorophyll-a determination, was sampled in three
layers—surface, pycnocline, and near-bottom. The Carousel Water Sampler and “Hydro-
bios” bathometers (Kiel, Germany) were used. In total, 42 samples were taken and pro-
cessed. We used methodological recommendations [33,34], based on the classical method
for the determination of chlorophyll-a by UNESCO [35]. No deviations from the method
were allowed. Water samples with a volume of 5 L for each horizon were filtered immedi-
ately in the ship’s laboratory on a vacuum filtration unit. Membrane filters with a diameter
of 47 mm and pore size of 0.6 um were used. After filtration, the filters, folded in half with
the sediment inward, were stored in a silica gel desiccator in a freezer at —20 °C. Further
processing of samples was carried out in a stationary hydrochemical laboratory. In addition,
90% acetone was used. After homogenizing the filters, the precipitate was centrifuged at
8000 rpm. The concentration of chlorophyll-a in the extract was determined spectrophoto-
metrically on a UV-Visible spectrophotometer Nicolet Evolution 500 (Spectronic Unicam,
Cambridge, UK).

Simultaneously, hydrochemical studies were conducted: an assessment of the content
of dissolved oxygen and mineral forms of major biogenic elements was carried out. Dis-
solved oxygen concentration was determined by the Winkler method [36]. Nitrite, nitrate,
phosphate, and silicate concentrations were measured on a PE-5300VI spectrophotometer
(Ecroskhim Co., Saint Petersburg, Russia). Inorganic dissolved phosphorus (P-PO,) was
determined by the Murphy-Riley method, dissolved silicon (5i-5i03) was measured by the
Korolev method, and nitrite (N-NO,) and nitrate (N-NO3) nitrogen was estimated using
the Bendschneider—-Robinson method [37-39].



Diversity 2023, 15, 137

40f21

40

80

Depth, m

120

160

40

80

Depth, m

120

160

3. Results
3.1. Hydrological and Hydrochemical Parameters

Distribution of seawater temperature and salinity at investigated transects is shown in
Figures 2 and 3. The SWKS was characterized by pronounced pycnocline located at depths
of 10-15 m in the mouth of Baydaratskaya Bay (St. 4 and 6) and depths of 25-30 m in the rest
stations along the transect. Total temperature and salinity ranges were —1.51-+11.39 °C
and 29.08-34.38 ppt, respectively; minimum temperature and salinity values in the upper
mixed layer were +8.85 °C and 32.87 ppt, respectively. A layer of seawater with negative
temperatures and slightly decreased salinities was detected at all stations at depths ranging
from 35 to 60 m, except for stations 4 and 6. This layer is formed by Kara Sea water
emerging from convective mixing during winter [40,41]. Below are warmer and saltier
waters, most likely of Barents Sea origin [41,42].
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Figure 2. Distribution of seawater temperature at the investigated transects in the southwestern Kara
Sea (a) and the southeastern Barents Sea (b).
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Figure 3. Distribution of salinity at the investigated transects in the southwestern Kara Sea (a) and
the southeastern Barents Sea (b).

In the SEBS, due to shallow depths, the distribution of temperature and salinity was
almost homogenous; their values varied in the ranges of 8.81-10.94 °C and 27.52-31.56 ppt,
respectively. The minimum values of temperature and maximum values of salinity were
recorded at the near-bottom level at station 21 and all the water column at stations
25 and 26.
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A salient feature of the distribution of nutrients in SWKS waters was the presence of
a significant vertical gradient of values with an intermediate minimum in the pycnocline
layer and a maximum at the bottom (Figure 4).
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Figure 4. Distribution of nutrients concentration at the investigated transects in the southwestern
Kara Sea; (a) P-POy, (b) Si-SiO,, (¢) N-NOj3, (d) N-NO,.

Surface silicon concentration ranged from 0.70 to 1.91 ug-atom/L; its highest value was
recorded at station 8, the deepest in this area. The rest of the investigated biogenic elements
were characterized by low values at the sea surface with a decrease in the density-jump
layer to analytical zero, which must have been a result of the photosynthetic activity of
autotrophic biota.

