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Abstract: Effects of the sea-ice edge and the Polar Frontal Zone on the distribution of chlorophyll-a
levels in the pelagic were investigated during multi-year observations in insufficiently studied and
rarely navigable regions of the Barents Sea. Samples were collected at 52 sampling stations combined
into 11 oceanographic transects over a Barents Sea water area north of the latitude 75◦ N during
spring 2016, 2018, and 2019. The species composition, abundance and biomass of the phytoplankton
community, chlorophyll-a concentrations, hydrological and hydrochemical parameters were analyzed.
The annual phytoplankton evolution phase, defined as an early-spring one, was determined throughout the transects. The species composition of the phytoplankton community and low chlorophyll-a
levels suggested no phytoplankton blooming in April 2016 and 2019. Not yet started sea-ice melting
prevented sympagic (sea-ice-associated) algae from being released into the seawater. In May 2018, ice
melting began in the eastern Barents Sea and elevated chlorophyll-a levels were recorded near the ice
edge. Chlorophyll-a concentrations substantially differed in waters of different genesis, especially in
areas influenced by the Polar Front. The Polar Front separated the more productive Arctic waters
with a chlorophyll-a concentration of 1–5 mg/m3 on average from the Atlantic waters where the
chlorophyll-a content was an order of magnitude lower.
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1. Introduction
The Barents Sea lies in the area whereby the Atlantic water flux intrudes into the Arctic
Ocean. About half of all Atlantic waters penetrating the Arctic Basin flow through the
Barents Sea. The other part enters the Arctic Ocean directly through the Fram Strait [1].
Passing north and northeast of Svalbard, part of the Atlantic water contacting with the sea
surface quickly cools and freshens through the interaction with the atmosphere and sea
ice. As a result, the upper part of the Atlantic water loses its identity, transforming into a
surface arctic water mass with negative temperatures and reduced salinity [2]. The Atlantic
water flowing through the Barents Sea transforms more slowly. It can be traced even at the
eastern border of the Barents Sea [3]. Researchers distinguish several frontal zones across
the Barents Sea water area located along the pathway of Atlantic water advection into the
Arctic Basin [4–7]. The Polar Frontal Zone is well traced throughout the year. It mainly
separates Atlantic waters from Arctic waters.
Studying the course of the spring development of microphytoplankton and its pigment
composition makes it possible to obtain a more complete picture of the seasonal succession
and production of primary producers in the Barents Sea, since most of the annual biomass
of the Arctic phytoplankton is produced during the spring successional cycle. The amount
of chlorophyll-a serves as an indicator of the productivity, abundance, and biomass of
the phytoplankton community. Pelagic microalgae, major producers of organic matter in
the marine environment, determine the structure and biological productivity of marine
ecosystems as their main component. This fact puts great importance on the productivity of
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sea waters, particularly in poorly studied regions. Possessing a high reproduction rate and,
as a result, demonstrating a quick response to changes in external conditions, planktonic
assemblages are the most vulnerable to man-made and environmental factors [8,9].
Phytoplankton studies are carried out both using satellite data alone [10–12] and
involving data from in-situ measurements [13–17]. In-situ data from hydrological and
phytoplankton investigations for the northern Barents Sea areas located north of the latitude
75◦ N are limited because these areas are hardly navigable since they are covered with ice
for most of the year. Phytoplankton studies north of 75◦ N are described in [13–17]. Most
of the studies were conducted in the western Barents Sea.
Seawater thermohaline characteristics and migration routes may have impacts on the
development of the phytoplankton community [13–15]. Thus, as stated in [14], “different
mixing regimes in Atlantic waters, Polar Front region and the Arctic water region are
structured by different stratification mechanisms which has implication for the phytoplankton community development and the new production”. Phytoplankton studies in the
Marginal Ice Zone are of particular interest for researchers because this area represents a
unique habitat for two groups of primary producers tightly linked to each other, pelagic
and ice flora, which form the basis for the production of the primary organic matter in the
Barents Sea [18,19].
The influence of the ice edge on phytoplankton and the distribution of chlorophyll-a
concentrations is discussed in [10]. Using satellite data, the authors showed that the iceedge bloom occurs in all seasonally ice-covered regions from spring to late summer and
usually reaches its maximum during 20 days after the ice retreat. Sometimes these blooms
form stretched belts along the ice edge as long as 100 km and more, although smaller
structures are also observed. They are usually, though not always, located close to the
ice edge and peak on average at >1 mg/m3 chlorophyll-a, with larger blooms peaking at
>10 mg/m3 chlorophyll-a. Some of them follow the retreating ice edge for hundreds of
kilometers and for several months while others remain stationary. Using satellite data, [11]
reported the spring phytoplankton bloom in the northern Barents Sea to start earlier and
produce greater values of chlorophyll-a in the warmer years compared to the colder ones,
but no appreciable correlation was observed in the southern Barents Sea. In seasonally
ice-covered regions, the timing of the sea ice retreat before mid-May was shown not to
be tied to the timing of the bloom, while after mid-May the phytoplankton bloom was
reported to occur before or immediately after the sea ice retreat. Based on satellite and
in-situ data, [12] pointed out the surface chlorophyll to be a good predictor of relative levels
of the phytoplankton total biomass during spring. The highest chlorophyll-a concentrations
were observed at the ice edge and then decreased further into the ice. The chlorophyll-a
observations indicated a strong primary bloom about 2 weeks after the ice edge had receded
from the measurement location. Signs of several minor blooms were also reported to be
observed about 2 weeks after the initial bloom.
Questions about the timing of the onset of the phytoplankton spring bloom, its duration and causes in northern Barents Sea regions still remain open. We have made an
attempt to assess the differences in the chlorophyll-a content in water masses that have
different origins. The high latitudinal position of retreated sea ice during our investigations
in spring 2016, 2018, and 2019 gave us opportunity to acquire important data from poorly
studied areas of the Barents Sea (75◦ –79◦ N in the zone of the ice-edge influence and in
frontal zones) rarely navigable during this time of the year.
Preliminary results of this study were reported at the International Applied Research
Conference «BRDEM-2019» and published in the conference collection of papers [20].
Ref [20] describes differences in chlorophyll-a levels in different Barents Sea water masses,
although the factors that cause these differences were not discussed. Later on, additional
data on the species composition of phytoplankton assemblages and the seawater hydrology during the investigation period were acquired. In the present paper, chlorophyll-a
concentrations are discussed in the light of these additional data. This helped us define
the phytoplankton annual evolution phase in the investigated regions of the Barents Sea
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and provide a more detailed description of the pelagic system near the sea-ice edge and in
Barents Sea frontal zones.
2. Materials and Methods
Water samples collected during 3 cruises on the r/v “Dalnie Zelentsy” to the northern
Barents Sea in April and May 2016, 2018, and 2019 served as the material for this study
(Figure 1). These cruises consisted of 11 oceanographic transects encompassing a total of
52 sampling stations investigated under tough ice conditions. Water mass temperature and
salinity were measured using an SBE 19 plus CTD sonde. To identify water masses and
determine their boundaries, a gradient method and classical T-S analysis were used [21].
The values of the horizontal temperature and salinity gradients, 5 times as high as the
climatic gradients for the Barents Sea (0.01 ◦ C/km and 0.001‰/km) [22], were taken as a
criterion for the presence of a frontal zone on the sea surface.