The average concentration in SWKS waters of biogenic elements was: 0.30 & 0.07 ug-
atom/L for phosphates; 0.02 £ 0.01 pg-atom/L for nitrites; 2.15 + 0.55 pg-atom/L for
nitrates; 3.95 £ 1.11 ug-atom/L for silicates. For the upper seawater layer (0-5 m), a signifi-
cant correlation coefficient between nitrate and phosphate was revealed. The relationship
between nitrate and phosphate was almost linear (R? = 0.96), and the ratio was below 4.0
on average (Figure 5). Nitrate nitrogen was the limiting factor for phytoplankton; an excess
of phosphates and silicates at zero nitrate levels was observed. The minimum value of the
N/P ratio (0.04) was recorded in the surface layer (station 10) with a low level of silicates
of 0.89 ug-atom/L. The distribution of nutrients in this water area had a patchy character;
low surface concentrations of both phosphates and nitrates were recorded at stations 7 and
8, while at station 6 surface phosphate and nitrate concentrations were the greatest. At the
same time, the Si/P ratio at stations 7 and 8 and station 6 averaged 51.8 and 9.5, respectively.
Such a situation indicates the presence of different water masses in these areas [43,44].
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Figure 5. Graphs of the dependence of nitrates on phosphates (a) and nitrates on silicates (b) over
the entire water area under investigation.

In the SEBS, biogenic elements were characterized by low values and homogenous spatial
distribution (Figure 6). The average value of the weighted average for phosphates over the
SEBS water area was 0.14 £ 0.03 pg-atom/L, for silicates it was 3.79 £ 0.79 ug-atom/L, for
nitrites it amounted to 0.01 pg-atom/L, and for nitrates it equaled 0.13 & 0.03 ug-atom/L. The
maximum concentrations were recorded in the east of the water area under study at stations
22 and 23, in the zone of freshwater runoff. The most significant correlations were found
between salinity and phosphates (r = —0.79, R? = 0.62) and between salinity and silicates
(r=—0.71,R? = 0.52). The N/P ratio was on average low (0.60), which indicates a deficiency
in nutrients [39]. At stations 25 and 26, zero values of nitrites and nitrates were recorded at the
surface and near-bottom water levels with the lowest silicon concentrations of 1.73 pg-atom/L
and 0.65 ug-atom/L on the surface and at the bottom, respectively.
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Figure 6. Distribution of nutrients concentration at the investigated transects in the southeastern
Barents Sea; (a) P-POy, (b) Si-SiO», (c¢) N-NOs, (d) N-NO;. Note: The value bar for this figure and
Figure 4 is unified.
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Surface chlorophyll-a concentration in the SWKS (maximum observed values 0.45 mg/ m3)
did not exceed 0.45 mg/m? (0.22 & 0.15 mg/m> on average). In the pycnocline zone, its
values ranged from 0.15 to 0.41 mg/m?>, with some stations exhibiting values below the level of
detectability for the method applied. At the bottom water level, a similar situation was observed
at most stations with chlorophyll-a concentration ranging from 0.07 to 0.12 mg/m? (Figure 7).

25
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1.5 A
1.0
0.5 -
. I_. . m | . . r‘.l 0.0 -

7 8 10 11 14 17

Depth, m

0 100

Figure 7. Chlorophyll-a concentration (ug/L) in the three investigated seawater layers at sampling
stations located in the southwestern Kara Sea (a) and the southeastern Barents Sea (b).

In the SEBS, due to shallow depths, chlorophyll-a was almost evenly distributed
throughout the water column. Surface chlorophyll-a maximum reached 1.48 mg/m?
(0.92 & 0.29 mg/m3 on average). In the pycnocline layer, chlorophyll-a concentration
averaged 1.15 & 0.46 mg/m?, with a maximum of 2.02 mg/m?. Near-bottom chlorophyll-a
concentration did not exceed 1.24 mg/m3 (0.99 + 0.22 mg/m? on average). Low average
chlorophyll-a concentrations in the photic layer, 0.24 4= 0.13 mg/m? in the SWKS and
1.02 + 0.33 mg/m?3 in the SEBS, and the proportion of pheophytin > 50% in both regions,
are typical for the late-summer and autumn stages of the seasonal succession of pelagic
algal communities [45].

An assessment of photosynthetic pigments contents by the fluorescence value demon-
strates a similar picture (Figure 8).

Stations Stations Fluorescence,
23 21

RFU

14 17

Depth, m

\ ( ’ | ‘
200 300 0 100 200 300
Distance, km Distance, km

(a) (b)

Figure 8. Distribution of seawater fluorescence at the investigated transects in the southwestern Kara
Sea (a) and the southeastern Barents Sea (b).
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Depth, m

Two layers with increased values of this parameter were identified at the transect in
the Kara Sea. One layer was found at stations 4, 6, and 7 at 0-20 m depth. The other was
observed at stations 8, 10, 14, and 17 between 25 and 40 m depths, which bears relation to
the presence of the thermocline whose vertical temperature gradient is 0.4 °C/m. At the
transect in the Barents Sea, fluorescence maximums were registered in a surface layer at
station 26 and throughout the water column at station 24.