Figure 1. Location of investigated transects and sampling stations and sea ice conditions during the
investigations. (a)—2016; (b)—2018; (c)—2019.

Nutrient (P-PO4 and N-NO3 ) concentrations were measured using standard methodology [23,24]. Chlorophyll-a samples and samples for phytoplankton taxonomy were
collected with a 10-L Hydro-Bios (Kiel, Germany) water sampler from several horizons
at depths of 0, 10, 25, and 50 m. Seawater samples were filtered for pigment content
onboard on a vacuum filtration apparatus equipped with a GAST vacuum pump, using
47-mm diameter 0.6-µm pore size membrane filters. Chlorophyll-a concentrations were
determined spectrophotometrically [25,26] on a Nicolett Evolution 500 ultraviolet-visible
spectrophotometer (Spectronic Unicam, UK).
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To determine the stage of seasonal development of phytoplankton, the taxonomic
composition of the phytoplankton community was analyzed. Then, 1-liter water samples
for the taxonomy analysis were concentrated by the reverse filtration method [27] through
0.95-µm pore size lavsan polyester fiber filters and fixed with neutral buffered formalin
to a final concentration of 1%. Identification of the species composition of microalgae was
carried out using a Carl Zeiss Axio Imager D1 microscope at a magnification of 400×.
Species’ biovolumes (as µm3 cell−1 ) were calculated from assigned geometric shape [28].
3. Results
Transect I was investigated in April 2016 in the vicinity of the ice edge (Figure 1a). Ice
conditions at Transect I were presented by slush, young and first-year ice according to data
on the ice situation in the area and our own observations.
Stations 16, 17, 19, 22, 24, and 25 of transect I were located in a near-edge frontal zone.
The maximum horizontal temperature and salinity gradients on the sea surface, exceeding
the climatic ones, were determined between stations 16 and 17 and 24 and 25, indicating
the presence of a front between these stations. Stations 16, 22 and 24 were located in the
zone of influence of surface Arctic water with negative temperatures and low salinity. At
these stations, Arctic water extended down to depths of 50–75 m, below was Atlantic water.
At stations 25, 17, and 19 the whole water column was occupied by Atlantic water with
positive temperature and high salinity. At stations 27–54 of transect I, depths of 50–100 m
were dominated by Arctic water underlain by Barents water. Besides, an Atlantic water
flux was registered at 100–150 m depth at stations 51–54 (Appendix A, Figures A1 and A2).
The near-edge front influenced the distribution of chlorophyll-a in the studied water
area. The highest chlorophyll content at Transect I was recorded in surface Arctic water
(Figure 2 and Appendix B, Table A1). In Arctic water chlorophyll-a concentration was
2 times as high as in Atlantic water. The distribution of chlorophyll in the 0–50 m layer was
fairly uniform.

Figure 2. Concentrations of chlorophyll-a (mg/m3 ) at Transect I, 2016.

Diatoms and dinoflagellates dominated the taxonomic structure of the pelagic spring
phytoplankton in the Marginal Ice Zone in the Barents Sea in 2016, by 55% and 40%,
respectively. The most prominent phytoplankton species among diatoms were of the genera
Chaetoceros, Thalassiosira, and Navicula, and dinoflagellates were most widely presented by
taxa of the genera Protoperidinium and Dinophysis. Diatoms dominated the total biomass of
the microalgal community by about 90% over the entire water area, constituting a single
pelagic algal assemblage in a state typical for the early spring phase of the successional cycle
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in both the Arctic and Atlantic water masses [15,17]. Figure 3 presents the phytoplankton
community structure in the Barents Sea Marginal Ice Zone in April 2016. Porosira glacialis
and Navicula pelagica were undeniable leaders in the biomass production making up to
50% of the total biomass.

Figure 3. Biomass (µg/L) of the dominant pelagic microalgae species, averaged for the stations and
seawater levels in the Barents Sea Marginal Ice Zone in April 2016.