Data on turbidity distribution were used as one of the important parameters of inho-
mogeneity of the water column (Figure 9). There are even observations [46] indicating a
possible direct correlation between the opacity /transparency of the pelagic and the abun-
dance of phytoplankton communities. However, no such relationship was observed in our
studies (see Figure 7).

Stations Stations Turbidity,
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Figure 9. Distribution of seawater turbidity at the investigated transects in the southwestern Kara

Depth, m

Sea (a) and the southeastern Barents Sea (b).

The highest values of turbidity in the SWKS were recorded in the bottom layer at
stations 6 and 7 due to the location close to the shore (see Figure 1). In the SEBS at station
23 in the surface to the bottom layer, a local maximum was registered, most likely caused
by the Pechora River runoff.

3.2. Qualitative and Quantitative Phytoplankton Parameters

A complete inventory of microalgae taxa found in the studied area is shown in Table 1.
It includes 35 organisms identified at the species level, as well as unidentified representa-
tives of several genera and large taxa of various ranks [47].

Table 1. Taxonomic inventory of phytoplankton in the seawater regions under consideration: on a
light gray background—species found only in the SWKS; on dark gray—only in SEBS; on white—in
both regions.

Taxon

Class Bacillariophyceae Class Dinophyceae

Asteroplanus karianus (Grun.) C.Gardner et R.M.Crawford, 1997

Dinophysis arctica Mereschk., 1879
D. norvegica Clap. et Lachm., 1859

Cerataulina pelagica (Cl.) Hendey, 1937 Gonyaulax sp.
Chaetoceros borealis Bailey, 1854 Gyrodinium fusiforme Kof. et Sw., 1921
C. curvisetus Cl., 1889 G. lachryma (Meunier) Kof. et Sw., 1921
C. decipiens Cl., 1873 Heterocapsa triquetra (Ehr.) Stein, 1883

C. laciniosus F.Schiitt, 1895

Chaetoceros sp.

Phalacroma rotundatum (Clap. et Lachm.) Kof. et Michener, 1911
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Table 1. Cont.

Taxon

Class Bacillariophyceae

Class Dinophyceae

Ceratoneis closterium Ehr., 1839

Protoperidinium brevipes (Pauls.) Balech, 1974

Leptocylindrus danicus Cl., 1889

P. cerasus (Pauls.) Balech, 1973

L. minimus Gran, 1915

P. pallidum (Ostf.) Balech, 1973

Melosira sp.

P. pellucidum Bergh, 1881

Odontella granulata (Roper) R.Ross, 1986

Scrippsiella trochoidea (Stein) Loeblich III, 1976

Paralia sulcata (Ehr.) Cl., 1873

Tripos arcticus (Vanh.) EGémez, 2013

Rhizosolenia hebetata Bailey, 1856

T. fusus (Ehr.) EGomez, 2013

Skeletonema costatum (Grev.) Cl., 1873

T. horridus (Cl.) EGomez, 2013

Thalassionema nitzschioides (Grun.) Mereschk., 1902

T. lineatus (Ehr.) FEGomez, 2013

T. longipes (J.W.Bailey) EGomez, 2013

Thalassiosira decipiens (Grun.) Jerg, 1905

Unidentified dinoflagellates

Unidentified diatoms

Class Dictyochophyceae

Class Pyramimonadophyceae

Halosphaera viridis F.Schmitz, 1878

Octactis speculum (Ehr.) EH.Chang, ] M.Grieve & ].E.Sutherland, 2017

Class Ebriophyceae

Class Prasinophyceae

Ebria tripartita (J.Schumann) Lemm., 1899

Polyasterias problematica (Cl.) Meunier, 1910

Class Euglenoidea

Class Cyanophyceae

Unidentified forms

Unidentified forms

According to their taxonomic position, 15 algae species belong to the algal class Bacil-
lariophyceae, 16 species belong to the class Dinophyceae, and the remaining 4 species are
members of the classes Ebriophyceae (Ebria tripartita), Dictyochophyceae (Octactis specu-
lum), Prasinophyceae (Polyasterias problematica), and Pyramimonadophyceae (Halosphaera
viridis). By phytogeographic affiliation, 10 species are of arcto-boreal origin, 9 are boreal
species, and 16 are cosmopolitans. Ecologically, 21 species were identified as neritic, 7 as
oceanic, and another 7 as panthalassic species.