Phytoplankton investigations at transects II, III, IV, and V (Figure 1b) in April 2018
were carried out over a slope of the Spitsbergen Bank where, according to [6,29,30], the
Polar Front is quasi-stationary located. The study area included 19 stations located between
the latitudes 74.8◦ and 76.2◦ N and the longitudes 23◦ and 33.3◦ E.
The Polar Front separated Arctic water from water of Atlantic origin. The frontal
zone was shifted from its long-term average position, which is typical for modern climatic
variations [30,31]. The western stations of these 4 transects (St. 37, 39, 23, 25, 13, 15, and 5)
were situated in Arctic waters and the eastern stations at the study site (St. 41, 27, 16, 17, 18,
21, 22, 8, 10, 3, 2, and 1) were allocated in the Atlantic water mass (Appendix A, Figure A3).
The highest concentrations of chlorophyll-a were recorded at transects II and III with
maxima at the stations located near the ice edge in Arctic waters. The average chlorophyll-a
content varied in the range of 2–5 mg/m3 and was distributed evenly in the 0–50 m layer
(Figure 4 and Appendix B, Table A1). At transects IV and V, the maximum chlorophyll
concentrations were also recorded in Arctic waters. In the 0–10 m layer, the average
chlorophyll-a content ranged from 2.5 to 3.8 mg/m3 , decreasing with depth to <1 mg/m3 .
In the Atlantic waters the average concentration of chlorophyll-a was <1 mg/m3 at all
transects. Thus, the Polar Front acted as a boundary that separated Arctic water with the
highest chlorophyll-a content from Atlantic water where the chlorophyll-a concentrations
were an order of magnitude lower.
In May 2018, the material for the investigation was sampled in the zone of influence
of the ice edge, at transects VI and VII (Figure 1b). At transect VI, a layer of Arctic water
was underlain by Atlantic water. Between surface Arctic water and Atlantic water, a vast
density-jump layer about 100 m in depth was observed, whose temperature and salinity
monotonously increased with depth. At transect VII, Barents water was registered under a
layer of Arctic water. The boundary between the layers at transect VII was more contrasted
than it was at transect VI, suggesting the onset of the ice melt in this region. Although no
complete layer of melt water had yet formed by the time of the investigations. At all stations
of transects VI and VII, the 0–50 m layer, from which chlorophyll samples were collected,
was dominated by Arctic water (Appendix A, Figure A4). The average concentrations of
chlorophyll-a in the 0–50 m layer at transect VI ranged from 1 to 2 mg/m3 and at transect
VII varied in the range of 2–4 mg/m3 (Figure 5 and Appendix B, Table A1). A significant
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difference (by a factor of 2) in the chlorophyll content at the transects might have been
caused by their location and the onset of a spring ice-edge bloom in the eastern part of
the water area under study. Increased values of chlorophyll-a were reported in [32] for
the southeastern Barents Sea where a massive development of phytoplankton bloom with
chlorophyll concentrations of up to 6 mg/m3 was observed along the ice edge during the
spring period.

Figure 4. Concentrations of chlorophyll-a (mg/m3 ) at Transects II, III, IV and V, 2018.

In spring 2018, planktonic microalgal communities were dominated by early-spring
groups of species throughout the studied water area, in terms of the taxonomic composition
and set of dominants in each group [15,17]. Diatomic algae typical for the given season,
representatives of the genera Thalassiosira, Chaetoceros, Navicula, and Pseudo-nitzschia, completely dominated in the pelagic. Beside diatoms, dinoflagellates demonstrated a high
taxonomic diversity, with the genus Protoperidinium standing out with high abundance,
making up almost half of the taxa. Figure 6 presents the phytoplankton community structure in terms of the dominant species’ biomass averaged for the stations and seawater
levels investigated in the Barents Sea Marginal Ice Zone in April and May 2018.
In April 2019, the ice-edge transects VIII, IX, X, and XI were investigated (Figure 1c).
Transect VIII was located in the Polar Frontal Zone. The influence of warm surface Atlantic
currents was traced at the southern stations of transect VIII and weakened when moving
north. At stations 26 and 27, at depths of 65 and 115 m, respectively, lay a thermocline
dividing warm Atlantic water from the underlying Barents Sea water. At stations 22, 23,
and 24 located in the northern part of transect VIII, the water column was homogeneous
and had characteristics corresponding to the Barents Sea water mass. The calculation of the
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maximum horizontal temperature gradients made it possible to determine the position of
the Polar Front on the sea surface (Appendix A, Figure A5).

Figure 5. Concentrations of chlorophyll-a (mg/m3 ) at Transects VI and VII, 2018.

Figure 6. Biomass (µg/L) of the dominant pelagic microalgae species, averaged for the stations and
seawater levels in the Barents Sea Marginal Ice Zone in April and May 2018.
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The front passed between stations 24 and 26 and divided Barents Sea water where the
chlorophyll-a concentration was about 0.2 mg/m3 from Atlantic water with the chlorophylla concentration of 0.1 mg/m3 (Figure 7 and Appendix B, Table A1).

Figure 7. Concentrations of chlorophyll-a (mg/m3 ) at Transects VIII and IX, 2019.

At Transect IX, a difference in the structure of the water column between the northern
(St. 28, 29, and 30) and southern (St. 31, 32, and 33) stations was observed. At the southern
stations 32 and 33, seawater was well mixed surface to bottom. At station 31, seawater
was also well mixed, but had a slightly lower temperature at the same salinity values.
At the northern stations, located in close proximity to the ice edge, cold freshened Arctic
water lay on the surface. Below that was Barents Sea water. Between stations 30 and 31, a
near-edge front was determined on the sea surface, expressed both in terms of temperature
and salinity (Appendix A, Figure A5). The near-edge front divided Arctic water with
an average chlorophyll concentration of 0.4 mg/m3 from Barents Sea water where the
chlorophyll content was about 0.2 mg/m3 (Figure 7 and Appendix B, Table A1).
By Transect X, stratification ceased to be traced, and at stations 34–39 the water
column was homogeneous from surface to bottom and occupied by Barents Sea water
(Appendix A, Figure A6). The chlorophyll concentration in Barents Sea water was about
0.2 mg/m3 (Figure 8 and Appendix B, Table A1). At all stations of Transect XI surface Arctic
water spread down to depths of 75–120 m, underlain by Barents Sea water (Appendix A,
Figure A6). The average chlorophyll concentration in Arctic water was low and varied in
an insignificant range of 0.2–0.3 mg/m3 (Figure 8 and Appendix B, Table A1).
During the investigation in spring 2019, approximately 70 species of planktonic microalgae were recorded in the ice edge in the northeast of the Barents Sea, which mostly
belonged to diatoms (about 50%) and dinoflagellates (42%). At the same time, early-spring
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centric and pennate diatoms of the genera Thalassiosira, Chaetoceros, and Achnanthes numerically accounted for up to 90% of the community. The bulk of diatoms were confined to the
upper 5-m layer in the area of drifting ice, while dinoflagellates were distributed relatively
evenly in the water column. Figure 9 presents the phytoplankton community structure
in terms of the dominant species’ biomass averaged for the stations and seawater levels
investigated in the Barents Sea Marginal Ice Zone in April 2019.

Figure 8. Concentrations of chlorophyll-a (mg/m3 ) at Transects X and XI, 2019.

Figure 9. Biomass (µg/L) of the dominant pelagic microalgae species, averaged for the stations and
seawater levels in the Barents Sea Marginal Ice Zone in April 2019.
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4. Discussion
In recent years, large negative ice coverage anomalies have been observed in the
Barents Sea [33–37]. In 2016, the ice edge in the eastern Barents Sea retreated northward
to 79◦ N. According to Arctic and Antarctic Research Institute sea-ice concentration maps
(http://www.aari.ru/odata/_d0015.php; accessed on 26 November 2021), such a northern
position of the ice edge in the eastern Barents Sea in April has not been observed since
1997. We do not have earlier data on the ice history for the east of the Barents Sea. In
the western part of the Barents Sea in 2016, the ice edge was located farther south of its
usual position, protruding along the western boundary of the sea practically down to Bear
Island. Such a location of the ice edge is not typical for the Barents Sea. Due to the powerful
warming effect of Atlantic water in the west, sea ice usually retreats northward faster in the
western Barents Sea than in its eastern part. During our investigations in 2018, the ice edge
was also located much farther north of its average long-term position at this time of the
year. Over the whole water area, it was located mainly in the latitudinal direction between
77◦ and 78◦ N and only near the Novaya Zemlya Archipelago did it reach 75.5◦ N. The
year 2019 was icier than several previous years, however negative sea ice extent anomalies
were also observed. The ice edge crossed the parallel 75◦ N at several locations, both in the
west and in the east of the sea.
The distribution of chlorophyll-a concentrations in the studied water area was mostly
affected by the Polar Front. Its influence was most discernible at those transects where
the front line passed between Arctic and Atlantic water masses. Atlantic waters were
characterized by low chlorophyll concentrations of 0.1–0.7 mg/m3 . The chlorophyll content
in Arctic water exceeded that in Atlantic water by an order of magnitude at almost all
transects. The average chlorophyll concentration at the Polar Front in the Arctic water
mass varied in the range of 1–5 mg/m3 . The values we acquired are consistent with the
existing literature data. Thus, [15] reported chlorophyll-a concentrations less than 1 mg/m3
for Atlantic waters and 1–5 mg/m3 for Arctic waters in May 1993 in the northeastern and
central Barents Sea.
Elevated concentrations of chlorophyll and phytoplankton biomass were observed
along the entire ice edge throughout the studied water area, i.e., the entire Marginal Ice
Zone was covered by phytoplankton vegetation. However, intensive blooming did not
take place along the entire ice edge, but had a patchiness-like manner, developing in
those limited areas which exhibited favorable hydrological and hydrochemical conditions.
In general, the distribution of chlorophyll, similar to the distribution of phytoplankton
biomass, clearly demonstrated a decrease in values with distance from the ice edge.
The vertical distribution of chlorophyll in the water column in the upper 50 m layer
was not homogeneous. In the Marginal Ice Zone, chlorophyll maxima can be localized
at different depths between years, but, as a rule, the surface 0–10 m layer is the most
productive. No homogeneity in the form of stable high chlorophyll levels were observed,
i.e., a patchiness-like distribution occurred.
In May 2018, we observed the onset of spring phytoplankton bloom at the eastern
transect (VII) where the chlorophyll concentration reached about 4 mg/m3 , which was
2 times as high as the chlorophyll values at the western transect (VI). As reported in [32],
elevated values of chlorophyll-a were observed in the southeastern part of the Barents
Sea where a massive phytoplankton bloom developed along the ice edge in spring, with
chlorophyll concentrations of up to 6 mg/m3 . Ice-edge bloom, as a phenomenon, is a very
short-term process. According to remote sensing data, the active phase at each specific
location lasts no longer than 5–6 days [10]. The data obtained within the same successional
cycle, but from different sampling locations along the ice edge, can differ significantly and
reflect the complicated spatio-temporal organization of the edge bloom. Thus, according
to [12], in May 1999, chlorophyll concentrations in the surface layer at sites located at
a distance of only a few kilometers from each other differed by an order of magnitude,
and the phytoplankton community was at different stages of the successional cycle. The
central and northern parts of the Barents Sea are known to exhibit one spring maximum of
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phytoplankton bloom, and the bulk of the annual biomass of Arctic microphytoplankton
is precisely produced during the spring successional cycle. Maximum chlorophyll values
during the spring period can reach, according to different authors, about 13 mg/m3 in
the northwestern Barents Sea, about 14 mg/m3 during a sub-ice microalgae bloom in
the central Barents Sea, and up to 10.6 ± 1.5 mg/m3 in the northern Barents Sea in the
Marginal Ice Zone and further into ice fields [13,14,16,32]. We did not register such high
concentrations of chlorophyll-a during our investigations, for we probably observed only
the start of the spring bloom which had not yet reached its culmination.
The phytoplankton development produces effects on the seawater hydrochemistry.
The spatial distribution of concentrations of such important biogenic elements as phosphorus and nitrogen in the Barents Sea has its own peculiarities. The hydrochemical regime of
the Barents Sea pelagic during spring is described in detail in [38]. In January/February,
surface phosphate concentrations constitute 0.6–0.9 µM decreasing from west to east and
from north to south. At the bottom, mean annual phosphate concentrations range from
0.7 to 1.05 µM. Intensive consumption of phosphate begins in March-April as it gets included in production processes. The dynamics of the phosphate content in the surface
20–30 m layer is clearly seasonal in nature. As stated in [38], the phosphate content in