A comparison of the two bodies of seawater under consideration revealed the fol-
lowing features between them. Among the microalgae taxa found across the entire water
area under study (quantitative parameters of virtually every taxon were very similar in
both water bodies), 5 species belonged to diatoms, 8 species belonged to dinophytes, and 1
species, E. tripartita, was a member of the Class Ebriophyceae. Five species had arcto-boreal
origin, 1 species was boreal, and 8 species were cosmopolitans. According to ecological
characteristics, 9 neritic species, 3 oceanic ones, and 2 panthalassic ones were identified.
Among the organisms registered only in the SWKS, diatoms and dinoflagellates made
up equal proportions of 6 species each; members of other taxonomic groups, O. speculum,
P. problematica, and H. viridis, were also found. The phytogeographic structure of this algal
community included 4 arcto-boreal, 3 boreal, and 8 cosmopolitan species. Ecologically, it
consisted of 7 neritic types, 4 oceanic ones, and 4 panthalassic ones. In the SEBS, species
found only in this seawater body included 4 diatoms and 2 dinophytes, 5 boreal and
1 arcto-boreal type, and 5 neritic and 1 panthalassic one.

This inventory indicates that, in general, pelagic microalgae communities in these two
arctic bodies of seawater were characterized by a complete dominance of members of two
algal classes, Bacillariophyceae and Dinophyceae, in approximately equal proportions. At
the same time, organisms belonging to all three phytogeographic groups typical for the
regions under consideration and to three main ecological groups were registered, with the
exception of freshwater and reliably identified types of microphytobenthos.

All the studied water areas were dominated by neritic algal flora; panthalassic and
oceanic types played a much lesser role and were not registered at all in the SEBS region.
All the above-mentioned features can be generally regarded as typical for Arctic pelagic
ecosystems. No significant differences were revealed between the SEBS and SWKS pelagic
algal communities, neither between the taxonomic nor between the phytogeographic and
ecological structures. The list of species found only in the SEBS is poorer, but this might be
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due to observations being carried out only in a single, rather narrow, coastal water area of
this seawater body [23].

We came across a somewhat different picture when examining the spatial distribution
of the dominant microalgae types. The abundance (Appendix A, Table Al) was primarily
dominated by small unidentified diatoms, dinophytes, and euglena algae reaching high
concentrations throughout the studied water areas. Further, in the SEBS, a large share
was occupied by the diatoms Thalassiosira decipiens, Thalassionema nitzschioides, and Paralia
sulcata. Their abundance was much lower in the SWKS, with the first one being absent
altogether. As for phytoplankton biomass, the following picture was observed: Chaetoceros
borealis and Tripos longipes dominated the biomass over the whole investigated water area,
Dinophysis norvegica and Scrippsiella trochoidea, though belonging in both water bodies,
held leading positions only in the SWKS, and P. sulcata, T. nitzschioides, and Tripos fusus
prevailed only in the SEBS. Among dominants were also Leptocylindrus danicus, Tripos
arcticus, Gonyaulax sp., Gyrodinium lachryma, and Protoperidinium brevipes; Halosphaera viridis
registered only in SWKS waters and T. decipiens and Tripos horridus found only in the SEBS.
Thus, these two algal communities demonstrate quite pronounced differences from each
other: the bulk of the biomass is dominated by different species including those developing
in only one of the two seawater bodies. In addition, if the SWKS community lacks species
exhibiting an appreciable dominance in abundance, with a significant number of species
dominating the biomass and registered only in this water body, in the SEBS, the opposite
situation takes place.

At the same time, one manifested feature of the spatial distribution, characteristic
of all identified phytoplankton organisms without exception, attracts our attention, i.e.,
none of the species were recorded at all investigated stations. Even species exhibiting
absolute dominance in abundance or biomass reached their significant average values due
to very high concentrations within a limited water area often encompassing no more than
2-3 stations, while in the rest of the water areas, their abundances were minimal or null.

As for the general quantitative parameters, they also show differences between the
communities in the SEBS and SWKS (Table 2, Figures 10 and 11).

In general, the range of variations between phytoplankton abundance and biomass
values over the studied water areas was not significant, except for algal communities at
stations 4 and 6 located in the mouth of Baydaratskaya Bay. If diatoms Skeletonema costatum
and, to a lesser extent, Leptocylindrus danicus and L. minimus (only at stations 4 and 6 these
both species were not registered) entirely prevailed in the abundance, then the biomass
was dominated by the dinoflagellate Tripos longipes, with a secondary part played by the
dinophytes Gonyaulax sp. and Dinophysis norvegica, the diatoms Chaetoceros borealis and
Leptocylindrus danicus (Station 4), and Rhizosolenia hebetata found only at stations 4 and
6 in the surface water layer. Thus, this is another manifestation of the above-described
patchiness in the spatial distribution of microalgae.