the Arctic waters during the pre-spring period is somewhat lower than in Atlantic waters.
Nitrates exhibit the same annual temporal and spatial variability as phosphates. In winter,
Atlantic waters advected into the Barents Sea contain 6–7 µM of surface nitrate nitrogen,
and the concertation of bottom nitrate nitrogen is 8–9 µM. The spring development of
phytoplankton causes a noticeable decrease in surface nitrate concentrations down to 4 µM.
The summer nitrate content in the upper 20–30 m seawater layer is characterized by low
concentrations, close to the trace values, while the bottom content of bottom nitrate nitrogen
is 12 µM. The most active assimilation of phosphates and nitrates occurs in the surface
30 m layer. In deeper waters, below about 50–60 m depth, a sharp increase in concentration
is observed.
The results of our studies on the spatial distribution of nutrient concentrations in
2018 and 2019 (Tables A2 and A3) reveal the following features. In 2018, phosphate
concentrations tended to increase with depth. Nitrate had its maximum at 100 m depth.
The phosphate distribution in 2019 was relatively homogenous throughout the entire
water column, with minimum values at 25 m depth. Nitrate in 2019 exhibited increased
concentrations on the surface and at 100 m depth.
A comparative analysis of nutrient concentrations in 2018 and 2019 showed that
their surface values were higher in 2019 than in 2018. This can be explained by a higher
phytoplankton photosynthetic activity in 2018, i.e., by higher phytoplankton abundance and
biomass (see Figures 8 and 9). Low phosphate and nitrate concentrations are usually a result
of their consumption by phytoplankton [39]. Though the phosphate concentration in areas
under study in 2018 and 2019 had low values throughout the water column investigated
(Appendix C, Tables A2 and A3), it did not fall below 0.14 µM; however, during the
spring bloom peak it can drop to almost 0 level. The similar picture was observed for the
distribution of nitrate in the pelagic; it levels were lower than the general winter values, but
higher than the values during the peak of the bloom [38]. The above-described situation
confirms our inference on that, during our observations, the phytoplankton community
was in a state corresponding to the initial stage of the spring vegetation.
It is known that the phytoplankton community is influenced by the availability of
basic nutrients, on the one hand, and the grazing by zooplankton, on the other. Accordingly, a change in one factor or another will be followed by a change in the production
characteristics of phytoplankton. An increase in water temperature and shifts in the spatial
structure and timing of ice algae and phytoplankton bloom affect the phenology, magnitude,
and duration of zooplankton production, with corresponding changes in the zooplankton
community composition [40]. Changes in sea ice cover and thickness may also change
the phenology, abundance, and distribution of zooplankton in the future. At the southern
borders of the Arctic, such as the southeastern part of the Bering Sea, warm conditions
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have already led to a decrease in the production of large copepods and euphausiids. On
the northern shelves (Chukchi Sea), an increase in the open water period led to an increase
in the abundance of large copepods over a 60-year period, while in the Central Basins,
the biomass of zooplankton as a whole increased [40]. In recent decades, the Barents Sea
has witnessed an increase in the open water period [33] and a general warming trend,
associated with an increase in the influx of Atlantic waters. These phenomena affect the
entire pelagic system—the primary production of microalgae increases, the growth, and
reproduction of zooplankton organisms accelerates, and the total biomass of zooplankton
increases [41,42]. At the same time, a tendency for an increase in production characteristics with water temperature decrease was revealed [43]—the greatest contribution to the
biomass and production of the entire zooplankton community in the Barents Sea is made
by Arctic communities (large cold-water species form the largest biomass and production
within the Arctic water mass). According to the literature, the northern regions dominated
by Arctic zooplankton communities are among the most productive areas of the Barents
Sea [42]. It is known that the peak of zooplankton development is shifted by 10–15 days
from the beginning of the active vegetation of phytoplankton [44]. In our study (in the
northern regions of the Barents Sea), we were unable to trace the mutual influence of
phyto- and zoo-plankton, since low concentrations of chlorophyll-a indicated that the mass
phytoplankton bloom in the ice edge region in 2016 and 2019 had not yet begun, and in
2018 it was only in the initial stage. That indicates that there was no food supply to provide
the zooplankton community peak of development at the time of our research.
The species composition of microalgae developing in spring in Atlantic and Arctic
waters is identical. First of all, this is true for the dominant species, i.e., diatoms that are the
base of the spring phytoplankton community. However, despite the high similarity of the
phytoplankton species composition, there is a difference in the timing of the onset of the
active reproduction, the onset of the spring bloom maximum and the levels of its numerical
expression in waters of different origin [38]. The discrepancy between these parameters
in Atlantic and Barents waters depends to a greater extent on the geographic origin of
the water masses and the processes altering the main oceanographic characteristics that
affect the change in biological seasons in the Barents Sea. The greatest role in this process
belongs to the timing of the formation and destruction of the water mass vertical density
stratification. The latter in Arctic water masses evolves as a result of the sea ice melting
and in Atlantic water masses it is caused by warming of the upper water layer, which is
why the timing of the phases of the seasonal succession turns out to be shifted [45]. Barents
Sea open-water phytoplankton is known to produce one spring maximum and gradually
decrease its numbers as the water masses become stratified. The beginning, timing, and