120 9 — 120 +
O Surface layer
100 - 100 -
B Pycnocline
80 B Near-bottom layer 80 1
60 - 60 -
40 - 40 -
20 - 20 -
0 --L—[l—Eh—Eh—E.—L-—E-& L

8 10 1 14 17 26 25 24 23 22 21

(a) (b)

Figure 10. Phytoplankton abundance (thousand cells/L) in the three investigated seawater layers at
sampling stations located in the southwestern Kara Sea (a) and the southeastern Barents Sea (b).
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Figure 11. Phytoplankton biomass (ng/L) in the three investigated seawater layers at sampling
stations located in the southwestern Kara Sea (a) and the southeastern Barents Sea (b).

Table 2. Total abundance (thousand cells/L, numbers above the lines) and biomass (ug/L, numbers
below the lines) of phytoplankton in the water areas under investigation.

Seawater Level
Stations Average in the Water Column
Surface Pycnocline Bottom

Southwestern Kara Sea

4 117.80 18.90 4.17 28.42
285.44 48.23 4.06 66.96

6 34.80 33.17 5.47 16.39
184.12 92.95 11.71 51.95

7 9.98 6.92 0.84 8.24
77.90 54.88 1.20 60.49

8 8.37 3.96 245 5.44
64.16 4424 3.32 41.27

10 9.04 11.20 0.94 418
81.34 89.71 1.36 32.19

1 9.25 9.24 1.56 3.51
76.13 34.35 2.58 16.31

14 0.00 5.36 2.32 4.85
0.00 80.91 8.88 60.24

17 10.75 8.51 2.18 4.79
60.60 95.58 424 41.96

Southeastern Barents Sea (Pechora Sea)

% 28.73 40.15 28.05 34.27
235.77 353.27 259.91 300.55

25 12.41 7.96 14.27 10.65
93.94 43.20 103.80 71.04

o1 14.03 12.67 7.92 12.09
122.97 90.75 51.11 92.07

23 46.40 40.05 40.84 41.84
5491 79.85 128.65 85.81

2 27.22 25.86 18.89 24.87
168.65 186.39 118.56 167.50

21 27.37 33.77 11.69 27.43

133.24 242.54 93.03 179.85
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Comparison of the general values of phytoplankton abundance and biomass between
two regions (excluding the community at Station 4) revealed higher levels of both in
the SEBS—on average about twice as high as in the SWKS. The SEBS community also
demonstrated greater variations of values of these two parameters between sampling
stations.

In the SEBS, the vertical phytoplankton structure can be considered homogeneous
throughout the water column. The SWKS was characterized by very similar values of
phytoplankton abundance in the surface and density-jump layers and by much lower
values in the near-bottom layer. The latter is explainable by the difference in the bottom
relief: the SWKS has depths of about 100 m and more while the depth range in the shallow
SEBS is 12-22 m.

Based on the foregoing comparison of the two phytoplankton communities under
study, it seems necessary to highlight the following important similarities. In both algal
communities, microalgae species belonging to the spring group were completely absent,
even in single quantities. Of the total number of identified organisms, 40% were recorded
in both seawater regions. Among the phytoplankters recorded in both the SEBS and SWKS,
only arcto-boreal species, mainly oceanic, dominated the biomass. Among those found
only in the SEBS region, boreal neritic demonstrated high biomass values. Among the phy-
toplankters found only in the SWKS region, the biomass was dominated by cosmopolitans
and arcto-boreal species of various ecological groups. Among dominants, either common to
both seawater regions or found only in one of them, almost equal proportions were shared
by large-celled centric diatoms and dinoflagellates. Microalgae not exhibiting high abun-
dance values were distinguished by a greater degree of patchiness in spatial distribution
since they were present at a smaller number of stations and not in all seawater layers.

4. Discussion

The current pattern in the region is rather complicated and there are three major
systems of water circulation (Figure 12). The first is the cyclonic (anticlockwise) gyre of the
SEBS being seen at least during the spring—summer period [16-18,48]. Its southern portion
is formed by the streams of the Kanin, White Sea, Kolguev-Pechora, and Pechora currents,
whereas the northern boundary is formed by the Litke Current, penetrating from the Kara
Sea and going further to the north along the western coast of Novaya Zemlya [49]. The
second system is the clockwise circulation which contours the Novaya Zemlya coast [50].
The Litke Current forms its western part, and the East Novaya Zemlya Current the eastern
one [51]. The latter forms the right semicircular component of the cyclonic gyre of the
southwestern Kara Sea, while in the east this gyre is closed by the Yamal and Ob-Yamal
currents starting from the coast of the Yamal Peninsula [52]. The result of those is a stable,
diverse network of water exchange between the SEBS and the SWKS running through the
Kara Gates and the Yugorsky (Yugor) Strait. We have all grounds to believe that there is
also a drift of organisms resulting in the phytoplankton of the SEBS playing a decisive role
in shaping the pelagic algal flora in the entire Novaya Zemlya phytogeographic province,
given that the transfer of seawater from west to east dominates [14].