intensity of the phytoplankton bloom in the Barents Sea are controlled by the variability
in solar radiation and nutrients associated with seasonal changes in hydrological factors
of water masses [46]. The end of the spring stage of the phytoplankton development and
intensive sporulation in neritic species from spring populations occur in Atlantic waters in
early June and in Arctic waters in late May. At the same time, the Arctic waters differ from
the Atlantic ones not only in a higher abundance growth rate but in its sharper decline as
well. The main reason for this phenomenon, as pointed out in [38], is the higher location of
the pycnocline and the smaller vertical dimension of the habitat in Arctic waters than those
in Atlantic waters, which means a faster consumption of nutrients, while in Atlantic waters
the biotope is more extended vertically.
Fluctuations in the chlorophyll content in the studied water areas did not depend on
the phases of the successional development of the phytoplankton community, since in the
periods under study it was always at one and the same stage, i.e., the early-spring phase.
The starting phase of the spring bloom, as a rule, is shaped by a relatively homogeneous
composition of microalgae consisting mainly of diatoms. It is dominated by a few species
that may replace each other between years. As a whole, the species composition of the
microalgae community in the Marginal Ice Zone is relatively stable during spring, exhibiting
a characteristic set of dominants [17,47]. During our investigations, diatoms characteristic
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of this particular season totally dominated. Only two species, Thalassiosira antarctica and
Porosira glacialis, were registered throughout the observation period and produced high
biomass levels. These species are characteristic for near-ice areas and do not belong to
common cryophiles vegetating in ice. They start proliferating already under the ice as
soon as the snow cover melts. There is a close relationship between the timing of their
bloom and the sea ice melt [48,49]. The genera Chaetoceros, Navicula, and Pseudo-nitzschia
demonstrated very poor species diversity and biomass levels. Although all these taxa may
be presented by a large number of species (3 to 8) at the peak of the bloom and each of
them can produce high abundance levels. An analysis of the abundance and biomass of
phytoplankton assemblages for the years under consideration showed the presence of high
biomass levels in 2018. We associate this with later dates (by 2 weeks) of the observation
period in 2018 than in 2016 and 2019. In our opinion, this suggests that the phytoplankton
community in 2018 was in a more active phase of the spring bloom than the communities
in 2016 and 2019. We observed an almost complete absence of the algae belonging to the
obligate ice algal flora, common for the ice-edge community, in surface seawater horizons
of the studied area [49]. No entry of sympagic algae into the pelagic suggests that active
sea ice melting had not yet begun. This is consistent with the acquired hydrological data
that indicate the missing ice melt in 2016 and 2019 and initial processes of the ice melt in
the easternmost transect in 2018. Thus, it can be asserted that in waters under investigation
the phytoplankton community was in a state corresponding to the early-spring stage of the
arctic pelagic open-water phytoplankton successional cycle and had not yet reached the
bloom peak [47].
The research carried out is important for monitoring possible ecosystem changes
happening in Arctic marine ecosystems under the influence of global biospheric processes.
The general warming of the climate observed since the early 1980s [50] and a long-term
anthropogenic burden render the Arctic ecosystems especially vulnerable. The impact of
these factors can lead to the restructuring of the lower link of the pelagic ecosystem, i.e.,
the structure of phytoplankton communities and their productivity, which will inevitably
affect both all links of the ecosystem and the entire trophic structure of the ocean [51,52].
5. Conclusions
Long-term investigations of chlorophyll-a content in the pelagic zone of the Barents Sea
during spring covered seawater areas located at high latitudes north of 75◦ N experiencing
the influence of the sea ice edge and the Polar Frontal Zone.
During all of the cruises, microalgae communities appeared to be in a state of an
early-spring phase of the annual successional cycle. An analysis of the dominant sets of
microalgae has suggested an inter-annual stability in the taxonomic composition of pelagic
microalgae during spring.
In April, the phytoplankton community in the Marginal Ice Zone does not reach the
spring bloom maximum, which is confirmed by both low chlorophyll and biomass levels
and the specific species composition of the community. This is tied to and thus may be
caused by the absence of sea-ice melting making it impossible for significant biomasses of
sympagic algae to be released into the pelagic.
Increased values of the chlorophyll concentration were recorded in the vicinity of the
ice edge. This pattern can be traced along the entire Marginal Ice Zone.
The Polar Front appeared to be a substantial factor affecting the distribution and
concentration of chlorophyll-a during the investigations. The Polar Front acts as a powerful
boundary dividing water masses with different quantitative parameters of chlorophyll. The
front separated the more productive Arctic waters with chlorophyll concentrations on average 1–5 mg/m3 from Atlantic waters where chlorophyll content was an order of magnitude
lower. The Near-Edge Front also divided water masses with different chlorophyll content,
but it had lesser effect on the distribution of chlorophyll-a. However, the concentration of
chlorophyll-a in Arctic waters exceeded that in waters of other origin (Atlantic or Barents
Sea waters) no more than by a factor of 2.
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There is a strong need for further research on microalgal communities in the Arctic. The data obtained during the given studies can be used as a background to predict
possible changes in the ecosystem of the Arctic under the influence of man-caused and
natural processes.
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Appendix A