An analysis of the results of past studies carried out in these water areas, overall,
confirms this hypothesis. Planktonic microalgae communities in the SEBS and the SWKS
consist mainly of arcto-boreal neritic species with a high proportion of cosmopolitans.
Not only are the SEBS and the SWKS characterized by the dominance of arcto-boreal
types of organisms in the pelagic zone, but other Arctic marginal shelves display this
feature. Moreover, all these water areas exhibit a great similarity in the composition
of the dominant groups [11,12,53]. The rest of the ecological and phytogeographical
groups do not occupy leading positions in the ecosystems of these areas. The presence of
boreal (warm water) elements in them can be explained by the influence of transformed
Atlantic waters. The contribution of cryophilic flora, mainly pennate diatoms, to microalgae
communities in the SEBS and SWKS is insignificant and tends to be minimal during the
open-water season since these are seasonally ice-covered regions [47]. Major differences
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in the taxonomic composition of pelagic algal communities in these regions are found
among microphytobenthic and freshwater organisms, but these are allochthonous and
uncharacteristic components and therefore can be neglected.
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Figure 12. A schematic presentation of the major components of the water circulation in the south-
eastern Barents Sea and the south-western Kara Sea: (1) Kanin, White Sea, Kolguev-Pechora, and
Pechora currents; (2) Litke Current; (3) East Novaya Zemlya Current; (4) Yamal Current; (5) Ob-Yamal
Current (given by: [14]).

Our observations encompassing the winter and spring periods, starting from the
1980s [54,55], also confirm the similarity of communities in these two seawater bodies. The
timing of the beginning of the phytoplankton growing season and the set of dominants
in the SEBS and the SWKS are very close. This stage differs only in the presence of single
specific taxa in certain areas and small deviations in the calendar dates of the onset of the
phytoplankton bloom maximum [54,55].

However, all the published sources examined have one significant drawback, i.e.,
they hardly address the summer and autumn phases of the annual cycle of phytoplankton
succession. The conclusion about the uniformity of species compositions in these regions
is based mainly on a comparison of groups of species that provide spring bloom peaks.
This approach can be justified by the fact that these are the species that dominate the
pelagic zone in terms of abundance and/or biomass. This ultimately leads to the logical
conclusion about the uniformity of the single-celled algal flora in all northern seas, called
pan-Arctic [11] or ice-neritic [10]. Moreover, even those studies that submit a full list of
species are without consideration of species typical for the summer—autumn period, since
they do not provide abundance levels comparable to the spring season and are spatially
distributed in a patchiness-like manner, occurring and reaching high concentrations only
in the certain areas. However, it should not be forgotten that such a picture is generally
typical of marine phytoplankton communities in the summer phase of the phytoplankton
annual production cycle [56]. Species dominating abundance and biomass at this very
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stage of their development, even for a short time and in a limited area, should nevertheless
be included in the comparative floristic analysis.

In this regard, the results of the investigation presented in this research are of particular
value, since they make it possible to fill the above-mentioned gap and make the necessary
adjustments to the definition of the biogeographic statuses of the seawater regions under
study. The previous section of this article explicitly illustrates significant differences be-
tween the SEBS and SWKS waters in terms of hydrological and hydrochemical parameters.
The cause of this is the difference in depths and the dynamics of currents. The consequence,
in turn, is the difference in the absolute values of the abundance and biomass of microalgae.

The analysis performed gives reasons to assert that the pelagic algal communities in
the seawater regions under comparison, despite these differences, were at the same stage
of the seasonal succession and characterized by high similarity of their composition, both
taxonomic and ecologic and phytogeographic [55]. It should be specially emphasized that
during our investigations no spring phytoplankton species were found in the pelagic and
no high abundance levels of microalgae were observed, which is characteristic of the spring
phase of the annual phytoplankton vegetation in the Barents and Kara Seas [14,23,25,54].

Thus, during our studies, pelagic algal communities in both seawater bodies were by
all indications in a state typical for the late summer—early autumn stage of succession. The
thermohaline structure of the water column fully corresponded to this very phase of the
annual hydrological cycle well studied both in the SEBS [57] and in the SWKS [41]. Average
and peak concentrations of nutrients were typical for the given season and did not exhibit
any noticeable differences from those reported earlier for this period of the year both for
the SEBS [58-60] and for the SWKS [61-64].

Chlorophyll-a concentrations and its spatial distribution were well consistent with
those reported in the literature for September in different years for the SEBS [65,66] and the
SWKS [67,68]. Summer and autumn values of this parameter are lower compared to spring
ones; the duration of peaks is shorter as well [55,69]. In general, the open part of the Kara
Sea is characterized by low chlorophyll-a concentrations (about 0.2-0.5 mg/m?) [64]. In
September 1993, its mean value in the photosynthesis layer in open waters of the sea was
0.2-1.8 mg/m?3 [67]. Chlorophyll-a levels in September 2007 in the euphotic layer varied
from 0.02 mg/m? to 4.37 mg/m?, averaging 0.76 mg/m? [68]. According to multi-year
observations for September, the concentration of this pigment in the Kara Sea varied in a
range of 0.2-6 mg/m?>. Values exceeding 3 mg/m?> were observed in areas experiencing
high river runoff impact [70]. In the Pechora Sea (SEBS region) in August and September
1998, surface chlorophyll-a levels varied in a range of 0.08-1.15 mg/m? with a 2.4-fold
increase when moving from central deep parts of the sea to coastal areas with shallow
water [65]. During active vegetation of microalgae in June 1995, the average chlorophyll-a
concentration was about 6 mg/ m? [71]. Its increased values recorded by us in the SWKS in
autumn compared to the SEBS are most likely caused by the Pechora River runoff. Previous
studies had also found that phytoplankton abundance and biomass values in the Pechora
Sea (SEBS) region are higher than in the open Barents Sea [55].

A comparison of the species composition and abundance and biomass of phyto-
plankton with those reported earlier for the same season for the SEBS [23,72,73] and the
SWKS [22,53] suggests similar conclusions. Both general taxonomic inventories and lists of
dominant species, and absolute abundance and biomass values are consistent with each
other. This, by the way, provides a conclusion about the weak inter-annual variability of
these parameters. The latter in turn results from a long-established fact that the range
of long-term fluctuations of climate-driven factors is extremely small in these seawater
regions [20,21,74].

Thus, we can make a convincing conclusion that pelagic algal communities in the
regions under comparison were in a state corresponding to the same phase of the sea-
sonal succession and characterized by a substantial similarity in qualitative composition,
including ecological and phytogeographical belonging. Still, at the same time, differences
in hydrological parameters in the water areas under examination have a certain impact
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on the taxonomic structure of phytoplankton communities and the general level of their
qualitative values.

5. Conclusions

The data acquired suggest the existence of floristic integration between the south-
eastern Barents Sea and the southwestern Kara Sea, the main mechanism of which is a
stable seawater exchange between these seawater regions. Along with this, existing sig-
nificant differences in hydrological and hydrochemical parameters in seawater regions
under consideration cause different abundance levels, but at the same time do not affect
the qualitative composition of algal flora.

In general, the situation described confirms the hypothesis of the floristic unity of the
SEBS and SWKS regions. However, for this hypothesis to be ultimately and conclusively
verified, further investigations involving comparisons with the summer—autumn state of
pelagic algal communities in other regions of the Arctic Basin would be of great value. To
date, these data are few or nonexistent.

In addition, the results of the analysis of previous studies display low degree of
variability of long-term phytoplankton dynamics in both seawater regions. It is noteworthy
that this situation has continued to be observed during recent years under global climate-
driven and hydrological changes occurring in the Arctic Ocean and affecting all components
of the biota [3]. Such conservatism of the SEBS and SWKS phytoplankton will undoubtedly
be of great importance in resolving ecological problems in the region.

In conclusion, we cannot but emphasize that results of our study will undoubtedly
be an important step for further investigations of biogeographic status of the pelagic algal
communities of Arctic seas.
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Appendix A

Table A1. Abundance (thousand cells/L, numbers above the lines) and biomass (ug/L, numbers
below the lines) of dominant phytoplankton species (reaching more than 10% of the abundance or
biomass in samples) in the water areas under investigation.

Southwestern Kara Sea

Station 4 6 7
Seawater Level 0.5m 16 m 105 m 0.5m 13 m 57 m 0.5m 11m 155 m
Chactoceros borealis 785.37 200.00 400.00 310.00 635.30
20.50 5.22 10.44 8.09 16.58

Leptocylindrus danicus

18,512.18  800.00 219.51
42.13 1.82 0.50
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Table Al. Cont.