Figure A1. T (◦ C) and S (PSU) at Transect I (eastern part), 2016.
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Figure A2. T (◦ C) and S (PSU) at Transect I (western part), 2016.
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Figure A3. T (◦ C) and S (PSU) at Transects II, III, IV and V, 2018.
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Figure A4. T (◦ C) and S (PSU) at Transects VI and VII, 2018.

Figure A5. T (◦ C) and S (PSU) at Transects VIII and IX, 2019.
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Figure A6. T (◦ C) and S (PSU) at Transects X and XI, 2019.

Appendix B
Table A1. Concentrations of chlorophyll-a (Chl-a) and hydrological conditions at the investigated
transects.
Water Masses

St.

Date

Total
Depth (m)

Coordinates

0

Chl-a (mg/m3 ) at Depth (m)
10
25

50

Transect I (Ice-edge/Near-Edge Frontal Zone)
Arctic water

mean ± std

16
22
24
27
30
32
38
40
44
51
53
54

12 April 2016
14 April 2016
14 April 2016
16 April 2016
16 April 2016
17 April 2016
20 April 2016
20 April 2016
21 April 2016
25 April 2016
26 April 2016
26 April 2016

76◦ 260
76◦ 120
76◦ 100
78◦ 130
78◦ 050
78◦ 090
78◦ 320
78◦ 260
78◦ 290
79◦ 150
79◦ 120
79◦ 100

N, 33◦ 420
N, 38◦ 570
N, 39◦ 000
N, 43◦ 560
N, 43◦ 530
N, 49◦ 040
N, 54◦ 040
N, 54◦ 040
N, 54◦ 040
N, 64◦ 110
N, 64◦ 090
N, 64◦ 110

E
E
E
E
E
E
E
E
E
E
E
E

254
252
244
281
311
300
300
259
260
300
302
313

0.69
0.93
0.59
0.34
0.30
0.36
0.49
0.46
0.77
0.70
0.44
0.75
0.57 ± 0.20

0.77
0.83
0.62
0.59
0.29
0.42
0.50
0.76
0.84
0.51
0.54
0.76
0.62 ± 0.17

0.79
0.60
0.22
0.38
0.47
0.31
0.54
0.79
0.78
0.45
0.58
1.00
0.57 ± 0.23

0.60
0.32
0.39
0.33
0.35
0.23
0.34
0.38
0.51
0.63
0.45
0.74
0.44 ± 0.15
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Table A1. Cont.
Water Masses
Atlantic water

St.

Date

Total
Depth (m)

Coordinates

13 April 2016
13 April 2016
14 April 2016

76◦ 270

37
39

27 April 2018
27 April 2018

76◦ 100

N, 26◦ 060 E
N, 27◦ 330 E

138
160

41

26 April 2018

76◦ 100 N,28◦ 580 E

230

17
19
25

34◦ 330

N,
E
76◦ 240 N, 34◦ 340 E
75◦ 450 N, 39◦ 000 E

247
283
256

mean ± std

0
0.36
0.37
0.31
0.34 ± 0.03

Chl-a (mg/m3 ) at Depth (m)
10
25

50

0.33
0.27
0.34
0.31 ± 0.04

0.29
0.25
0.32
0.29 ± 0.04

0.35
0.21
0.30
0.28 ± 0.07

5.69
1.46
3.57 ± 3.00

5.47
5.25
5.36 ± 0.15

5.60
1.55
3.57 ± 2.86

4.23
0.23
2.28 ± 2.76

0.56

0.65

0.07

0.55

Transect II (Polar Frontal Zone)
Arctic water

76◦ 100

mean ± std
Atlantic water

Transect III (Polar Frontal Zone)
Arctic water

23
25

26 April 2018
26 April 2018

75◦ 500 N, 24◦ 360 E
75◦ 500 N, 25◦ 600 E

106
118

3.22
1.84
2.53 ± 0.97

3.60
2.01
2.80 ± 1.13

3.50
2.00
2.75 ± 1.06

2.45
1.93
2.19 ± 0.36

27

25 April 2018

75◦ 500 N, 27◦ 210 E

242

0.72

0.62

0.67

0.71

13
15

27 April 2018
22 April 2018

75◦ 300

N, 22◦ 540 E
75◦ 300 N, 24◦ 290 E

73
113

3.84
2.20
2.52 ± 0.45

3.05
2.06
2.56 ± 0.70

2.42
1.02
1.72 ± 0.99

1.86
0.90
1.38 ± 0.68

16
17
18
21
22

22 April 2018
22 April 2018
22 April 2018
23 April 2018
23 April 2018

75◦ 300
75◦ 300
75◦ 300
75◦ 300
75◦ 300

159
154
173
364
348

0.39
0.30
0.33
0.91
0.78
0.54 ± 0.28

0.51
0.39
0.27
1.20
0.59
0.59 ± 0.36

0.06
0.42
0.22
0.79
0.73
0.44 ± 0.32

0.35
0.23
0.18
0.64
0.60
0.40 ± 0.21

21 April 2018

75◦ 100

N, 23◦ 000 E

107

3.79

2.82

0.88

0.68

21 April 2018
21 April 2018
20 April 2018
20 April 2018
21 April 2018

75◦ 100
75◦ 100
74◦ 510
75◦ 040
75◦ 090

24◦ 560

N,
N, 26◦ 120
N, 33◦ 190
N, 30◦ 280
N, 28◦ 350

155
207
172
386
336

0.31
0.46
0.53
0.34
1.05
0.54 ± 0.30

0.31
0.37
0.58
0.46
0.87
0.52 ± 0.22

0.17
0.38
0.60
0.36
0.90
0.48 ± 0.28

0.15
0.30
0.47
0.30
0.78
0.40 ± 0.24

19 May 2018
19 May 2018
20 May 2018
20 May 2018
20 May 2018

78◦ 020
77◦ 590
77◦ 570
77◦ 520
77◦ 410

33◦ 300

N,
N, 33◦ 290
N, 33◦ 300
N, 33◦ 300
N, 33◦ 280

1.47
1.06
1.45
1.44
1.14
1.31 ± 0.20

1.38
1.36
1.27
1.50
1.73
1.45 ± 0.18

1.48
1.43
1.61
1.54
2.35
1.68 ± 0.38

1.12
1.04
1.15
1.09
1.16
1.11 ± 0.05

21 May 2018
22 May 2018
22 May 2018
22 May 2018
22 May 2018
23 May 2018
23 May 2018

77◦ 310

49◦ 400

5.61
4.60
2.78
1.42
2.62
3.96
2.97
3.42 ± 1.40

4.38
5.03
2.63
2.58
2.80
4.38
2.50
3.47 ± 1.08

5.77
5.22
2.96
2.73
2.45
5.15
3.70
4.00 ± 1.36

4.27
0.61
1.39
1.14
1.23
4.23
1.12
2.00 ± 1.56

mean ± std
Atlantic water

Transect IV (Polar Frontal Zone)
Arctic water
mean ± std
Atlantic water

N, 25◦ 100
N, 25◦ 500
N, 26◦ 310
N, 29◦ 550
N, 31◦ 420

E
E
E
E
E

mean ± std

Transect V (Polar Frontal Zone)
Arctic water
Atlantic water

5
8
10
1
2
3

E
E
E
E
E

mean ± std
Transect VI (Ice edge)
Arctic water

117
118
119
120
121

E
E
E
E
E

195
176
175
186
189

mean ± std
Transect VII (Ice edge)
Arctic water

mean ± std

122
123
124
125
126
127
129

77◦ 280
77◦ 260
77◦ 200
77◦ 100
77◦ 000
76◦ 400

N,
N, 49◦ 400
N, 49◦ 390
N, 49◦ 410
N, 49◦ 400
N, 49◦ 400
N, 49◦ 390

E
E
E
E
E
E
E

398
377
363
361
338
307
288
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Table A1. Cont.
Water Masses

St.