Southwestern Kara Sea

Station 4 6 7
Seawater Level 0.5m 16 m 105 m 0.5m 13 m 57 m 0.5m 11m 155 m
] 1976.80
Paralia sulcata 277
. . 560.98 266.70
Rhizosolenia hebetata 15.09 717
Thalassionema nitzschioides 2804.88 1100.00 4650.00 697.70 988.50
2.58 1.01 4.28 0.64 0.91
Trivos arcticiis 112.20 98.90 127.10
P 8.31 7.32 9.41
Tripos fusus
Trinos loneines 673.17 100.00 800.00 155.00 98.90
pos tongip 71.52 10.62 84.99 16.47 10.51
Dinophusis noroecica 448.78 200.00 1066.70 852.50 232.60 889.70
Py 3 9.50 424 22.59 18.05 493 18.84
.. 50.00 127.10
Gyrodinium lachryma 34 8.24
Protoperidinium brevives 560.98 100.00 400.00 542.50 1581.60 889.40
P P 5.41 0.97 3.86 5.23 15.26 8.58
Protoperidinium pallidum
Southwestern Kara Sea
Station 8 10 11
Seawater level 0.5m 13 m 164 m 0.5m 14 m 97 m 0.5m 30 m 85 m
Chaetoceros borealis
Leptocylindrus danicus
Paralia sulcata
Rhizosolenia hebetata
Thalassionema nitzschioides 127.70
0.12
Tripos arcticus
. 112.90
Tripos fusus 705
Tripos longipes 118.20
pos tongip 12.56
. . . 451.80
Dinophysis norvegica 9.57
Gurodinium lachruma 255.40 177.30 263.50
y y 16.55 11.49 17.07
Protoperidinium brevives 1085.50 677.60 329.40 183.10 390.60
P P 10.47 6.54 3.18 1.77 3.77
. . 130.20
Protoperidinium pallidum 10.62
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Southwestern Kara Sea
Station 14 17
Seawater level 0.5m 22m 79 m 0.5m 25m 74 m
Chaetoceros borealis
Leptocylindrus danicus
Paralia sulcata
Rhizosolenia hebetata
Thalassionema nitzschioides
Tripos arcticus 3; 610
Tripos fusus 7414460 5; 7520
Tripos longipes
Dinophysis norvegica
Gyrodinium lachryma 741.330
Protoperidinium brevipes 900;)70 1151'30 6322'30 1}91’51_)0
Protoperidinium pallidum
Southeastern Barents Sea
Station 21 22 23
Seawater level 0.5m 12m 19m 0.5 m 9m 14m 0.5m 6m 11m
Chaetoceros borealis
Paralia sulcata 837.20 1101.20 846.00 145190  1594.60  2147.60 422930 7616.00  4917.10
1.17 1.54 1.18 2.03 2.23 3.01 592 10.66 6.88
Thalassionema nitzschioides 6802.30 825890  4230.00 3387.70  4556.00  2538.10 14,429.20 5984.00 15,024.40
6.26 7.60 3.89 3.12 4.19 2.34 13.28 5.51 13.82
sy o %0 LS @S wea w0 6w oww wua
Tripos fusus 1(6)%5.10 5; 500
Tripos horridus
Tripos longipes 314.00 1284.70 528.80 605.00 569.50 536.90 272.00 546.30
33.36 136.48 56.17 64.27 60.50 57.04 28.90 58.04
Dinophysis norvegica 3246.20 1(2)5220 1;34'?0
Scrippsiella trochoidea 3{250 2?0'20
Southeastern Barents Sea
Station 24 25 26
Seawater level 0.5m 10 m 16 m 0.5m 11m 21m 0.5m 9m 17 m
Chaetoceros borealis 307.10 310.40 423.50 481.90 232.90 1268.30 103.50
8.02 8.10 11.05 12.58 6.08 33.10 2.70
Paralia sulcata 614.30 1655.20 338.80 2168.60 931.80 2790.30 103530  1400.00
0.86 2.32 0.47 3.04 1.31 391 1.45 1.96
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Table Al. Cont.

Southeastern Barents Sea

Station 24 25 26
Seawater level 0.5m 10 m 16 m 0.5m 11m 21 m 0.5m 9m 17 m
1023.80 620.70 1694.00 2168.60 2174.10 3804.90 2277.70 4200.00  3767.40

Thalassionema nitzschioides

0.94 0.57 1.56 2.00 2.00 3.50 2.10 3.86 3.47

Thalassiosira decipiens

1842.80 372420 1185.80 337340 1708.20  4058.60  19,049.50 29,600.00 20,930.00
20.40 41.23 13.13 37.35 18.91 4494 210.92 327.73 231.74

Trivos fusus 10240 10350  169.40 155.30 104.70
pos f 6.40 6.47 10.58 9.70 6.54
Thivos horridus 51190 10350  42.40 60.20 77.60 126.80
P 61.43 12.42 5.09 7.22 931 15.22
Thivos lomeines 819.00 67240  677.60  241.00 100.00 10470
pos fongtp 401 3.30 332 25.60 10.62 11.12
. . . 103.50
Dinophysis norvegica 219

Scrippsiella trochoidea
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