Date

Total
Depth (m)

Coordinates

0

Chl-a (mg/m3 ) at Depth (m)
10
25

50

Transect VIII (Ice edge/Polar Frontal Zone)
Atlantic water

26
27

10 April 2019
10 April 2019

74◦ 510 N, 33◦ 300 E
74◦ 400 N, 33◦ 290 E

184
227

0.09
0.16
0.13 ± 0.05

0.16
0.15
0.15 ± 0.01

0.20
0.02
0.11 ± 0.13

0.13
0.10
0.12 ± 0.03

22

9April 2019

75◦ 000 N, 33◦ 300 E

180

0.21

0.17

0.27

0.14

75◦ 080

169
160

0.22
0.26
0.23 ± 0.03

0.15
0.22
0.18 ± 0.03

0.24
0.27
0.26 ± 0.02

0.25
0.21
0.20 ± 0.06

mean ± std
Barents Sea
water

23
24

9 April 2019
10 April 2019

N,33◦ 300

E
75◦ 060 N, 33◦ 290 E

mean ± std

Transect IX (Ice edge/Near-Edge Frontal Zone)
Arctic water

28
29
30

11 April 2019
11 April 2019
11 April 2019

75◦ 060 N, 37◦ 590 E
75◦ 030 N, 38◦ 000 E
75◦ 020 N, 37◦ 600 E

187
182
182

0.52
0.46
0.38
0.45 ± 0.07

0.59
0.46
0.39
0.48 ± 0.10

0.38
0.51
0.49
0.46 ± 0.07

0.27
0.42
0.41
0.37 ± 0.08

31

11 April 2019

74◦ 560 N, 38◦ 020 E

180

0.30

no data

0.28

0.29

12 April 2019
11 April 2019

74◦ 460

155
148

0.20
0.24
0.25 ± 0.05

no data
no data
no data

0.30
0.20
0.26 ± 0.05

0.25
0.19
0.24 ± 0.05

mean ± std
Barents Sea
water

32
33

37◦ 600

N,
E
74◦ 360 N, 37◦ 600 E

mean ± std
Transect X (Ice edge)
Barents Sea
water

34
35
36
37
38
39

13 April 2019

75◦ 450 N, 43◦ 000 E

285

0.16

0.17

0.21

0.17

13 April 2019
13 April 2019
13 April 2019
13 April 2019
14 April 2019

75◦ 430

75◦ 400
75◦ 350
75◦ 250
75◦ 150

N,
N, 42◦ 600
N, 43◦ 010
N, 43◦ 010
N, 42◦ 600

271
313
318
294
280

0.21
0.13
0.25
0.22
0.13
0.18 ± 0.05

0.20
0.18
0.21
0.21
0.14
0.18 ± 0.03

0.24
0.26
0.32
0.12
0.16
0.22 ± 0.07

0.20
0.26
0.18
0.12
0.14
0.18 ± 0.05

76◦ 320

49◦ 400

0.21
0.15
0.17
0.36
0.37
0.33
0.27 ± 0.10

0.08
0.19
0.30
0.49
0.44
0.29
0.30 ± 0.15

0.19
0.22
0.20
0.33
0.46
0.47
0.31 ± 0.13

0.02
0.21
0.22
0.01
0.50
0.34
0.21 ± 0.19

42◦ 590

E
E
E
E
E

mean ± std
Transect XI (Ice edge)
Arctic water

mean ± std

40
41
42
43
44
45

14 April 2019
15 April 2019
15 April 2019
15 April 2019
15 April 2019
15 April 2019

76◦ 290
76◦ 270
76◦ 220
76◦ 120
76◦ 020

N,
N, 49◦ 410
N, 49◦ 410
N, 49◦ 400
N, 49◦ 400
N, 49◦ 410

E
E
E
E
E
E

290
290
292
246
245
235
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Appendix C
Table A2. Nutrient concentrations averaged for the stations and seawater horizons in the Barents Sea
Marginal Ice Zone in April and May 2018.
Depth (m)
0
min

25
max

min

50
max

min

100
max

min

max

P-PO4 (µM)
mean ± std

0.14
0.55
0.37 ± 0.12

0.21
0.50
0.33 ± 0.08

0.36
0.56
0.46 ± 0.13

0.49
0.68
0.60 ± 0.05

0.94
15.08
7.09 ± 3.46

8.24
18.98
13.59 ± 2.54

N-NO3 (µM)
mean ± std

1.84
15.53
8.99 ± 3.24

0.53
13.81
7.14 ± 4.21

Table A3. Nutrient concentrations averaged for the stations and seawater horizons in the Barents Sea
Marginal Ice Zone in April 2019.
Depth (m)
0
min

25
max

min

50
max

min

100
max

min

max

P-PO4 (µM)
mean ± std

0.43
0.85
0.58 ± 0.05

0.31
0.59
0.46 ± 0.04

0.43
0.70
0.60 ± 0.04

0.41
0.81
0.58 ± 0.04

1.53
10.98
8.20 ± 1.39

4.83
11.81
8.79 ± 1.03

N-NO3 (µM)
mean ± std

4.63
12.01
9.83 ± 0.95

2.18
10.26
7.24 ± 1.25
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